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Preface

Temperate forests cover large areas of Europe and perform a number of important

functions such as the regulation of energy and matter, production of wood and other

resources, and conservation of biodiversity and habitats; they also have special

significance in social and cultural contexts. Initiated in 1960s, the first International

Biological Program (IBP) focused on ‘‘the biological basis of productivity and

human welfare.’’ As the German contribution to the IBP, ecosystem research has

been carried out since 1966 in the Solling area (Ellenberg H., Ecological Studies 2,

1971), an upland region in Northwest Germany. This study provided clear evidence

that the stability of forest ecosystems was threatened by the high inputs of atmo-

spheric pollutants. This promoted many interdisciplinary research programs which

were coordinated by Prof. Dr. Bernhard Ulrich and the Forest Ecosystems Research

Center of the University of Göttingen. This involved, in addition to the Solling site,

the establishment of two other sites for long-term monitoring of ecosystem pro-

cesses. The two contrasting sites were established in 1980 at Göttinger Wald on

base-rich calcareous soil and in 1989 at Zierenberg on volcanic soil.

These projects were funded initially by the Federal Ministry of Research and

Technology (BMBF) as interdisciplinary projects under the titles: ‘‘Conditions of

Stability of Forest Ecosystems’’ (1989–1993), and ‘‘Dynamics of Forest Ecosys-

tems’’ (1993–1998). The primary goal of these studies was to quantify the ecologi-

cal condition of forests in a changing environment and element fluxes.

The BMBF-funded interdisciplinary projects consisted of over 50 individual

research projects to study element cycling and budgets in mature forest ecosystems

and after experimental manipulations, to assess the atmospheric depositions and

their effects, to evaluate trace gas exchanges between forests and atmosphere, to

develop models of primary production, to study the biological element transforma-

tions in soils, and to describe the effects of soil biota and root turnover processes.

These studies provided the basis of developing an integrated theory of forest

ecosystem by Prof. Ulrich (Ulrich B., Forest ecosystem theory based on material

balance. Ecological Modelling 63, 163–183, 1992). This ecosystem theory was

used in this volume to interpret the long-term observations at Solling, Göttinger

Wald, and Zierenberg beech sites together with the data from the national forest soil

vii



condition inventory in Germany, and with those of input–output budgets of an

additional 53 forest sites in Germany.

Another program on ‘‘Survey of Soil Conditions under Forests’’ (Bodenzustand-

serhebung im Walde, BZE) was funded by the federal States of Germany and the

Federal Ministry of Food, Agriculture, and Consumer Protection (BMELV). It was

coordinated by the Johann Heinrich von Thünen Institute (Eberswalde, formerly

Federal Research Centre for Forestry and Forest Products, BFH) and was conducted

by various Forest Research Institutes of different federal States of Germany. It was

aimed at assessing the current conditions of forest soils in Germany. The soil

profiles were sampled during the same period as the process studies were carried

out (1987–1993) and they were analyzed using the same sampling protocols and

inter-calibrated instruments. Because of the integrated nature of this study, more

confidence can be given to any relationship between C- and N-concentrations,

climate and soil conditions as they may reflect real conditions rather than artefacts

of different methodologies or analytical procedures.

With research support from various agencies including the European Union,

monitoring of forest state variables and ecosystem processes at Solling, Göttinger

Wald, and Zierenberg beech sites has continued under the umbrella of the Intensive

Forest Monitoring Programme (Level II) of the International Co-operative

Programme on Assessment and Monitoring of Air Pollution Effects on Forests

(ICP Forests) operating under the UNECE Convention on Long-range Trans-

boundary Air Pollution. The monitoring is aimed at developing strategies to protect

forests against air pollution by increasing our knowledge about their functioning,

maintenance of biodiversity, and C sequestration under changing climate condi-

tions. This program started in 1994 on more than 800 sites representing the diversity

of forests in Europe.

Our special thanks go to the above-mentioned forest research institutes for their

continuing efforts to monitor ecosystem processes, to various organizations

involved in data management, to many funding agencies and finally to Prof.

Dr. F. Beese for his encouragement and help at various levels including his support

as the Director of Ecosystem Research Centre at the University of Göttingen.

Without these combined efforts we would not have been able to compile the data

presented in this volume on the three beech forests at Solling, Göttinger Wald, and

Zierenberg. We had the access to the countrywide input–output data to study the

current N status of forest ecosystems and to the data of forest soil condition

inventory for describing the issues on functioning and management of temperate

forest ecosystems in this volume.

April 2009 Rainer Brumme

Partap K. Khanna
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Eberswalde, Germany, martin.guericke@fh-eberswalde.de

A. Horn

Department of Silviculture and Forest Ecology of the Temperate Zones, Georg-

August University Göttingen, Faculty of Forest Sciences and Forest Ecology,
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Büsgenweg 1, 37077 Göttingen, Germany

P.K. Khanna

Department of Soil Science of Temperate and Boreal Ecosystems, Georg-August-
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Introduction

R. Brumme and P.K. Khanna

Development of management strategies to achieve sustainable forest ecosystems

has remained an important issue in forestry. An important component of sustain-

ability is the maintenance of structure and functions of ecosystems. Beese (1996)

outlined four primary functions of forest use which would need due attention to

achieve a long term sustainable system: (a) production and use of resources (wood

and other forest products, recreation, water conservation and other functions),

(2) maintenance of ecosystem-internal cycles of matter and energy to minimise any

effect on the neighboring systems, (3) habitat conservation (biodiversity – structure

and functioning), and (4) maintenance of cultural and social role (landscape and

heritage conservation).

European beech is a dominating tree species in central Europe covering a wide

ecological spectrum of site conditions (climate, soil type, soil pH) (Ellenberg 1988,

1996; Leuschner et al. 2006; Bartsch and Röhrig, Chap. 22, this volume). Figure 1

shows some distribution pattern of beech forests in relation to chemical soil proper-

ties. Without human influence, forests would have covered most of Germany, while

at present only about 30% of land area are covered by forests of which only 15% is

under beech and another 25% under other deciduous species (BMVEL 2004). There

is a broad consensus among forest managers that in future the area of beech forests

in central Europe should increase, mainly as mixed broadleaf stands and as admix-

tures with conifers. The argument in favour of growing beech, especially in areas

which are presently covered by conifers, is based on the fact that conifers had been

planted on beech sites in the past, on considerations of forest health, and preserva-

tion and enhancement of biodiversity in a changing climate to provide long-term

sustainability of forests and the productivity of such stands. The phenotypic plas-

ticity and evolutionary adaptability of European beech to drought and its competi-

tiveness appear to be underestimated (Bolte et al. 2007).

Ecosystems of central Europe, especially of Germany, have been strongly

influenced by human activities in historical and in recent times. They have under-

gone significant changes with respect to their distribution, structure and functioning

(for a detailed description of the topic refer to Jahn 1991). About 700–800 years ago

in the medieval ages, the beech and other broadleaf deciduous forests dominated the

landscape of central Europe. Most of these forests were harvested and the fertile and

easily accessible land was converted into arable use. The remaining forests, mainly

on the marginal soils, were intensively used as sources of energy and raw materials
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for living and for the production of goods, as animal fodder and as sources of

nutrients for agriculture (leaf raking). Export of biomass from forests lasted for

many centuries and resulted in the continual loss of soil nutrients, lowering their

soil fertility and increasing the acidity levels in soils (Puhe and Ulrich 2001).

During the last few decades, industrial development has accelerated the processes

of soil degradation in forests by causing additional changes through high atmospheric

inputs of nutrients, acidity and heavy metals. High inputs of N and S and the

subsequent losses of base cations from soils in association with percolating nitrates

and sulphates increased the soil acidity. Use of fossil fuels and conversion of terrestrial

ecosystems have increased greenhouse gases causing changes in temperature and

precipitation conditions (IPCC 2007). These factors of high atmospheric depositions

and climate change have to be considered in the development of future management

strategies for forest stands. Moreover, the future management practices of forest stands

would include past land-use history for sustainable and site-specific options. Some of the

essential management components were described by Puhe and Ulrich (2001).

A number of studies have been undertaken in the last few years to analyse the

structure, and to understand the functioning of various forest ecosystems in the

temperate region, especially under changing conditions of atmospheric depositions

and climate change (Ellenberg et al. 1986; Adriano and Johnson 1989; Schulze

et al. 1989; Röhring and Ulrich 1991; Tamm 1991; Johnson and Lindberg 1992;

Godbold and Hüttermann 1994; Ellenberg 1996; Schulze 2000; Mickler et al. 2000;

Puhe and Ulrich 2001; Dohrenbusch and Bartsch 2002; Veblen et al. 2003; Hanson

and Wullschleger 2003; Valentini 2003; Matzner 2004). Of recent interest in this
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context is the role of soil organic matter as a sink for CO2 and nitrogen and a source

for nutrients for tree growth. This pool has gained importance for forest growth

since the mineral soil pools as sources for nutrients have been reduced by acid

depositions. Importance of soil organic matter is related to its soil chemical state

which influences the soil microbial and faunal activity (bioturbation) and its

decomposition in the short-term, and the amount, quality, and distribution of soil

organic matter in the soil profile in the long-term. Atmospheric inputs during the

last few decades have led to long-lasting changes in the soil chemical and biological

states but the resulting effects on soil organic matter remain unclear. Issues of

concern are the description of long-term changes using short-term measurements,

which will depend upon finding suitable indicators to predict the changes. One-time

observations or observations covering very short-term periods may not provide a

true picture of the long-term developments which occur in the processes and

functioning of ecosystems. Prediction of those long-term changes is only possible

when the long-term observations are made to cover climatic variations and life

cycles of various organisms involved, as well as various states of soil development.

These are some of the essential elements towards an understanding of ecosystem

functioning. This volume provides some of the long-term monitoring data in three

beech forests with following aims:

(1) Relating the differences in site factors and input conditions to soil processes

and plant growth on three beech stands which cover a wide range of chemical

soil conditions. These sites have beenmonitored for decades to assess differences

in the growth rates of aboveground and belowground components of over-storey

and herbaceous plants, decomposition processes, nutrient uptake and turnover,

fluxes between soil, hydrosphere and atmosphere, methane oxidation and general

health and vitality of beech stands. Selection of beech as a potential tree species

for future is based on its versatility to grow well on a wide spectrum of suitable

stands (soil pH, rainfall and temperature conditions).

(2) Studying those processes at the three beech stands which are primarily related

to the carbon cycling and nutrient uptake, litter production, decomposition and

mineralisation, so as to provide background information about the quality and

quantity of the biotic components (trees, herbs, soil fauna, microbial biomass)

and the environmental conditions (soil organic matter content, soil properties,

climate). This would provide the level of matter exchange with the neighbouring

systems (matter input, matter output by leaching, soil and root respiration, N2O

emissions, methane uptake).

(3) Studying the long-term perspective of C- and N-mobilisation or immobilisation,

using regional-scale inventories of microbial biomass-C and organic carbon and

nitrogen concentrations and stocks of forest soils in Germany, which may

provide relationships to the soil chemical state and to any past or expected future

changes by soil acidification. In relation to C and N, management options for

beech forests would be developed.

(4) Synthesising the stand-specific information on C- and N-balances of the three

beech stands, the regional-scale inventories of soil carbon and nitrogen, and the
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input–output balance of nitrogen for a wide range of stands to describe the

present N-status of forests and to present future perspectives for forest devel-

opment and forest management.
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Part A

Description of Long-termObservation Sites



Chapter 1

General Description of Study Sites

H. Meesenburg and R. Brumme

The three case studies provided in this book describe mature and almost pure beech

stands (Fagus sylvatica) of 130–160 years old. They are located in the hilly country
around Göttingen (Fig. 1.1) which was formed by different geological formations of

Triassic limestone (Göttinger Wald site), and Triassic sandstone (Solling site), with

locally interspersed tertiary volcanic stones (Zierenberg site) which are covered by

loess of variable thickness. These sites cover a wide amplitude of beech forests

under similar climatic conditions (Chap. 2, this volume). The sites differ consider-

ably with respect to the acid–base status of the soils which affects the composition

of the ground vegetation, the soil biota, litter quality and the surface humus type.

These site differences have considerable implications for the nutrient status of these

forests, the element cycling processes, the carbon and nitrogen sequestration, and the

management options. The three sites have been included as intensivemonitoring plots

of the Forest EcosystemResearchCenter of the University ofGöttingen and are part of

the Intensive Forest Monitoring Program (Level II) of the International Co-operative

Program on Assessment and Monitoring of Air Pollution Effects on Forests (ICP

Forests) operating under the UNECE Convention on Long-Range Transboundary Air

Pollution. Selected results from these sites have been published in several publications

cited in the individual chapters and they contributed largely to the volumes of

Ellenberg et al. (1986), Röhrig and Ulrich (1991), and Godbold and Hüttermann

(1994). The main features of the sites are summarised in Table 1.1.

The beech forest at the Göttinger Wald site is situated close to the rim of the

Triassic limestone plateau of the ‘‘Göttinger Wald’’ 8 km east of Göttingen (Fig. 1.1)

at an elevation of about 420 m a.s.l. (Table 1.1). The almost pure beech (F. sylvatica)
stand has a small admixture of ash (Fraxinus excelsior), maple (Acer platanoides,
Acer pseudoplatanus), oak (Quercus robur, Quercus petraea), and elm (Ulmus
glabra), and is about 130 years old (Chap. 5, this volume). A dense and diverse herb

layer covers the soil surface in May each year which consists primarily of Allium
ursinum, Mercurialis perennis and Aconitum vulparia (Chap. 10, this volume).

These geophytes use the higher amount of radiation available on the organic layer

during mid-March to May for photosynthesis and plant growth before the trees start

developing their foliage. The soils at the site are shallow with a depth of between 20

R. Brumme and P.K. Khanna (eds.), Functioning and Management of European Beech 7
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and 50 cm, have high soil pH(H2O) of 5.5–7.4 (0–20 cm), and are rich in base

cations and carbonate content (Chap. 3, this volume). The soil parent material is

calcareous bedrock with a calcite content of about 95%. The biological activity in

this soil is very high (Chaps. 6 and 7, this volume) and has caused the development

of a mull type litter layer and a humus-rich surface mineral soil. This site was

established in 1980 for an intensive monitoring programme and has been included

as an intensive permanent soil monitoring plot in the soil protection programme of

the state of Lower Saxony.

The beech forest site at Zierenberg is located on the north-eastern slope of the

‘‘Kleiner Gudenberg’’ 50 km south-west of Göttingen in the north of Hesse State
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(Fig. 1.1). The ‘‘Kleiner Gudenberg’’ is part of a hilly landscape with elevations of

200–550 m a.s.l. Small hills were created through volcanic activity during the

Tertiary period. Basaltic material (Limburgite) at the hilltop of the ‘‘Kleiner

Gudenberg’’ overlies middle Triassic limestone. Basaltic debris of about 90 cm

depth covers the limestone at the mid region of the slope (the so-called ‘Basalt site’)

(450 m a.s.l.) where the main research area of the study site is situated. For some of

the investigations, two other neighbouring sites have been included which are

located below the main research area. The sites are distinguished as a limestone-

dominated site at the lower part of the hill (Limestone site), and a transitional site

which is located between the Limestone and Basalt sites. The sites carry almost

pure beech (F. sylvatica) stands of about 160 years old. A dense and diverse herb

layer covers the soil. It is dominated byM. perennis orUrtica dioica which grow up

to 1 m high during the summer. The soil at the main research area (Basalt site) has

high pH(H2O) between 5.2 and 5.7 (0–20 cm), is free of lime and rich in magnesium

and phosphorous. The biological activity in the soil is very high. The surface

organic layer is F-mull type. Surface mineral soil is rich in organic matter. The

experimental monitoring was started in 1989 as an intensive study site of the Forest

Ecosystems Research Center of the University of Göttingen and of the Forest

Ecosystem Study Hesse (Waldökosystemstudie Hessen WÖSSH).

Table 1.1 Description of study sites (climate for 1990–2002)

Unit Göttinger Wald Zierenberg Solling

Latitude (�) 51�320N 51�220N 51�460N
Longitude (�) 10�030E 09�160E 09�340E
Elevation (m) a.s.l. 420 450 504

Slope (�) 0–3 15 0–3

Aspect Plain North-east South

Stand age (2000) (years) 132 156 153

Stand density (2000) (trees ha�1) 245 132 199

Mean diameter (2000) (cm) 46 60 47

Mean height (2000) (m) 34 37 30

Timber volume (2000) (m3 ha�1) 686 595 519

Natural vegetation Hordelymo-Fagetum Hordelymo-

Fagetum

Luzulo-

Fagetum

Bedrock Limestone Basalt over

limestone

Sandstone

with loess

cover

Soil type FAO Rendzic Leptosol/

Calcaric Cambisol

Eutric

Cambisol

Dystric

Cambisol

Humus type F-Mull F-Mull Typical Moder

Precipitation (mm) 709 754 1,193

Precipitation

(May–Oct.)

(mm) 410 406 553

Mean temperature (�C) 7.4 6.9 6.9

Mean temperature

(May–Oct.)

(�C) 12.6 11.9 12.0
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The large forested area of the Solling is enclosed by the basins of the river Weser

to the west and the river Leine to the east covering heights of 250 to over 500 m a.s.l.

(Fig. 1.1). The Solling massive consists of Triassic sandstone, locally known

as ‘‘Solling-Folge’’, which is covered with 60 to 80 cm thick solifluction layers of

loess material. The study site is located at the centre of the Solling plateau at 504 m

a.s.l. about 33 km northwest of Göttingen. The pure beech (F. sylvatica) stand is

about 150-years-old (Table 1.1). The soil is covered by a sparse herb layer,

dominated by Oxalis acetosella and Luzula luzuloides. The soil is very acid with

pH(H2O) values of 3.4–4.0 (0–20 cm), and has a low base saturation of < 7%. The

soil biological activity is very low and has developed a thick moder-type surface

organic layer. Monitoring on this site was initiated in 1966 as part of the inter-

national biological programme (Ellenberg 1971). There are two main sites: Beech

stand (B1) and an adjacent spruce stand (F1). A number of additional plots were
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Fig. 1.2 Plot design of the three beech sites in Germany (drawn by Tambour)
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established in the neighbourhood; of special interest are two which were established

in 1982, the first was limed with 30 Mg per ha of finely ground dolomitic limestone

(BK plot), and the second was fertilised annually with 140 kg N ha�1 with solid

ammonium sulfate from 1982 until 1993 (BN plot) (Fig. 1.2). The two main sites,

B1 and F1, have been included as intensive permanent soil monitoring plots in the

soil protection programme of the state of Lower Saxony since 1992. A comprehen-

sive summary of the results collected from 1966 to 1986 at the B1 and F1 sites and

other stands of the Solling area was published by Ellenberg et al. (1986).
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Chapter 2

Climatic Condition at Three Beech Forest Sites

in Central Germany

O. Panferov, H. Kreilein, H. Meesenburg, J. Eichhorn, and G. Gravenhorst

2.1 Climate of Germany

Climate is one of the major factors controlling the growth and functioning of plant

ecosystems in general and of beech forests in particular. In the present Chapter

climatic conditions at three experimental beech forest sites are described.

The territory of Germany extends for about 8� (55�–47�N) from the coastal line

of the North and Baltic Seas to the Alps, within the range of maritime temperate

climate sub-zones Cfb and Cwb according to Koeppen classification (e.g.

McKnight and Hess 2000). It is described as a transition zone between the maritime

climate of western Europe and the continental one of eastern Europe. Major agents

of the general atmospheric circulation pattern contributing to the maritime charac-

ter of the climate are the Icelandic low-pressure system, the Azores high-pressure

system and often the Asian (or Siberian) high-pressure system. The first two of

them furnish western Europe with moisture-loaded air masses propelled by domi-

nant westerly winds. Other major factors are: (1) the maritime influence of the

Atlantic Ocean adding to climate ‘oceanicity’; (2) the mountain ranges hindering

the southward advance of maritime air masses and, thus, adding to climate ‘con-

tinentality’, and (3) the altitude effects in highland regions. Therefore, in general,

the oceanicity of climate increases to the north and the west whereas the continen-

tality increases to the south and east. During winter time, the air temperature

isotherms run from north to south with values increasing westward, and in summer

the isotherms run generally parallel to latitudes (from west to east) with tempera-

tures increasing southward. The mean annual temperature thus decreases generally

from north-west to south-east and the annual precipitation from west to east

(Fig. 2.1) Table 2.1 summarises the mean climatic conditions over the area of

Germany based on data from the German Weather Service (Deutsche Wetterdienst –

DWD) for the standard climatological period of 1961–1990. Mean annual air tem-

perature for Germany is +8.4�Cwith July being the warmest month and January – the

coldest. DWD data indicate a gentle increase of annual temperatures after 1988 when

compared to the 30-year mean value. Mean annual precipitation for Germany is

R. Brumme and P.K. Khanna (eds.), Functioning and Management of European Beech 13
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Fig. 2.1 Spatial distribution of mean annual Ta (
�C, left panel) and mean annual precipitation

amount (mm year�1, right panel) in Germany. (Maps are derived from the Climate maps of

Germany presented in www.klimadiagramme.de and are based on the data of the German Weather

Service)

Table 2.1 Multiyear (1960–1990) monthly, seasonal and annual mean values and standard

deviations (s) of air temperature, Ta (
�C) and precipitation rates, P (mm per period) averaged

over the area of Germany (Mitchell et al. 2004). Season abbreviations: MAM March, April, May;

JJA June, July, August; SON September, October, November; DJF December, January, February;

ANN annual

Ta sT P sP

JAN �0.5 2.9 50.8 19.5

FEB 0.4 2.7 40.5 19

MAR 3.7 2.1 47.9 17.7

APR 7.6 1.1 50.9 19.9

MAY 12.2 1.2 64.7 19.8

JUN 15.5 1 77.3 20.5

JUL 17.2 1.3 72 23.7

AUG 16.9 0.9 71.5 16.8

SEP 13.8 1.2 57.2 19.6

OCT 9.4 1.2 50.3 23.1

NOV 4.2 1.3 58.4 16.7

DEC 0.8 2.2 58.6 25.9

MAM 7.8 0.9 163.4 35

JJA 16.5 0.7 220.7 41.3

SON 9.1 0.7 165.9 32.2

DJF 0.2 2 149.9 69.7

ANN 8.4 0.7 699.9 92.8
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700 mm with the pronounced seasonal peak in summer (June–August) with 31.4%

of annual precipitation. Seasonal relative minimum value was observed for December–

February – 21.5% of annual precipitation. Based on these climatic characteristics most

of the land area in Germany could be considered as almost optimal for beech (Fagus
silvatica L.) growth as beech prefers oceanic climates with at least 600 mm per year

precipitation, with annual mean temperature of about +8� (though wide temperature

variations are tolerated) and a growing season of at least 5 months (Mayer 1992).

The climatic conditions in Germany fall around these mean values and are classi-

fied into four major climatic regions (Schüepp and Schirmer 1977), namely:

(1) Northern Lowlands, (2) German Highlands, (3) The German Alpine Foreland

and (4) The German Alps. Since the investigated sites are located within the

German Highlands, a brief description of climatic conditions of this area is

provided below.

The German Highlands belong to the Central European Uplands which start

from the Massif Central in France and stretch to Poland and the Czech Republic.

The Highlands are generally moderate in height with few peaks exceeding 1,100 m

a.s.l. The area of German Highlands includes Saarland, Hessen and Thuringia, the

north of Rhineland and the south of North RhineWestphalia, the southernmost parts

of Lower Saxony and Saxony Anhalt and western parts of Saxony.

In the Highlands, the climate continentality increases southward and eastward

and well-pronounced orographic effects are observed. The influence of high-pressure

systems gets stronger in this region especially during winter periods. The decrease

of air temperature with altitude is well expressed in summer but is reduced in winter

because of the stagnation of cold air in valleys enhanced by its radiative cooling.

The moist Atlantic air masses are transported into this region by westerly winds so

that western slopes receive more precipitation from orographic rain clouds than

eastern slopes which are located in a rain shadow. Generally, the amount of

precipitation at the same altitude decreases southward and eastward. Thus, two

major factors that modify the climate at regional and local levels in the German

Highlands are the height and the orientation of mountain ranges, and the variability

of local topography (Schüepp and Schirmer 1977). The influence of topography on

climatic conditions of the German Highlands, namely the increase of orographic

precipitation and decrease of mean air temperature, is very well illustrated in the

north by the Harz Mountains and Thuringian Forest. The mean air temperature at

Bad Harzburg (300 m a.s.l) is 8.5�C and the mean annual precipitation is 813 mm,

while at the highest point of the Harz Mountains, the Brocken (1,142 m a.s.l.), the

mean annual air temperature is low (2.9�C) and the mean annual precipitation is

high (1,594 mm) (www.klimadiagramme.de). The typical rain shadow area extends

eastward of the Thuringian Forest with annual precipitation of less than 500 mm.

The southern parts of the highlands, like the Bohemian Forest and Bavarian Forest

belonging to the Bohemian Massif, receive the remaining Atlantic-originated

moisture. At higher altitudes, an increase of total precipitation is accompanied by

an increased share of snowfall.
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2.2 Experimental Sites

The three investigation sites: Solling Mountains, Zierenberg and Göttinger Wald in

Central Germany are quite similar in their topography and landscape features. They

are situated in the south of Lower Saxony and in the north of Hessen, and being

quite close together form a triangle with a side length of approximately 70 km. The

sites are situated either on plateaus (Solling and Göttinger Wald) or on a slope

(Zierenberg, see Chap. 1 ‘‘Site description’’) and are surrounded by forested rural

areas. It should be emphasised that the weather data collected on these three sites

significantly differ from standard synoptic and climate stations of the DWD as the

meteorological stations of Solling Mountains, Zierenberg and Göttinger Wald are

placed in the beech forest stands underneath tree canopies and not in open field

surroundings as prescribed by the World Meteorological Organisation for its

standardised meteorological stations.

2.2.1 Climatic Variables

To compare the microclimates of the three beech sites, three measured climate

characteristics were chosen: (1) daily mean air temperature at 2 m above the surface

organic layer (Ta); (2) precipitation amount at a nearby opening in the trees, and

(3) daily mean forest soil temperature (Ts) at three different depths (5 cm, 10 cm and

20 cm – Ts,5, Ts,10 and Ts,20, respectively). Global radiation (sum of direct solar and

diffuse sky radiation flux components in short wave spectral range from 300 to

3,000 nm) was measured at the Solling site only during the period from 1990 to

1999. For that reason, the 30-year mean values provided by DWD on sunshine

duration and annual global radiation sums were used to characterise the energy

input to beech ecosystems. The mean annual global radiation sums measured at

Solling are used for partial validation of DWD data.

Air and soil temperatures were measured by means of a PT–100 resistance

thermometer. The amount of precipitation was recorded using a Thies tipping

bucket rain gauge (Adolf Thies, Göttingen, Germany) and a heated Hellmann rain

gauge recorder. The global radiation was measured by means of a CM11 Kipp and

Zonen pyranometer. The sensors were connected to Orion data loggers so that the

measurements were performed automatically. The values were sampled with a 10-Hz

frequency and averaged over 10 min at Göttinger Wald (e.g. Kreilein 1987) and over

15 min at Solling and Zierenberg.

Three time periods were chosen for calculating mean values: (1) annual; (2) the

summer half-year period (May–October), which can be characterised as a period

with foliage cover of deciduous forests and defined as the ‘‘growing season’’, and

(3) the winter half-year period (November–April), which represents a leafless period

or the ‘‘non-growing season’’. Thus, ‘seasonal average’ of a variable describes the

mean values over ‘growing’ or ‘non-growing’ half-year periods. However, the limits
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of growth conditions of plants do not solely depend on monthly or seasonal average

values of climatic variables. Extreme values of meteorological variables, their different

combinations as well as the duration of stress conditions are also of great importance.

The quantification of the damage on trees caused by weather extremes in terms of the

tree vitality reduction still remains a challenging task and is a subject of numerous

scientific discussions. The present article serves a descriptive purpose. It includes no

detailed discussion on extreme values and their consequences but merely mentions the

temperatures minima and maxima to give the reader some impression of the variability

ranges at the study sites.

The measurements at the three beech sites were carried out from 1969 to 2002.

However, not all parameters were measured continuously for the entire period. Air

temperature was measured from 01.01.2001 to 31.12.2002 at the Zierenberg site,

from 01.01.1990 to 31.12.1998 at the Göttinger Wald site, and from 01.01.1990 to

31.12.2002 at the Solling site. Any missing values for these stations were inter-

polated or extrapolated from the measured values at nearby DWD stations, e.g.

from Kassel for Zierenberg, Silberborn or Holzminden for Solling, and Göttingen

for Göttinger Wald, and thus are not independently derived.

2.3 Climatic Conditions at Beech Sites

Because of their location within the northern part of German Highlands, all three

studied forest sites experience a smoothing maritime influence on air temperature

variability through the mild and moisture-loaded Atlantic air masses which are

transported by prevailing westerly and north-westerly winds. The additional effects

of elevation and forest cover alter the microclimate of the measuring plots. The

combination of various influencing factors results generally in mild air tempera-

tures in summer and winter, high annual precipitation which exceeds potential and

actual evapotranspiration rates, and the absence of a well-pronounced dry period.

Fog occurs on about 70 days per year.

2.3.1 Solar Radiation

According to the climatological data of the 30 years 1961–1990, as provided by

DWD (www.dwd.de), the sunshine duration in Germany ranges from 1,200 to

1,920 h year�1 with the mean value of 1,542 � 127 h year�1. The mean values of

sunshine duration within the area covering the experimental beech sites are well

below the mean value for Germany (Table 2.2). The Solling and Zierenberg sites

experience less sunshine than Göttinger Wald, The annual sums of global radiation

on the three sites, however, differ only slightly whereas the insolation in the

Göttinger Wald and Zierenberg sites is higher than in Solling. The results of global

radiation measurements for Solling show an even lower value of annual radiation

2 Climatic Condition at Three Beech Forest Sites in Central Germany 17



sum than that given by DWD. However, the difference is within the range of

expected variability.

2.3.2 Air Temperature

The highest value of average annual air temperature, Ta, (Table 2.3) was observed at
the lowest station – Göttinger Wald (420 m a.s.l.). However, the values of Ta
observed at both Zierenberg (450 m a.s.l.) and Solling (504 m a.s.l.) sites are

equal despite the 50 m difference in altitude. The Ta gradient between Göttinger

Wald and Solling (80 m altitude difference), both of them located on plateaus, is

about 0.6�C/100 m which is in a good agreement with annual averages observed at

meteorological stations of the DWD. At the same time, the Ta value at Zierenberg
which is on a slope is equal to that at Solling located 50 m higher on a plateau,

indicating that besides the altitude effect local environmental and/or topographic

factors are important for Ta gradients.
The annual courses of Ta are quite similar at the three sites, though their absolute

values differ from one another. August is the warmest month at all sites (Table 2.3).

This is rather untypical for the more continental climatic region of the German

Highlands, where the maximum monthly Ta value usually occurs in July. It would

be more characteristic for the Northern Lowlands with their stronger oceanicity.

One of the factors causing the Ta maxima to occur in August is that the investigated

forests are situated in the northernmost region of the German Highlands which

forms a transition zone to the Northern Lowlands, having the cooling ocean

influence in summer. Another factor may be related to the dense canopy of beech

forests where the stations are installed. During the growing season, the canopy

blocks the direct radiative heating of the underlying surface in the daytime and the

radiative cooling at night, smoothing the daily amplitudes (Ellenberg 1996). The

seasonal increasing of foliage density also slows down the spring to summer

increase of the mean monthly Ta. Without the protective influence of foliage during

winter, the Ta values are minimal corresponding to the expected values of the

Table 2.2 Mean annual sunshine duration (hours), radiation sums, GJ per year, (values in kWh

per year m�2 are given in parenthesis) and the corresponding irradiances, W m�2, (period 1961–

1990) at Göttinger Wald (GW), Zierenberg (ZB), and Solling (SO). The mean annual radiation

sums for the period of (1990–1999) measured at Solling (SOmeas) and correspondent mean

irradiance are also shown

Site Sunshine

duration (hours)

Radiation sums Irradiance

(W m�2)

GW 1,400–1,450 3.4–3.5 GJ m�2 a�1(960–980 kWh m�2 a�1) 109.6–111.9

ZB 1,300–1,350 3.4–3.5 GJ m�2 a�1(960–980 kWh m�2 a�1) 109.6–111.9

SO 1,300–1,350 3.3–3.4 GJ m�2 a�1(940–960 kWh m�2 a�1) 105–107.3

SOmeas � 3.29 � 0.24 GJ m�2 a�1 (915 � 65.7 kWh m�2 a�1) 104.5

18 O. Panferov et al.
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climatic region of the German Highlands. Average air temperatures in December

and January are below 0�Cwith January as the multiyear average – the coldest month

at all sites (Table 2.4). At all stations, the minimum temperatures in winter were

about �11�C (�4�C) and the maximum temperatures in summer were on average

around +22�C (�1.5�C). The absolute minimum for the observation period was as

low as�20.6�C in Göttinger Wald and was recorded on 01.01.1997. At Solling and

Zierenberg, the lowest air temperatures were recorded on 31.12.1978 as �18.6�C
(Solling) and �17.5�C (Zierenberg). The warmest day at all stations was

09.08.1992 when the air temperature reached 27.8�C at Göttinger Wald, 27.5�C
at Solling and 25.9�C at Zierenberg.

Multiyear average values for seasonal (growing/non-growing seasons) patterns

of Ta at three studied sites (Table 2.3) show Göttinger Wald with the highest mean

temperatures for all seasons. Mean values at Zierenberg and at Solling are equal to

each other and lower than at Göttinger Wald. Similar differences are observed for

seasonal maxima and minima values of Ta. At all stations, the amplitudes of inter-

annual courses are higher for the non-growing season than for the growing one

suggesting the highest variability of winter conditions from year to year. The Ta
values at the Göttinger Wald site show the highest among the stations’ amplitudes

(4.1�C) of inter-annual course of values for the non-growing season. The tempera-

tures of both the other stations had amplitudes of 3.8�C. The discussion on the inter-
annual variability and its causes is outside the scope of this chapter.

2.3.3 Precipitation

The annual and seasonal mean values of precipitation for the three sites are given in

Table 2.3. The annual mean rainfall is highest at Solling, which is about 1.5 times

Table 2.4 Mean monthly temperatures (�C) and monthly precipitation rates (mm per month) for

the period 1990 – 2002 at the Göttinger Wald, Zierenberg and Solling sites

Month Göttinger Wald Zierenberg Solling

Temperature Precipitation Temperature Precipitation Temperature Precipitation

Jan �0.3 � 2.1 40 � 28 �0.6 � 1.9 53 � 48 �0.8 � 1.83 111 � 102

Feb 0.8 � 3.1 41 � 158 0.5 � 2.7 54 � 50 0.3 � 2.9 103 � 88

Mar 3.5 � 1.5 45 � 19 3.0 � 1.4 53 � 31 2.7 � 1.6 106 � 194

Apr 6.7 � 1.7 44 � 31 6.1 � 1.5 50 � 70 6.0 � 1.4 72 � 78

May 11.3 � 1.6 60 � 69 10.6 � 1.6 62 � 51 10.7 � 1.9 66 � 70

Jun 13.5 � 1.1 65 � 26 12.7 � 1.2 70 � 67 12.7 � 1.4 81 � 40

Jul 15.6 � 1.7 79 � 68 14.9 � 1.8 81 � 44 15.2 � 2.1 104 � 87

Aug 16.1 � 1.3 69 � 56 15.2 � 1.2 61 � 85 15.5 � 1.3 82 � 50

Sep 11.6 � 1.5 70 � 45 10.9 � 1.5 69 � 54 11.0 � 1.8 107 � 101

Oct 7.6 � 1.7 67 � 53 7.0 � 1.7 63 � 41 7.1 � 2.1 113 � 63

Nov 2.8 � 1.7 67 � 66 2.5 � 1.6 69 � 65 2.6 � 1.7 116 � 104

Dec �0.2 � 2.2 61 � 59 �0.4 � 1.8 69 � 71 �0.5 � 1.8 133 � 101
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higher than at both Zierenberg and Göttinger Wald. The values presented in

Table 2.3 indicate that Göttinger Wald is the warmest and driest of all three sites,

which is probably related to its highest values for annual sunshine duration and

radiation sums among the three stations. Highest precipitation at the Solling site is

related to its location: the Solling ranges are the first massive obstacle for the

dominant westerly winds from the North Atlantic and the North Sea. As described

in Section 2.1, these westerlies usually bring moisture-laden air masses with high

relative humidity and, therefore, with a big chance for cloud and precipitation

formation when the air is orographically uplifted. The contribution of orographi-

cally-induced precipitation is significantly lower at the Zierenberg and Göttinger

Wald sites because they are located leeward, i.e. in a rain shadow of the Solling

Mountains. Being located on lower and narrower ranges than Solling, their own

ability to block and lift the on-flowing air masses is weak.

The orography has also a significant effect on seasonal distribution of precipita-

tion (Table 2.3). For example, the major part of annual precipitation at Göttinger

Wald and Zierenberg (ca. 58% of annual values at Göttinger Wald and 54% at

Zierenberg) occurs during the growing season, whereas at Solling most of the

precipitation occurs during the non-growing season (53.5%). Mean annual courses

of precipitation at the three sites follow generally the patterns of stations in the

German Highlands (www.klimadiagramme.de) for the periods 1961–1990 and

1971–2000 (Table 2.4): namely, the two main maxima occur in midsummer and

in midwinter and a local maximum in March. The midwinter maximum is rather

weakly expressed at both Göttinger Wald and Zierenberg. The midsummer maxi-

mum at all three beech sites is shifted to July as against June for the DWD stations.

Amount of precipitation at the Solling site during the non-growing season has a

clearly expressed pattern of a monotonous increase from October to December and

then a decrease until March. This pattern is typical for highland stations like

Braunlage and Clausthal-Zellerfeld. Thus, at Solling, a pronounced precipitation

peak occurs in December. About 15–20% of the annual precipitation at Solling site

falls as snow. A continuous snow cover during winter periods seldom occurs, as

the intermediate warm weather events often cause a thaw. The spring rainfall

minimum in April, typical of highlands in general, occurs at all three forest sites,

and extends to May at Solling. The secondary precipitation maximum in Decem-

ber–January is not clearly expressed at the Göttinger Wald and Zierenberg sites.

This maximum is characteristic for all low-altitude stations of the Northern Low-

lands and the northern part of the German Highlands and is strongly positively

correlated to cyclonic activity of the North Atlantic Oscillation (NAO) (Wibig

1999). Thus, the precipitation courses result from the combined influence of

orography and of atmospheric circulation patterns described in Section 2.1.

During the summer months of June–August, convective precipitation prevails,

with similar contributions at all three forest sites though the orographic effect

causes higher absolute values at Solling. Summer monthly precipitation at Göt-

tinger Wald and Zierenberg range between 60 and 80 mm month�1 and at Solling

between 80 and 100 mm month�1.
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2.3.4 Variations of Air Temperature and Precipitation
During the Observation Period

Annual mean values of air temperature, Ta, and the precipitation rates are shown

(Fig. 2.2) for the entire observation period at the Solling site, because continuous

measurements were carried out over the entire 33-year period only at this site. Both

Ta and precipitation increased slowly from 1969 until 2002. This increasing trend

becomes more evident in the patterns of 5-year running means of Ta and precipita-

tion (Fig. 2.2). The patterns of both air temperature and precipitation for the

observation period are almost sinusoidal with two clearly marked periods. Accord-

ing to running mean values the air temperature increased by 1.4�C and precipitation

increased by 230 mm from the beginning of the 1970s to the end of the 1990s, i.e.

the climatic conditions have become warmer and more pluvious. Running mean

curves indicate that oscillations of air temperature and precipitation were running in

reversed phases. The oscillations were correlated with the NAO index and espe-

cially with the winter index (as defined by Hurrell and van Loon 1997), positively

for Ta and negatively for precipitation. This result is not unexpected as the positive

phases of the NAO have often been associated with positive temperature anomalies

and below-average precipitation over southern and central Europe (e.g. Hurrell

1995). The influence of the NAO is more pronounced in wintertime (Mareş et al.

2002). The amplitude of Ta oscillations increased with time toward 2002 and the

variations of precipitation (Fig. 2.2) decreased. The minimal variation, i.e. the

period with more or less constant, though high (around 1,000 mm year�1), value

of annual precipitation was observed during 1981–1994.

Values of Ta and precipitation are averaged over three unequal sub-periods,

namely 1969–1980, 1981–1989 and 1990–2002, and the results are presented in

Table 2.5. The table also contains the mean values for the entire period of 33 years

Fig. 2.2 The inter-annual variability of Ta and precipitation are shown for the Solling site.

Running means of 5-year periods for air temperature and for precipitation are also shown
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from 1969 to 2002, and the seasonal means of growing and non-growing seasons to

describe forest growth conditions. The results show that the annual mean air

temperature for the first two decades remained quite constant, but increased con-

siderably (by 0.6�C) during the third decade (1990 – 2002). The Ta for the growing
season showed a steady increase throughout the entire observation period with a

total increment of 0.6�C. However, the mean Ta for the non-growing season

decreased slightly (0.2�C) from the 1970s to the 1980s and then dramatically rose

by 0.9�C during the 1990s. The amplitudes in mean annual Ta (calculated as

period’s maximal minus period’s minimal values of annual temperature) for the

sub-periods showed an increase of variability during the observation period. How-

ever, the amplitudes for seasonalmean Ta showed a weak minimum in the 1980s for

both growing and non-growing seasons, i.e. a decrease by 0.3�C since the 1970s and

then a slight increase by 0.1�C to the 1990s. It should be noted, however, that during

the period of 1981–1989 two major warm ENSO events of 1982 and 1988 consid-

erably altered the pattern of general atmospheric circulation.

The annual precipitation during the observation period increased continuously

from 1969–1980 to 1990–2002 with a total increment of 242 mm year�1 which was

mainly due to an increase in precipitation during the non-growing season, especially

during the 1980s (Table 2.3). November–April precipitation increased by 149 mm

year�1 whereas the May–October values increased by only 45 mm year�1. The

increase of annual and seasonal precipitation from the 1980s to the 1990s was

notably less: 28 mm year�1 for the non-growing season and 21 mm year�1 for the

growing season.

This general increase in precipitation for the winter months could be explained

by changes of the atmospheric circulation pattern over Europe during the period of

1960–1990. Zonal flow (westerlies) was generally strengthened, especially during

winter periods. The rise of anti-cyclonic activity, however, has slowed down the

precipitation increase during the last decade (Kyselý and Huth 2006).

The period of 1969–1980 was somewhat abnormal for the Solling forest site as

the pattern of seasonal distribution of precipitation was reversed – more than half of

the annual precipitation (51%) occurred in the growing season. A possible reason

could be the decrease in frequency of the ‘north’ types of atmospheric circulation

over Europe in winter (prevailing northern flows) and their increase in summer

during the decade (Kyselý and Huth 2006). Table 2.5 also illustrates the fact that the

decadal amplitudes (maximum minus minimum annual precipitation for a decade)

during the 33-year period were always higher for growing seasons than for non-

growing ones. The values point to a reduction of intra-decadal variability during the

1980s whereas the amplitudes increased further in the 1990s.

2.3.5 Soil Temperature

The annual mean values of soil temperature at three depths (Ts,5, Ts,10, Ts,20,) are
presented in Table 2.6. Changes in soil temperatures at the investigated sites did not

always follow the pattern of air temperatures. The Solling station is the ‘coldest’ site.
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However, the warmest one is not Göttinger Wald but Zierenberg despite its higher

altitude and the north-east exposure of the slope. The Göttinger Wald station almost

exactly represents the transition state, but also shows the highest Ts variability
during the observation period. Temperature amplitudes (differences between maxi-

mal and minimal values are given in parentheses in the table) in all three soil layers

at the Göttinger Wald site exceeded 18.5�C reaching 21.6�C at 5 cm depth, while at

the Zierenberg site all amplitudes were smaller than 16�C. Highest amplitude at the

Solling site was 18.7�C in 5 cm depth.

Seasonal variations of temperatures at different soil layers (Ts,5, Ts,10, Ts,20) were
not in phase with the variations of Ta. The largest variability and the highest

amplitude of the temperature variation are expected at the surface of bare soil and

this temporal variability should decrease with soil depth (e.g. Scharringa 1976). In a

forest, the variability should be smoother even at the soil surface because the forest

canopy reduces the short-wave solar radiation input to and the thermal radiation

loss from the surface organic layer as compared to the open field. A general

decrease of variability with depth was also illustrated by a decrease in the period

of amplitudes presented in Table 2.4. In Fig. 2.3, the seasonal variations of the

vertical profiles of the soil temperature at the three sites are shown. As expected, the

highest temperatures (Ts,5, Ts,10, Ts,20) at all sites were observed during the summer

months, before the cooling period followed in the autumn. The spring mean

temperatures at all depths were considerably lower than the autumn ones and

followed the same pattern as Ta values.
Generally, with increasing solar and thermal radiation input to the soil surface,

the upper soil surface is warmed up first, then the temperatures of the deeper soil

layers follow. Therefore, in summer when the soil surface receives an increasing

amount of energy from the sun and from the atmosphere, its energy balance

becomes positive and soil temperature decreases with depth. During the winter

season, when the incoming short-wave solar radiation is low in the temperate

climate zone, the soil surface energy balance is usually negative and thus the

temperature increases with soil depth. During the transition periods of spring and

autumn when the short-wave radiative heating and long-wave cooling are almost

balanced, the soil conditions could be considered as isothermal (Fig. 2.3). This ideal

temporal pattern of soil temperature profiles holds true at the Göttinger Wald site

but not at the Zierenberg and Solling sites. At Zierenberg, the mean seasonal Ts,5

Table 2.6 Mean daily soil temperatures (�C) at 5, 10 and 20 cm depths at the Zirenberg, Göttinger

Wald and Solling sites (1998–2002) (min, max and amplitude values in parentheses)

Depth Soil temperature

Göttinger Wald Zierenberg Solling

5 7.2 � 4.33

(�3.9, 17.7, 21.6)

8.4 � 4.27

(1.3, 17.0, 15.7)

6.0 � 4.02

(�2.5, 16.2, 18.7)

10 7.0 � 4.18

(�3.4, 16.9, 20.3)

8.2 � 4.19

(1.3, 16.4, 15.1)

6.0 � 3.94

(�2.2, 15.8, 18.0)

20 7.1 � 3.93

(�2.5, 16.1, 18.6)

8.2 � 4.15

(1.4, 16.0, 14.6)

6.4 � 3.75

(�0.5, 13.0, 13.5)
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Fig. 2.3 Means for different seasons of vertical profiles of soil temperature at three different

beech forest sites are given for the period 1990–2002: Göttinger Wald (upper panel), Zierenberg
(middle panel) and Solling (lower panel)
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were always slightly higher (from 0.4�C in summer to 0.04�C in autumn) than in the

deeper layers (Ts,10 and Ts,20). At the Solling site, in contrast, the upper soil layers

were colder than lower ones during all seasons except summer. The higher mean Ts
values in the upper soil layers were also observed by Holst et al. (2000) in

intensively thinned beech stands growing on north-east slopes, while the unman-

aged control stand showed a temperature increase with depth or at least an iso-

thermal vertical profile. This influence of forest structure was confirmed by the fact

that the Zierenberg stand had a considerably lower stem density than the Solling

and especially Göttinger Wald stands (see Chap. 1).

The absolute values of vertical gradients of soil temperature between Ts,5 and

Ts,20 varied differently at all stations (Table 2.7). While at the Solling site the

highest gradients of approximately the same magnitude were observed during

autumn and winter, the maximal values at the Zierenberg site occurred in spring

and summer and the lowest values in autumn and winter. At the Göttinger Wald

site, the highest gradient was observed in summer, as also at the Zierenberg site, but

the lowest in spring. The annual gradient was also the highest at the Solling site as

well (2.96�C m�1, directed upward) and the lowest at the Göttinger Wald site

(�0.08�C m�1).

2.4 Comparison with Other Climatic Regions

The three investigated beech sites, Göttinger Wald, Solling and Zierenberg, are

located in the climatic region of the German Highlands (Central Germany). In order

to position the climate conditions of these sites against the general climatic situation

in Germany the beech stations are plotted within the Precipitation-Ta space

(Fig. 2.4) based on the 30-year mean values of DWD. The figure also shows that

the mean air temperature at all three studied beech stations was slightly lower than

the average for Germany (8.1 � 1.3�C). The same holds true for the annual

precipitation rates at the Göttinger Wald and Zierenberg sites which were lower

than average for Germany (700 � 237 mm year�1). The annual precipitation rate at

the Solling site was among the highest in Germany exceeding the mean value by far.

To compare the growth conditions on the experimental sites with not only to the

general climate in Germany but specifically to other beech sites growing in differ-

ent German climatic regions, the air temperature (Ta), soil temperature (Ts,10) and

Table 2.7 Vertical gradients of mean seasonal soil temperatures (�C m�1) between the layers of

0.05 m and 0.20 m at sites Zirenberg (ZB), Göttinger Wald (GW) and Solling (SO) (1998–2002)

Vertical gradients

Site Winter Spring Summer Autumn

GW 3.1 2.0 �4.5 3.1

ZB �0.6 �3.3 �2.9 0.26

SO 5.5 1.6 �0.04 5.2
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precipitation values of five beech sites were compiled. These sites were located to

the north, southeast, south and southwest of the studied ones. The northernmost

station under the beech canopy at the Belauer forest about 30 km south of Kiel

represents the Northern Lowlands. The southwest is represented by beech forests

near Tuttlingen which is located in Schwabian Alb – a part of the Jura Mountains.

To the southeast, the Bavarian Forest site Mitterfels is situated within the southern

part of the German Highlands. A southern but not the southernmost site is the beech

forest near Freising which is located at a slightly higher latitude than the Tuttlingen

forests. All stands with the exception of the Belauer forest are highland forests, i.e.

above 400 m a.s.l (Table 2.8). The observation periods varied from station to station

which complicated a comparison, but it still provided sufficient information of a

descriptive nature. To position these stations against the general climatic situation

in Germany and against the three studied sites, the additional beech stations are also

plotted within the Precipitation-Ta space at Fig. 2.4.
Annual mean Ta values in beech forests varied strongly in Germany with an

amplitude of 2.9�C (Table 2.8). However the differences between forest stations

were much lower than the absolute amplitude across Germany which was 8.8�C
(Fig. 2.4) or even as high as 15.7�C if the Zugspitze station was included. It should

also be noted that generally the mean Ta value averaged over the considered beech

forests across Germany is below the ‘geographical’ mean value of Ta for Germany.

Considering the dry potential temperature yd
1 to filter out the differences caused by

different altitudes one can observe the expected latitudinal effects. yd increases

from the northernmost station at Belauer to Central Germany and then to three

southeast/southwest stations. The southern station at Freising shows an ‘intermedi-

ate’ yd value of 13�C though its latitude is within the range of the other southern

stations. Thus, the elevation effects are not clearly expressed, although the highest

station of Mitterfels has the lowest Ta value. Considering the absolute values of Ta
at all beech forest stations (Table 2.8), the three studied beech forest sites are close

to the average value, but are somewhat ‘colder’ than all other stations (even those at

higher altitudes) except the one at Mitterfels.

The annual rainfall rates at the selected sites range between 700 mm and

1,600 mm with highest values at Solling and Mitterfels and the lowest at Göttinger

Wald and generally exceed the actual evapotranspiration rates.

Pattern of soil temperature values (Ts,10) does not fully correspond to the pattern
of air temperature. The values of Ts,10 depend upon many factors such as inclination

and orientation of slopes, the density of tree canopy which controls the transmission

of solar and thermal radiation to and from the soil surface, the temperature

conductivity of the litter and soil layers above the temperature sensor, the litterfall

rate changing the depth of the sensor with time, and the heat flow from the layers

under the temperature sensor. The highest altitude site, Mitterfels, showed Ts,10

1The dry potential temperature of air parcel at pressure P is the temperature that the parcel would

acquire if dry adiabatically brought to a standard reference pressure P0 (e.g. at sea level). It is

denoted as yd and is often roughly calculated assuming 1�C per 100 m altitude
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Fig. 2.4 Mean annual Ta (
�C) versus mean annual precipitation sums (mm year�1) (data of the

German Weather Service, DWD) over Germany. The geometrical symbols denote the stations in
beech forest as given in Table 2.1. The solid black line denotes the ‘climate envelope’ (Klima-

hülle) of beech according to Kölling and Zimmermann (2007)

values below the mean but not the lowest Ts,10 value of all sites. The lowest value
was observed at Solling and the highest at Freising, while Tuttlingen (north-east)

was very close to the mean value over all stations. The Ts,10 values for the Göttinger
Wald and Zierenberg sites differed strongly from the mean, where the first one was

considerably below and the latter one considerably above the mean Ts,10 value of all
the stations.

Figure 2.4 shows that most beech stands in Germany lie within the ‘climate

envelope’ of beech as defined by Kölling and Zimmermann (2007). The considered

stations are not exactly but very close to the centre of this climatic envelope or

optimum (Mayer 1992), where the competition strength of beech has to be the

strongest. The exceptions are the beech sites in Germany, located at high altitudes,

such as the highland beech stand at Mittelfels in the Bayerischer Wald (1,025 m),

which fall outside the climate envelope of beech. Growth on such sites may be

limited due to severe climatic conditions. Still, they are inside the critical limitations

for F. sylvatica given by Manthey et al. (2007) with the lower limit: 471 mm year�1

and the upper limit: 2,000 mm year�1. The Solling, which has the almost optimal air

temperature, but lowest mean soil temperature of all the considered beech forests, is

still well within the envelope, though the amount of precipitation puts it close to the

limits of the envelope. The site of Freising appears to be the most optimal one with

both Ts,10 and Ta above +8
�C and with annual precipitation above 840 mm year�1.

2.5 Conclusions

The climatic conditions of three beech sites from the German Highlands, Solling,

Zierenberg and Göttinger Wald, are described. It is shown that Göttinger Wald is

distinctly the warmest site of the three with a mean annual air temperature of 7.4�C
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and with the highest absolute amplitude for the period of observation. Zierenberg,

however, is the warmest in terms of soil temperature (8.2�C). Solling has the

highest annual precipitation (1,193 mm), whereas other forests are drier (around

700 mm), being in the rain shadow of the Solling mountains.

All the three studied stands are to some extent untypical for the German High-

lands because the warmest month there is not July but August, which is due to

oceanic influence and the effect of vegetation cover. January is the coldest month at

these sites.

There is a clear evidence of an increase of air temperature and annual precipita-

tion during the 33-year period of observations at the Solling site. However, the

increase of total annual precipitation was mainly due to the increase of precipitation

during the non-growing (‘winter’) season.

Changes in climate will have significant effects on forest ecosystems, as dis-

cussed by Gravenhorst (1993). However, the present values of climatic variables at

the eight beech forests representing all main climate regions of Germany and

including the three study sites in Central Germany are quite close to the optimum

for the growth of beech. However, the Solling Forest is close to the limits of the

beech climate envelope in terms of precipitation values, and the projected increase

of winter precipitation under climate change may move it outside the envelope. The

climatic conditions of Göttinger Wald and Zierenberg are sufficiently close to the

average values for Germany, and therefore may be considered as representative of

present conditions of beech forest growth in Germany.
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Mareş C, Mareş I, Mihailescu M (2002) Testing of NAO and ENSO signals in the precipitation

field in Europe. In: Beniston M (ed) Climatic change: implications for the hydrological cycle

and for water management. Advances in Global Change Research, 10. Kluwer, Dordrecht,

pp 113–121

Mayer H (1992) Waldbau auf soziologisch-ökologischer Grundlage. Fischer, Stuttgart, Germany

McKnight TL, Hess D (2000) Climate zones and types: marine West Coast climate (Cfb, Cfc),

Physical geography: a landscape appreciation. Prentice Hall, Upper Saddle River, NJ, pp 226–229

Mitchell T., Carter TR, Jones P, Hulme M (2004) A comprehensive set of high-resolution grids of

monthly climate for Europe and the globe: the observed record (1901–2000) and 16 scenarios

(2001–2100): Tyndall Centre Working Paper 55, pp30

Scharringa M (1976) On the representativeness of soil temperature measurements. Agric Meteorol

16:263–276
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Chapter 3

Soil Properties

H. Meesenburg, R. Brumme, C. Jacobsen, K.J. Meiwes, and J. Eichhorn

3.1 Introduction

The soils at the three beech forest sites, Göttinger Wald, Zierenberg, and Solling,

are derived from different bedrocks and cover the whole acidity range (pH(H2O) 3–7)

of German soils (Wolff and Riek 1997). The bedrock of the Göttinger Wald soil is

limestone. Its carbonate buffer is responsible for the high soil pH(H2O) between 5.7

and 6.9 in the surface 10 cm of the mineral soil. According to Wolff and Riek

(1997), only 9% of the German forest soils have soil pH(H2O) >6.2 and are

buffered by carbonate. Of German forest soils, 59% have a pH(H2O) <4.2, and

32% a pH(H2O) between 4.2 and 6.2. A representative soil of the lower pH range is

the Solling soil, derived from loess, with a pH(H2O) of 3.4–3.8 and a very high

content of aluminum and protons. Representative of the third group is the soil at the

Zierenberg site on basaltic rock which is free of carbonate, has a slightly lower

pH(H2O) than Göttinger Wald soil (5.2–5.7) but is very rich in Mg and P, two of the

most important plant nutrients in forest ecosystems. The soil properties of the three

sites will be described in detail regarding the parent material, the mineral content

of the soils, soil texture, the chemical status, the prevailing systems for buffering

of produced and deposited acidity, the nutrient status and the organic layer types of

the soils.

3.2 Parent Material, Mineral Composition, Soil Texture

The study sites were not covered by glaciers during the Pleistocene, but were

influenced by peri-glacial processes such as cryoturbation, solifluction, erosion and

loess deposition. The soils have developed during the last 10,000 years (Holocene)

and are thus relatively young.

The minerals of the soil forming Triassic limestone at Göttinger Wald are calcite
(CaCO3, 940 g kg�1), dolomite (Ca, MgCO3, 2 g kg�1), and siderite (FeCO3,

4 g kg�1) (Thöle and Meyer 1979). The horizontally bedded rock consists of
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solid plates of a few centimetres thickness, which are separated by thin silty layers

of a few millimetres thickness, and are vertically broken by endogenic processes

below 100 cm depth. In the upper 100 cm, the nearly horizontal stratification of the

limestone is completely disturbed by cryoturbation. Dissolved limestone leached

out as Ca(HCO3)2. Only 5% of the limestone remained as non-calcareous residue

and formed the soil at Göttinger Wald. The predominant particle size of the non-

calcareous residue (analyzed after dissolving the rock with HCl) consists of clay

(58%), silt (41%), and of quartz (310 g kg�1), illite (200 g kg�1), montmorillonite

(150 g kg�1), mica (140 g kg�1), feldspar (100 g kg�1), chlorite (50 g kg�1), and

vermiculite (40 g kg�1) (Thöle and Meyer 1979).

The skeleton content decreases from the subsoil upward, the clay content of the

soil reaches its maximum between 20 and 30 cm (Table 3.1). The decrease of gravel

content in the surface soil (<20 cm) indicates an admixture of loess which is

reflected also in the higher content of quartz in the fine soil (Table 3.2). Within

the upper 20 cm, the calcite content is negligible, but calcite is the most abundant

mineral below 20 cm depth.

The parent material at Zierenberg is tertiary basaltic debris overlying Triassic

limestone with a thickness of the basalt decreasing downslope from 100 cm to

around 10 cm (Jochheim 1992). The main research area is located on the upper

midslope. Its soil is moderately gravelly and dominated by silt (70–80%) which is

partly derived from basalt weathering but also from loess deposits. This is indicated

by the high quartz content but of the illite/muscovite components (Table 3.3). Of

basaltic origin are the Mg-bearing minerals pyroxene, hornblende, olivine and

Table 3.1 Soil texture and gravel content of the soils at Göttinger Wald (Brumme 1986),

Zierenberg, and Solling (Beese 1986) sites

Depth Soil texturea Gravel

cm Clay % Silt % Sand % %

Göttinger Wald 0–5 36 61 3 21

5–10 41 57 2 12

10–20 39 59 2 23

20–30 54 45 1 39

30–60 30 53 17 40

60–90 23 61 16 57

Zierenberg 0–5 13 79 8 5

5–10 12 78 10 15

10–20 14 74 12 20

20–40 14 76 10 25

40–80 9 77 14 30

Solling 0–10 17 57 26 15

10–20 18 55 27 9

20–30 17 55 28 9

30–40 19 51 30 10

40–50 16 53 31 10
aAs fraction of fine earth, clay (<2 mm), silt (2–60 mm), sand (60 mm–2 mm), gravel (>2 mm)

(British Standards Institution)
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smectite. The high content of Mg-rich minerals marks an important difference to

the soil at the Göttinger Wald site. Moreover, basalt is known to contain between

7 and 30 g kg�1 of the phosphorus mineral apatite (Wedepohl 1968).

The bedrock at Solling is Triassic sandstone (>140 cm depth) which is covered

with loess. The gravel content of the loess is low in the upper 60 cm (Table 3.1) and

steadily increases between 60 and 140 cm depth indicating an admixture with

weathered sandstone fragments by solifluction (Benecke 1984). The predominant

minerals of the Triassic sandstone are quartz (450–680 g kg�1), illite and mica

(100–250 g kg�1) and K-feldspar (80–200 g kg�1) (Deutschmann 1994). The

sandstone layer below the solifluction layer has higher contents of illite and mica

(660–740 g kg�1) and a lower content of quartz (170–260 g kg�1). Therefore, the

mineral composition of the soil shows an increasing illite content with depth from

about 60–90 g kg�1 in the surface 30 cm to about 284 g kg�1 between 150 and 200

cm depth (Table 3.4). The quartz content decreases in the same direction from about

740 to 470 g kg�1.

Table 3.2 Mineral composition of the soils (g kg�1) (fine earth <2 mm) at different depths (cm)

at the Göttinger Wald site

0–5 5–10 10–20 20–30 30–40

Quartz 300 300 200 220 120

K-Feldspar 20 20 10 30 30

Albite 20 20 10 10 10

Calcite 0 10 20 390 500

Fe Minerals 10 10 10 10 10

Anatas 4 4 4 4 4

Kaolinite 71 64 67 20 13

Mg Chlorite 0 0 7 4 0

Illite 260 230 200 140 230

Vermiculite 170 170 230 140 78

Al Vermiculite 140 170 240 30 7

Table 3.3 Mineral composition of the soils (g kg�1) (fine earth <2 mm) at different depths (cm)

at the Zierenberg site (Butz-Braun, personal communication)

0–5 5–10 10–20 20–40 40–80

Quartz 260 260 270 270 200

Feldspar 90 90 130 100 100

Hornblende 10 10 20 20 20

Pyroxene 100 100 100 80 80

Olivine 10 20 40 20 0

Kaolinite 60 40 50 60 30

Chlorite 0 10 10 20 0

Vermiculite 0 50 90 40 40

Illite/Muscovite 300 340 190 260 170

Smectite 170 80 140 130 360
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3.3 Soil Types, Soil pH, and Buffer Systems of Soils

The study sites differ with respect to the buffer systems indicated by the pH of the

soils. The pH increases with depth and shows marked differences among the sites

(Fig. 3.1). At the Göttinger Wald site, the relatively high pH of the soil is stabilized

by a high buffer capacity and a high buffer rate (carbonate buffer range, pH(H2O)

>6.2, Ulrich 1981, 1987), except of the carbonate free parts of the topsoil and at

some places at deeper soil depths where admixture with loess material occurs.

About 26% of the soils at the Göttinger Wald research site are shallow (Ah–Cv

soils, soil depth <20 cm) and are classified as Rendzic Leptosols according to the

FAO/UNESCO classification, or as Rendzina in the German classification (Meiwes

and Beese 1988). They are still rich in carbonate in the Ah-horizon and have high

soil pH(CaCl2) values (6.1–7.0). The dominant soils at the Göttinger Wald research

site are up to or >30 cm deep and have a Ah–Bv–Cv profile (Calcaric Cambisol,
FAO/UNESCO classification, or Terra fusca – Rendzina, German classification).

Occasional pockets of soils with a thicker loess deposit occur. The Calcaric
Cambisols are often free of carbonate in the topsoil so that the pH(CaCl2) may

drop down to 4.7. The prevailing buffer material in carbonate free soil layers are

silicates (silicate buffer range, pH(H2O) 5–6.2). The dominant soil type Terra
fusca–Rendzina has a pH(H2O) between 5.5 (min) and 6.9 (max) in the 0–10 cm

depth depending on the content of carbonate (Table 3.5). This soil type is located

between the carbonate and silicate buffer range. With increasing depth, soil

pH(H2O) may increase up to 8 indicating that the deeper soil is buffered by

carbonate.

The soil at Zierenberg is carbonate free except in the 80–100 cm depth where

some admixture from the underlying limestone was found (Jochheim 1992). Soil

pH(H2O) increased from 5.3 in the 0–20 cm depth to 6 in the 40–80 cm depth

Table 3.4 Mineral composition of the soils (g kg�1) (fine earth <2 mm) at different depths (cm)

at the Solling site

0–5 5–10 10–20 20–30 40–50 80–100 150–200

Quartz 740 720 700 690 680 640 470

K-Feldspar 80 120 130 130 120 120 160

Albite 20 20 15 15 15 0 0

Fe Minerals 13 15 17 17 17 17 30

Anatas 5 5 5 5 5 5 5

Kaolinite 33 26 27 25 34 65 34

Mg Chlorite 0 0 1 1 2 0 0

Mixed layer Chlorite/Vermiculite 0 0 0 0 0 0 10

Illite 81 62 69 89 109 147 284

Mixed layer Illite/Vermiculite 5 6 8 4 5 0 0

Vermiculite 6 10 11 3 0 0 0

Al Vermiculite 0 5 6 21 13 03 0

Vermiculite de-Al 17 11 11 0 0 0 0

Smectite 0 0 0 0 0 3 7
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(Table 3.5). These values are thus lower than those found in the Göttinger Wald

soil, and the soils are primarily assigned to the silicate buffer range. Because of high

acidity in stemflow fluxes (Chap. 15, this volume), the soils in the vicinity of stems

have been more acidified than those in the inter-stem areas. At the Zierenberg site,

the soil pH(H2O) is 1.2 units lower near the stems (20 cm distance) than within the

stems in the 0–10 cm depth, and by 0.4 units in the 40–60 cm depth (Jochheim

1991). The soil type is classified as Eutric Cambisol (FAO/UNESCO classification)

(Braunerde, Ranker-Braunerde, German classification).

The mineral soil at the Solling site is free of carbonates and has low pH

(pH(H2O) which slightly increased with depth from 3.4 to 4.3) (Table 3.5). The

low pH is primarily related to low amounts of fast weathering minerals. The

relatively high silicate content consists mainly of resistant phyllosilicates (mica,

illite) and K-feldspar (Table 3.4). A low buffer rate and high acid load has resulted

in a soil pH of the aluminum buffer range within the top 30 cm (Al-buffer range, pH

(H2O) < 4.2). Slightly higher soil pH(H2O) exists below 30 cm depth (exchange

buffer range, pH(H2O) 5–4.2). Values below pH(CaCl2) 4.0 were found down to a

depth of 6 m (Meiwes et al. 1994). The soil is classified as Dystric Cambisol (FAO/
UNESCO classification) and podsolige Braunerde (German classification).

3.4 Cation Exchange Capacity, and Exchangeable Cations

The composition of a cation exchange complex is an expression of the acid–base

status of a soil. The three study sites show big differences in their cation exchange

composition (Table 3.6). At the Göttinger Wald site, more than 95% of the
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exchange sites of the Terra fusca – Rendzina are occupied by Ca. Base saturation is
mostly 100% for the whole soil profile. However, where loess has accumulated, pH

values may be lower and exchangeable Al may appear in low concentrations in the

5–10 cm depth indicating the occurrence of silicate weathering. The cation ex-

change capacity (CEC) is about 3–4 times higher at this site than at the Solling and

Zierenberg sites. At the Zierenberg site, the composition of the cation exchange

complex is more balanced. About 60% of the exchange sites are occupied by Ca and

29–38% byMg. Base saturation is less than 100% due to the presence of acid cations.

At Solling, the base saturation is<7% in the upper 100 cm soil. Al is the dominating

ion at the exchange sites with proportions up to 94%. Fe and H+ account for 9–20%

of exchange sites in the top soil, respectively, indicating a very strong acidification.

Analysis of a soil core down to 30 m depth revealed a base saturation below 25%

within the upper 6 m depth and 25–80% between 6 and 8 m depth (Meiwes et al.

1994). Below 8 m depth, base saturation is above 80%. Soil inventories conducted

7 times between 1966 and 2001 indicated that base cation pools in the Solling

soil was decreasing during this period (Fig. 3.2). Nevertheless, a trend towards

some re-translocation of base cations from the mineral soil into the organic layer

was apparent at the Solling site, as was indicated by an increase in thickness of the

organic layer during the last 30 years (Meiwes et al. Chap. 4, this volume).

3.5 Nutrient Status of Soils and Organic Layer Types

Soils are sources of nutrients for the plants as a result of processes such as mineral

weathering, cation exchange and mineralization of organic matter. Exchangeable

nutrients are highly available and Table 3.7 show large differences between the
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Fig. 3.2 Pools of exchangeable base cations in the mineral soil (0–50 cm) at the Solling site

between 1966 and 2001 (for the calculation, an average bulk density was used which did not

change significantly over the period) (Meesenburg et al. 1999)
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sites. Exchangeable K content decreases in the order Zierenberg, Göttinger Wald,

Solling soils. Exchangeable Mg follows the same order among sites but the soils

had much higher differences. Exchangeable Ca is about 3 times higher at Göttinger

Wald than at Zierenberg, whereas it is very low at Solling. This indicates that the

nutrient status at Zierenberg site is well balanced with respect to cations when

compared to the Göttinger Wald site where the very high values of exchangeable Ca

may result in an insufficient uptake of K and Mg by plants. The Solling site is very

poor in exchangeable Ca and Mg which may induce deficiency of these elements

in plants.

The organic layer at the base-rich Göttinger Wald and Zierenberg sites consists

of unaltered dead remains of plants and animals (L or Oi layer) and a layer with

fragmented, partly decomposed but still recognizable material underneath the L

layer (F or Oe layer). The L/F mull humus indicates a rapid decomposition and

disappearance of plant residues from the soil surface by earthworm activity and has

resulted in relatively low nutrient pools in the organic layer (Table 3.8).

The organic layer of the acid Solling soil consists of L, F, and H layers and is

classified as moder humus. The H layer (or Oa layer) consists of well-decomposed,

amorphous organic matter with a thickness of 1.5 cm. The moder humus accumu-

late considerable amounts of nutrients of which Ca and Mg equal to about 90% and

100%, respectively, of the exchangeable pools within the upper 100 cm depth of the

mineral soil. Heavy metal and Al content typically increased from L to F and then to

H layers (Table 3.9) indicating increased enrichment of these elements during

organic matter decomposition.

Mineral weathering of nutrients such as K, Ca, Mg, or P is a slow process and

less important for plant nutrition in the short-term. In the long-term, it is the most

important source for nutrients in terrestrial ecosystems except that of nitrogen. The

juvenile soils at the study sites are relatively rich in primary silicates (see Sect. 3.2)

which ensures a continuous release of base cations depending on mineral composi-

tion and content.

3.6 Additional Study Plots at the Solling Site

At the Solling site, additional plots were installed in 1982 adjacent to the permanent

observation plot to study the effects of various treatments involving application of

high doses of alkaline (liming, BK plot) or acidifying (ammonium sulphate, BN

Table 3.7 Total contents of exchangeable nutrients (kg ha�1) in the mineral soil (0–100 cm

depth) of Göttinger Wald, Zierenberg, and Solling sites

Site Kex Caex Mgex

Göttinger Wald 1,100 49,400 430

Zierenberg 1,300 16,400 7,400

Solling 520 230 83
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plot) substances. Parent material and physical soil characteristics are similar at the

treated and untreated plots. Also the structure of the forest stands and silvicultural

treatment are comparable with the main Solling plot since all plots belong to the

same forest management unit. Tree cuttings were performed only for safety rea-

sons, and the timber was retained on the plot.

At the BK plot, dolomitic lime was applied in 1982 with a dose of 30 Mg ha�1

(Beese and Stickan 1989). The BN plot was treated for 11 years between 1983 and

1993 with a dose of 1,000 mmol m�2 per year (NH4)2SO4 (140 kg ha
�1 per year N,

160 kg ha�1 per year S, Meesenburg et al. 2004).

Chemical characteristics of the soil solid phase at the BN plot showed only small

differences compared to the untreated plot when measured 10 years after the start of

the treatment, whereas the liming of the BK plot altered soil characteristics espe-

cially of the topsoil (Tables 3.10 and 3.11). Distributions of organic C within the

soil profile as well as C pools are similar at the treated and untreated plots. N

contents are enhanced over the whole profile at the BN plot resulting in an N pool

(organic layer and mineral soil 0–100 cm) of 13.3 Mg ha�1, which is 1.5 Mg ha�1

higher than the N pool of the untreated plot. 1.4 Mg ha�1 N was applied additionally

at the BN plot between 1983 and 1992, but N output with soil solution was higher

by 0.5 Mg ha�1 N during this period than from the untreated plot (Meesenburg et al.

2004). N pools at the limed plot (BK) are not different from the untreated plot.

The acid–base status of the soils at the BK plot has been markedly altered by

liming. Contents of exchangeable Ca and Mg have increased manifold in the 0–20 cm

soil, but also their concentrations in the subsoil have been raised significantly.

Nevertheless, base saturation was above 10% in the 0–20 cm depth at the limed plot

(Table 3.11). At the limed plot, pH(CaCl2) was higher than at the untreated plot in

the soil to 100 cm depth. At the BN plot, base saturation is lower than in the

untreated plot below 5 cm depth due to the application of acidity. A decrease of pH

was not observed at the BN plot.

Table 3.9 Element concentration of the organic layer at Solling, Göttinger Wald, and Zierenberg

(Jochheim 1992) (HNO3 pressure digestion at Solling and Göttinger Wald, aqua regia extraction at

Zierenberg)

Al Fe Mn Zn Cu Cr Ni Cd Pb

mg kg�1

Göttinger

Wald

L/F 12,523 5,893 481 69 9.4 14.3 7.9 0.30 28

(2,967) (1,594) (70) (9) (0.9) (3.7) (1.6) (0.09) (6)

Zierenberg F 1,880 3,200 1,030 86 15 – 0.65 25

(460) (1,250) (1,220) (19) (1.5) (0.23) (11)

Solling L 2,051 1,959 1,868 95 19.1 – – 0.63 66

(799) (636) (385) (6) (2.9) (0.05) (20)

F 7,581 6,096 371 115 31.3 – – 0.62 284

(814) (600) (37) (8) (3.8) (0.14) (41)

H 19,356 12,107 148 87 30.8 – – 0.28 367

(5,667) (2,465) (45) (14) (6.3) (0.08) (54)
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3.7 Conclusions

l The soils at the three beech forest sites, Göttinger Wald, Zierenberg, and Solling,

are derived from different parent material (limestone, basalt, loess over sand-

stone, respectively) and cover a wide range of soil types, buffer ranges and

nutrient contents.
l The Göttinger Wald and Zierenberg sites show indications of soil acidification in

the uppermost soil layers, whereas the soil at Solling is highly acid in the whole

rooting zone.
l The base saturation of soils has values higher than 90% at the Göttinger Wald

and Zierenberg sites. At the Solling site, exchangeable base cations in the

mineral soil have decreased during 1966–2001 resulting in base saturation of

less than 7%.
l The nutrient status of the sites differs considerably with the Solling site having

lowest nutrient pools. Calcium dominates the exchange sites at the Göttinger

Wald and Zierenberg sites while aluminium is the predominant cation at the

Solling site. The Zierenberg site has the most balanced composition of ex-

changeable cations owing to a high content of exchangeable magnesium and

potassium.
l Mineral soils of the additional study sites at Solling which were used for

manipulation experiments, showed only small differences in soil properties

after treatment with heavy doses of ammonium sulphate, but on liming the soil

showed markedly altered acid–base status of the top 20 cm depth.
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wald-Ökosystem in der Phase der Humusdisintegration. In: Eichhorn J (ed) Fallstudie Zieren-

berg: Stress in einem Buchenwaldökosystem in der Phase einer Stickstoffübersättigung.
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auf forstlich genutzten Böden (BDFF). Arb-H Boden 2:77–94

Meesenburg H, Meiwes KJ, Bartens H (1999) Veränderungen der Elementvorräte in Buchen- und
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der Göttinger Muschelkalk-Scholle als Landschaftsökologische Planungsgrundlage. Göttinger

Bodenkundliche Berichte 59
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Chapter 4

Changes in C and N Contents of Soils Under

Beech Forests over a Period of 35 Years

K.J. Meiwes, H. Meesenburg, J. Eichhorn, C. Jacobsen, and P.K. Khanna

4.1 Introduction

Soil organic matter (SOM) contributes significantly to many vital ecosystem

processes by affecting physical, chemical and biological properties of soils.

Among the many ecosystem processes, SOM contributes significantly to the reten-

tion of water and nutrients, maintenance and functioning of soil biodiversity and

cycling of nutrients and organic C. SOM is primarily a store of soil organic C (SOC)

and plant nutrients and can therefore be considered as a suitable surrogate of

fertility for many soils.

SOC occurs in many different forms in a soil and any change in its amount is the

consequence of a balance between inputs and outputs of organic matter. A continu-

ous increase in SOC is expected when the decomposition (output) pattern of the

litter fall is impeded. This may occur due to a change in the type of litter fall

(an increase in the proportion of more woody litter than leafy type) or to a change in

its chemical composition (e.g. high C/N ratio) or a change in environmental and

microbial factors (e.g. changes in the soil temperature and moisture conditions due

to management practices or changes in the microbial activity due to population

changes) (Schulze et al. 2000).

A number of theories have been postulated on the changes in SOC in forest

ecosystems, which may occur during the development of a stand. Covington (1981)

suggested that C in soils would undergo a decrease during the initial phases of stand

development after clearfelling, which is then followed by a phase of C accumula-

tion and finally reaching a phase in old growth stands of no further change.

A decrease in soil C after clearfelling may, however, occur depending upon the

type of the stand and status of stand structure and the amount of woody debris. For

example, a breakdown of the stand structure will lead to a decrease in soil C in

mature stands. The ‘no change’ or quasi-steady state situation will occur when the

input of C balances the output despite further changes in stand growth. Berg and

Matzner (1997) have described that various phases of decomposition are affected

differently by climatic factors and N levels in the system. For example, an increase
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in the N concentration of the litterfall from conifer stands will decrease the total

amount of litterfall decomposed probably due to chemical changes in the lignin

fraction in the presence of high N.

Nitrogen, phosphorus, sulphur and many other nutrients are intricately related

with soil C, and any change in organic C in soils will affect their accumulation or

release. Inputs of nitrogen through atmospheric depositions or fixation may allow a

significant fraction of N to be retained as part of SOC at constant or near constant C:

N ratios (De Vries et al. 2006). Any nutrient with limited supply or input will be

depleted in the organic matter indicating a widening of its ratio with soil C and

probably a reduction in its uptake and an increase in its retention (retranslocation

processes) during litter fall. For example, Knoepp et al. (2005) showed in their

study on the accumulation of litter layer in the southern Appalachian forests after 20

years that it was associated with changes of leaf litter quality. The leaf litter had

decreased in P concentration and showed lower P release on decomposition.

This study provides two aspects of changes in soil C and N in beech stands at

Solling, Zierenberg and Göttinger Wald. Firstly, a comparison will be made for the

three mature beech stands for their soil C and N contents to find if there are common

factors to explain the differences among the three sites. Secondly, the long-term

data on soil C and N and other nutrients measured periodically over a period of

35 years at one of the sites will be used to assess the possible human effects in

changing soil C, N and other nutrients and their consequences on ecosystem

functioning. The long term analysis of data was restricted to the Solling site as

similar long-term data from the other two sites were not available.

4.2 Content and Distribution of C and N

in Soils from Three Beech Sites

Distribution of organic C and N in soils. Organic C concentration decreased with

soil depth in all the three beech sites in an expected manner, when the depth from

surface organic layer to 80 cm was considered (Table 4.1). C concentration of the

LF layer ranged from 400 to 460 g kg�1 whereas it was about 300 g kg�1 in the H

layer. L layer from the Zierenberg site had low C values indicating some mixing of

L layer with the organic matter from deeper layers. In the mineral soil, C concentra-

tion ranged from 42–68 g kg�1 in the 0–10 cm depth to 5–21 g kg�1 in the 40–80 cm

depth. Of the three sites, the highest values of organic C were observed at

Göttinger Wald for all the comparable depths. For example, at 40–80 cm depth

of the Solling and Zierenberg sites organic C concentration was 5 g kg�1 as

compared to 21 g kg�1 in Göttinger Wald, which would be regarded as a high value

for this depth of any soil.

Nitrogen concentration of soils decreased with depth in an expected way

similar to that of organic C in these soils. Nitrogen values in the organic layer of

13–24 g kg�1 in the LF and of 15 g kg�1 in the H layers decreased to 2.5–5.4 g kg�1
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in the 0–10 cm depth and further to 0.5–1.7 g kg�1 in the 40–80 cm soil depth.

Similar to C concentration, N concentration in Göttinger Wald soil was the highest

of the three soils.

In the L + F layer, the C:N ratio was 35 at Göttinger Wald and about 20 at Solling

and Zierenberg (Table 4.2). The C:N ratios decreased with soil depth of the mineral

soil (0–10 cm compared with 40–80 cm), but the decrease was slight in Göttinger

Wald when compared with the other two stands. A steeper gradient in the C:N ratio

was observed in Solling. These differences in the C:N ratios indicate differences in

the quality of SOM produced in these stands and probably in association with the

differences in C and N cycling of these stands.

Total content of soil C and N in the three beech forests. Total organic C

contents for 0–80 cm soil depths were similar at Solling (172 � 31 Mg ha�1) and

Göttinger Wald (179 � 22 Mg ha�1) sites, whereas much lower contents were

observed for Zierenberg (109 � 9 Mg ha�1) (Table 4.3). For the whole profile

(0–80 cm), the amount of N was, however, about 20% higher at Göttinger Wald

(14.2 � 1.7 t Mg ha�1) than at Solling (11.2 � 1.5 Mg ha�1) and Zierenberg (10.0

� 1 Mg ha�1). In order to compare organic C and N in these soils with similar soils

in the area, soil survey data compiled for Lower Saxony (Bartens and Büttner 1997)

and Hesse (Hocke, personal communication) were evaluated. The survey data

Table 4.1 Concentration of organic carbon and nitrogen in soils under European beech stands at

Solling (SO) (n = 6; 1993), Göttinger Wald (GW ) (n = 6; 1995) and Zierenberg (ZB) (n = 4; 1996);

mean values and standard deviation (in parentheses) are given

Soil layer Organic carbon (g kg�1) Nitrogen (g kg�1)

SO GW ZB SO GW ZB

L + F 450.0 (9.0) 445.1 (14.0) 397.3 (16.0) 23.6 (0.3)) 12.9 (0.5) 20.0 (1.3)

H 285.1 (65.0) � � � � 15.2 (0.3) � � � �
0–10 48.0 (17.0) 68.5 (9.0) 41.9 (3.0) 2.5 (0.7) 5.4 (0.7) 3.6 (0.4)

10–20 24.8 (4.0) 42.9 (8.0) 27.0 (1.0) 1.5 (0.2) 3.7 (0.7) 2.5 (0.2)

20–40 13.9 (1.0) 23.2 (4.0) 15.3 (3.0) 1.0 (0.1) 2.1 (0.3) 1.4 (0.3)

40–80 5.2 (1.0) 21.2 (3.0) 5.3 (1.0) 0.5 (0.1) 1.7 (0.3) 0.6 (0.1)

Table 4.2 Mean values of C:N ratio (g/g) in soils under European beech

stands at Solling (SO) (n = 6, 1993), Göttinger Wald (GW) (n = 6, 1995) and

Zierenberg (ZB) (n = 4, 1996); standard deviation in parentheses

Soil layer C:N ratio (g/g)

SO GW ZB

L + F 19.5 (0.39) 34.5 (2.28) 20.0 (0.99)

H 18.9 (0.82) � � � �
0–10 18.8 (2.05) 12.6 (0.40) 11.8 (0.85)

10–20 17.0 (1.21) 11.6 (0.44) 11.1 (0.83)

20–40 14.2 (0.52) 11.2 (0.94) 10.9 (1.07)

40–80 9.8 (1.33) 12.9 (1.70) 8.7 (0.90)
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formed part of a study which was conducted on a 8 � 8 km grid to assess temporal

changes in soils under forests. For comparing data with the present study, sites

with similar parent materials (Solling – loess, Göttinger Wald – limestone and

Zierenberg – basalt) were selected from the grid-based soil survey.

Amounts of C and N in those soils are shown in Table 4.4. Amount of C and N in

all the three sites studied here showed 30–60% higher values than those found in

soils of the same parent material in the region. This was probably due to differences

in the altitude of the Solling and Göttinger Wald sites which are located 170 m and

130 m higher than the comparable grid-based soil survey sites. These differences in

altitude are expected to affect the mean annual temperature on the sites and thus

the stand productivity and the decomposition processes. Wirth et al. (2004) showed

a clear increase of SOC with altitude in forest stands in the nearby region of

Thuringia. The Zierenberg site has a north aspect and thus also has relatively

lower temperatures than the comparable sites of the region. The forest stands of

the Solling, Göttinger Wald and Zierenberg sites have not been managed since

the investigation was started; this may also have influenced the content of C and N,

at least in the top organic layer.

Distribution of C and N at various soil depths was different for the three

beech sites depending upon the intensity of faunal activity and thus the presence

or absence of H horizon of the top organic layer. In the Solling soil, where mixing

Table 4.3 Mean content of soil organic carbon and nitrogen in European beech stands at Solling

(SO) (n = 6, 1993), Göttinger Wald (GW ) (n = 6, 1995) and Zierenberg (ZB) (n = 4, 1996); standard

deviation in parentheses

Soil

layer
Organic carbon (Mg ha�1) Nitrogen (Mg ha�1)

SO GW ZB SO GW ZB

L + F 24.9 (3.5) 7.8 (3.7) 4.4 (0.2) 1.3 (0.2) 0.2 (0.1) 0.2 (0.0)

H 11.0 (2.3) � � 0.6 (0.1) � �
0–10 46.3 (16.4) 54.4 (7.1) 33.5 (2.3) 2.4 (0.7) 4.3 (0.6) 2.9 (0.3)

10–20 26.8 (4.0) 35.0 (6.7) 23.6 (1.2) 1.6 (0.2) 3.0 (0.5) 2.1 (0.2)

20–40 35.0 (2.1) 35.8 (5.8) 29.9 (6.7) 2.5 (0.2) 3.2 (0.4) 2.7 (0.6)

40–80 28.1 (4.6) 46.4 (6.2) 17.6 (4.2) 2.9 (0.4) 3.6 (0.6) 2.0 (0.3)

Sum 172.2 (31.2) 179.4 (21.8) 109.0 (9.5) 11.2 (1.5) 14.2 (1.7) 10.0 (1.0)

Table 4.4 Mean total content of organic C and total N in the soil

survey collective from Lower Saxony and Hesse. The values are given

for 40 cm soil depth. Data were obtained from Bartens and Büttner

(1997) and Hocke (personal communication); standard deviation in

parentheses

Sites n C (Mg ha�1) N (Mg ha�1)

Loess 9 95 (29) 5.6 (1.2)

Lime stone 6 102 (44) 8.3 (3.4)

Basalt 15 55 (19) 4.6 (1.6)
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and turnover of the soil was lacking due to low faunal activity, 36 Mg ha�1 of

organic C occurred in the organic layer. This accounted for 20% of the total C in the

surface 80 cm soil depth. At Göttinger Wald and Zierenberg, the organic C in the

organic layer was about 4% of the total C when the 80 cm depth was considered

(Fig. 4.1). The fraction of the total soil N in the organic layer of the three sites

was less than that of C. At the Solling site, 12% of the total N in the soil to a depth of

80 cm was in the top organic layer whereas at the other two beech sites it was less

than 2%.

In the 0–10 cm mineral soil, higher amounts of C and N occurred at Göttinger

Wald and Zierenberg sites than at Solling, which was again related to the high

earthworm activity in the former two soils. N content of the 0–10 cm mineral soil

was 29% of the total at the Göttinger Wald and Zierenberg sites but only 21% at the

Solling site when the whole soil depth of 80 cm was considered. Also, the subsoil

(40–80 cm) at the Göttinger Wald site was richer in organic C and N than the

subsoils at the Solling and Zierenberg sites. A quarter of the total soil C at the

Göttinger Wald site was present in the subsoil which compared with 16% in soils at

the Solling and Zierenberg sites, whereas the respective values for N in the subsoil

were: Zierenberg 20%, Solling 26% and Göttinger Wald 25%.

Important factors determining the amount of organic C and N in forest soils are

their inputs, the decomposition factors (substrate quality, temperature and moisture

conditions) and the immobilisation factors (physical protection through clay

content, chemical protection through Al content). Litterfall, including root litter,

is the main input of C in these stands, whereas both litterfall and atmospheric

depositions are important inputs for N. Annual litterfall values of these stands are,

however, different, and are primarily related to the productivity of these stands. The

annual litter production at Solling was 4.9 Mg ha�1 aboveground and 1.3 Mg ha�1

C N
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Fig. 4.1 Fractions of total organic C (left side) and N (right side) in different depths (OL organic

layer, 10 = 0–10 cm, 20 = 10–20 cm, 40 = 20–40 cm and 80 = 40–80 cm). SO, GW, and ZB refer to

three beech sites at Solling, Göttinger Wald and Zierenberg
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fine roots. At Göttinger Wald, 5.1 Mg ha�1 originated from aboveground litter and

0.6 Mg ha�1 from fine roots. At Zierenberg, 5.8 Mg ha�1 came from aboveground

litter and 0.6 Mg ha�1 from root litter.

The N inputs in these stands through litterfall and atmospheric deposition are

(kg ha�1): 68 and 36 (Solling), 64 and 25 (Göttinger Wald) and 75 and 23

(Zierenberg) (Meesenburg et al., Chap. 9, this volume, and Khanna et al., Chap.

5, this volume). Therefore, the differences in the inputs of C and N in the three sites

can only partly explain the observed differences in the contents of C and N in these

soils.

The decomposition factors, soil temperature and moisture, are similar on these

three sites. The three sites are located at 400–500 m a.s.l., the mean annual air

temperature at Solling is 7.0�C, at Göttinger Wald 7.7�C and at Zierenberg 7.6�C
(1997–1998, Panferov et al., Chap. 1.2, this Volume). The annual precipitation

values are, however, different: Solling 1168 mm, Göttinger Wald 525 mm and

Zierenberg 644 mm (1990–1998). Despite the differences in precipitation, the

climatic factors do not seem to be the main cause of different decomposition

rates of organic C and N at these three sites.

Clay contents of the soils, as an indicator of physical protection to SOM dec-

omposition, are different at these three sites with Göttinger Wald showing

the highest value. Soils at the Solling site had 18–23% clay, Zierenberg 11–13%

and Göttinger Wald 36–54% in the 0–30 cm depth and 23–30% in the 30–90 cm

depth (the subsoil at the Göttinger Wald site had 49–61% stone content on a

volume basis). Chemical protection as reflected by Al content or soil acidity in

these soils is expected to be highest in Solling soil (lowest soil pH). It therefore

seems that the physical protection of organic C by high clay concentration at the

Göttinger Wald site and chemical protection at the Solling site are the major

factors contributing to high SOC in these soils. Soil N contents of these soils follow

soil C contents.

4.3 Long-term Periodic Measurements of C and N

Contents in the Soil at Solling Site

Solling soil was periodically sampled and measured for organic C, N and other

element contents during 1966–2001. Some of the data have been published previ-

ously (Ulrich et al. 1979; Matzner 1988; Tiktak et al. 1995; Meesenburg et al.

1999). In addition to the data from the beech site, some data from the spruce site at

Solling will also be included as a comparison between the two sites. The combined

data on soil C and N are presented as a sequence of temporal changes, the

consequences of measured changes, and the methodological problems associated

with such long-term measurements. Data on organic C and N for mineral soil and

top organic layer are treated separately.

Methodological issues of long term field measurements. As is evident from

Fig. 4.2, the C content of the top organic layer measured periodically for 35 years
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showed high variability and some unexpected short-term trends. Many field and

laboratory conditions influenced the type of data obtained, which are outlined

below:

1. Changes in the study aims during the sampling period: Objectives of the initial

soil sampling were not to set up a chronosequence study and therefore the

number of replicates collected for each sample, preparation of soil and organic

layer samples, and the use of field and laboratory methods were not the same nor

standardised during the study period. In general, two to six mixed samples were

collected and, for each mixed sample, three to six individual samples were

combined. The diameter of soil corer varied from 8 to 27 cm. Some details of

the field and laboratory methods are provided by Meesenburg et al. (1999).

2. The samples were collected by different persons and under different meteoro-

logical conditions which resulted in high variability associated especially in

identifying the boundary between organic layer and mineral soil.

3. Chemical analysis of the soil changed over the period. Prior to 1979, C concen-

tration of the organic layer was determined by subtracting the amount of oxides

of elements in the ash (loss on ignition) from dry matter which was then divided

by a factor of 1.81. This factor of 1.81 (standard deviation = 0.11) was obtained

from a collective of samples (n = 342), which were analysed for C concentration

by the dry combustion method, and these values were compared with the C

concentration values calculated by the above method of using oxides in the ash.

After 1979, C was determined by dry combustion using an organic carbon

analyser.

Changes in the mineral soil. For the evaluation of time trends, the mean values of

element contents were regressed against time (1966–2001) and a linear regression

was fitted. Presence of any linear trend in time of the data was tested by using

product moment correlations (p < 10%) to find out if organic carbon contents

measured at various times showed any linear trend. It was observed that soil C and

N data from the mineral soil did not show any significant trend in time (Table 4.5).
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The high content of C on this site and the associated variability were probably the

reasons for the lack of any clear trend in the changes, if there were any to be

detected.

Changes in the top organic layer. During the 35 years of the observation

period, organic C content of the organic layer of the beech stand had increased from

20 to 32 Mg ha�1 showing a positive linear trend in time (Fig. 4.2). Comparative

increase in the spruce stand showed a much higher increase from 29 to 62 Mg ha�1.

During the same period, the amount of N in the organic layer of the beech stand

increased from 860 to 1600 kg ha�1 and that of Ca from 90 to 175 kg ha�1 (Figs. 4.3

and 4.4). No significant increase was observed for P. Despite the changes in the C

and N contents, the C:N ratios did not show any significant change and probably

remained constant during the study period. The annual increase for various ele-

ments was calculated to be 347 kg C ha�1, 21 kg N ha�1 and 2.5 kg Ca ha�1 (p <
0.10) (comparative values of annual increases for spruce stands were 999 kg C

ha�1, 42 kg N ha�1, 3.2 kg Ca ha�1 and 1.8 kg P ha�1). As the samples collected

for the organic layer were not always divided into various horizons, it is not

Table 4.5 Contents of C and N (Mg ha�1) of 0–50 cm mineral soil

measured periodically at the Solling beech site; standard deviation in

parentheses

Year No. of samples C N

1966 2 97 (3.6) 6.5 (0.3)

1973 3 98 (10.8) 6.7 (0.7)

1979 3 128 (11.9) 7.8 (0.5)

1981 4 66 (7.8) 4.4 (0.3)

1983 4 78 (8.8) 5.1 (0.8)

1986 3 103 (4.5) 6.5 (0.1)

1993 6 122 (22.0) 7.6 (1.1)

2001 6 127 (18.7) 7.1 (0.9)
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possible to assign this increase to a specific horizon of the organic layer. Moreover,

there is a clear reduction in C and N values for the sampling period of 1993–2001

(Figs 4.2 and 4.3). However, the high level of variability in sampling as discussed

above makes it mandatory to consider the changes during a single sampling period

with caution. For example, a decrease in litter accumulation from 1993 to 2001

would need further verification in future years before any significance can be

given to this decrease, which may have resulted from changes in the structure of

canopy (removal of trees) or a decrease in atmospheric inputs of acidity and heavy

metals.

4.4 Human Impacts and Management Issues at Solling

In order to assess human impacts on the rates of organic matter accumulation in

the organic layer of the beech stand, one needs to consider changes in rates

during the whole stand development. As no measurements of organic layer were

available prior to 1966, the following method was used to calculate the annual

accumulation rate.

It was assumed that the litter accumulated on the organic layer was essentially

from the existing stand established in 1849 and that the initial 20 years of stand

development contributed very little to the accumulated amount measured in 1966.

The calculated amount therefore represents a high value for the accumulation of

organic matter during the 1869–1966.

Table 4.6 gives the slopes of the accumulation of C, N, P and Ca for the

measuring period of 1966–2001 (including r2 and F significance) and the calculated

values for the stand age of less that 20 years until 1966, assuming that at the

beginning of this period there was no organic layer. The slopes indicating accumu-

lation rate of C and N on the surface organic layer of the beech stand for 1966–2001

are much higher than those for the period 1869–1966 (Table 4.6). Together with

C and N, calcium has also been retained. This accumulation of organic matter is not
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related to any change in inputs as the inputs (leaf fall amount) have remained more

or less constant as periodic measurements (n = 13) during the 35-year period

indicated (2890 � 510 kg ha�1 a�1). Since forest management operations like

thinning have not been conducted since 1966, there is no effect of forest manage-

ment on this accumulation. The increase of the organic layer is presumed to be due

to a reduction in the decomposition rate of the litter. A number of hypotheses can be

formulated to describe the factors which may have influenced the conditions

causing a decrease in litter decomposition on this site.

1. A change in the micro-climatic conditions has occurred reducing the decompo-
sition of litter. It is difficult to test this hypothesis as the required long-term data

are not available. However, the beech stand was already a mature one in 1966

and its structure did not change during the last 35 years, as is evident from a

constant annual leaf litterfall on this site. Therefore, any micro-climatic change

in soil temperature or moisture conditions is not expected to affect litter decom-

position.

2. Acid precipitation on the site has caused high acidity in the litter of the organic
layer causing a reduction in decomposition rates. High acidity in atmospheric

deposition can reduce the rates of decomposition (CO2 release) and N miner-

alisation (Wolters and Schaefer 1994; Schinner and Sonnleitner 1997). For

example, Schaefer (1988) measured low CO2 release from a number of soils

which were collected close to the stem of the beech trees (high soil acidity due to

stemflow) when compared with the soils collected from less acid areas. Similar

results were obtained by Moloney et al. (1983) for conifer needles when studied

under laboratory conditions. Wolters (1991) observed a decrease in CO2 release

when litter samples from the litter layer of the Göttinger Wald site were treated

with acid rainwater. However, the effects of acidity on the decomposition of

litter need to be considered with other accompanying factors such as high

levels of soluble heavy metals and Al. For example, soluble Al may affect the

litter decomposition directly by causing toxicity to micro-organisms (Jandl and

Sletten 1999) or indirectly by complexing the soluble C and thereby reducing the

amount of C available for microbial activity (Scheel et al. 2007).

3. High levels of soluble heavy metals in the litter can slow down litter decomposi-
tion. Contents of heavy metals in the organic layer are shown in Fig. 4.5.

Table 4.6 Coefficients (slopes) of the linear regression for C, N, P

and Ca contents of the organic layer as a function of time for the

period 1966–2001, and slope 1869–1966 based on the assumption of

lacking organic layer during stand establishment (1869)

Variable 1869–1966 1966–2001

Slope Slope R2 (p value)

C (Mg ha�1a�1) 0.124 0.347 0.50 (0.075)

N (Mg ha�1a�1) 0.006 0.021 0.51 (0.071)

P (Kg ha�1a�1) 0.386 0.562 0.21 (0.295)

Ca (Kg ha�1a�1) 0.6 2.461 0.55 (0.057)
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The values presented here provide the data for the whole horizon, whereas it is

possible that such values could be much higher when thinner layers of each

horizon are considered. Those thin layers may form chemical barrier to micro-

bial activity and C transfer in the soil. For example, Heil (2000) showed that

contents of Zn, Cu and Pb, when measured for each cm depth of the organic layer

under the adjoining spruce stand to that of beech stand at the Solling site, were

highest in H horizons (mean values in mg kg�1 were: 500 for Pb, 40 for Cu and

120 for Zn). Considering the critical values of heavy metals indicating toxicity to

soil fauna and microbes (Tyler 1992), the high levels of Cu and Pb of the organic

layer under the beech stand may have affected its decomposition. Further

evidence of the reduction in decomposition due to soil fauna activity was

provided by Alberti et al. (1996). In their experiment at Wiesloch in Odenwald,

Germany, decrease in litter decomposition due to heavy metal accumulation was

primarily related to diminished activity of soil fauna rather than that of microbes.

On their site, concentrations of Cd and Zn were much higher and of Pb

somewhat higher than those measured in Solling. Schaefer (1988) reported

that, in 11 different forest sites under beech located in the south of Lower

Saxony, the Pb content of more than 200 mg kg�1 in Of horizons caused a

decrease in CO2 respiration. Pb concentration in Solling soils lie between 54 mg

kg�1 and 460 mg kg�1. The heavy metals relevant for toxicity to soil fauna and

microbes are monomeric or cationic forms. In a water extract of a loess-derived

upper soil (0–10 cm), the percentage of monomeric forms, determined by ion

exchange and by the dialysis method, was 72–89% for Cd, 95–96% for Zn,

29–38% for Pb and 2–15% for Cu (König and Ulrich 1986). Similar results were

obtained in water extracts of the top organic layer of an oak woodland ecosystem

(Martin and Bullock 1994). At the Solling beech site there are no speciation

data available, but it can be assumed that the distribution of the heavy metal

species may be similar. Although the effects of heavy metal in reducing litter

decomposition at Solling cannot be specified, their contribution cannot be ruled

out (for details on litter decomposition refer to Schaefer et al., Chap. 6, this

Volume).

4. The site receives high N inputs which interact with litter components to make
them less decomposable. Nitrogen concentration in the litter may affect its

decomposition. From a literature review, Berg and Matzner (1997) came to the

conclusion that during initial decomposition phases high levels of N in the leaf
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litter increased the weight loss, but in the later phases the decomposition rate

decreased as the easily mineraliseable cellulose and other components were

consumed and the residues were enriched with lignin and N. The decrease in

decomposition was more in N-rich substrates. Berg and McClaugerthy (2003)

postulated that this decrease in decomposition was related to the formation of

less degradable lignin compounds which were formed under high initial N levels

in the litter. This could result from two reaction mechanisms: (1) There may be a

reduction in the formation of lignolytic enzymes, and (2) chemical changes may

occur where lignin incorporates N and undergoes condensation reactions. Berg

(2000) reported that a positive relationship existed between retardation in the

decomposition of litter and its N concentration. An increase in N concentration

from 4 to 13 mg g�1 increased the fraction of non-degradable litter component

from about 10% to 50%. N concentration of freshly fallen leaves of beech at the

Solling site was 13.3 (�1.8) mg g�1 sampled in 13 out of 30 years between 1968

and 1997, which lies in the range given by Berg (2000) where a significant

decrease in litter decomposition would be expected. In samples collected on a

transect from Sweden to Italy, Persson et al. (2000) showed that the rate of CO2

development decreased with an increase in N content or with narrowing of C:N

ratios of the litter. Yanai et al. (2001) and Hyvönen et al (2007) conclude in their

literature reviews that in northern coniferous forests N fertilisation results in

higher surface organic layer contents due to lower litter decomposition rates.

This is in accordance with the observations of Olson et al. (2005), that fertilisa-

tion of Norway Spruce in boreal forests reduced heterotrophic soil respiration

and increased the thickness of the mor layer. In northern temperate forests of

Michigan, the annual addition of 30 kg ha�1 of NO3–N for 10 years led to

increased carbon content of the organic layer and the upper mineral soil (0–10

cm) (Pregitzer et al. 2007) as well as to reduced CO2 respiration rates (Burton

et al. 2004) and lignolytic activity (DeForest et al. 2004).

From the available data on the beech site at Solling, it is not easy to decide which

of the four hypotheses described above can be accepted, including the factors

considered individually or in combination which are involved in reducing litter

decomposition. This study, being primarily a field-based one, was not designed to

include the individual factors described above. But if the observation made on this

site is a commonly occurring phenomenon on all German forests where acidity

plays a major role in causing this reduction in litter decomposition, then one-third

of the total forest area will show a similar type of reduction in litter decomposition.

On the remaining areas, the top organic layers are expected to be less acid either due

to base-rich soil parent material (BMVELF 2002) or due to recent application of

lime materials (27% of the forest area in Germany have been limed). The effects of

heavy metals will depend on a number of factors. For example, the possibility of Cd

and Zn affecting decomposition processes may be small due to their low concen-

tration in most forest soils (98% of sites showed low values according to the data

summarised by BMELF 1997) when related to the critical values provided by Tyler

(1992). Forest sites which may show values higher than the critical values given by
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Tyler (1992) for Cu would lie around 40% of all sites. The effect of Pb in decreasing

faunal activity may occur on 40% of the sites, but only 2% of the forest sites may

show the effects of Pb on microbial activity. The effect of high levels of N can be

evaluated by considering N values in the leaf litter. In Lower Saxony, Germany, on

12 monitoring sites measured during 1994–2004, N levels in the leaf litter were

14 � 2 mg N g�1 indicating a non-degradable litter fraction of about 30–40% on

these sites (Berg 2000). As the N inputs through atmospheric depositions are com-

monly high in forests of Germany, the hypothesis relating litter N concentration to

litter decomposition has major significance and would need additional research

efforts.

During litter accumulation, N and a number of other elements such as Ca and P

would be retained in the surface organic layer. Retention of these elements may

impact on the nutrition of forests in a number of ways. For example, the amount

of N retained increases the nutrient potential of the site, which would require spe-

cial attention at the time of harvesting. Management of such sites would require

special efforts to keep the N losses by leaching and denitrification at a low level.

Special management practices would still be required on forest sites, despite the

high atmospheric N depositions. The amount of P and Ca removed from the cycling

fraction by litter retention would remain unavailable for further uptake by plants

decreasing their concentrations in leaves. For example, the P concentration of beech

leaves at the Solling site has decreased to almost half the values observed 30 years

ago. There may be other reasons for this decrease in foliar levels of P in this stand,

but its retention in the surface organic layer also seems to be an important factor.

4.5 Summary

Comparison of C and N contents in the 80 cm soil depth of the three mature beech

stands indicated that the Solling, Zierenberg and the Göttinger Wald sites differed

in the total amount and the depthwise distribution. The important factors which

differed on these sites were: the intensity of faunal activity for depthwise distribu-

tion of organic matter, clay content (for providing physical protection to decompo-

sition of organic matter in Göttinger Wald soil) and high soil Al (for providing

chemical protection to decomposition in Solling soil). In the highly acid Solling soil

where faunal activity was low, an accumulation of C occurred in the organic layer

accounting for 20% of the total C in the surface 80 cm soil depth. In high faunal

activity soils at the Göttinger Wald and Zierenberg sites, only about 4% of the total

C in the 80 cm depth was present in the organic layer.

Long-term data on soil C and N and other nutrients measured periodically over

35 years at the Solling site indicated a continual increase of organic layer expressed

as C content from 20 to 32 Mg ha�1 showing a positive linear trend in time. During

the same period, the amount of N in the organic layer of the beech stand increased

from 860 to 1,600 kg ha�1. This change in soil C, N and other nutrients was
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probably related to high atmospheric inputs of acidity, N and heavy metals causing

a change in litter quality and decomposing conditions. This accumulation of

organic matter in the surface organic layers may have significant effects on ecosys-

tem functioning and on future management practices by affecting the cycling of

nutrients, especially that of P.
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Chapter 5

Vegetation

W. Schmidt

5.1 Introduction

Beech forests, i.e. deciduous forests dominated by Fagus sylvatica, form the

potential and in part the current dominant climax vegetation over large parts of

Central Europe (Ellenberg 1996; Bohn et al. 2003; Dierschke and Bohn 2004).

F. sylvatica has a competitive advantage over most other Central European tree

species due to its high growth performance, robust natural regeneration, broad

ecological amplitude and its high degree of shade tolerance and canopy closure

(Leuschner 1998). This results in different sub-communities and micro-habitats

dependent on the canopy layer, and the processes that take place within them

(Schaefer 1989, 2003; Leuschner 1999; Dierschke 2003; Dierschke and Bohn

2004; Schaefer and Schauermann, Chap. 7, this volume).

One of these canopy-dependent components is the ground vegetation (herb

layer, under-storey vegetation), which in the strictest sense includes dwarf

shrubs, herbs, grasses and terricolous mosses and lichens at various successional

stages, and in the broadest sense includes also the tree regeneration itself

(Schmidt 1991, 1999). The composition of the ground vegetation reacts very

sensitively to edaphic and micro-climatic site factors. In beech forests, these

factors include a low light regime and strong differences in the nutrient (base

cations) and moisture regimes (Ellenberg 1996; Leuschner 1999; Schmidt 1999).

These factors are in turn connected to the ecological function of the ground

vegetation for the entire ecosystem, e.g. in its contribution to biomass produc-

tion or nutrient cycling in the beech forests (Bolte et al. 2004; Schulze et al.,

Chap. 10, this volume).

Ecologically, three main beech forest ecosystems can be distinguished in Central

Europe (Ellenberg 1996; Dierschke and Bohn 2004):

l Acidic, oligotrophic, predominantly species-poor beech forests
l Meso- to eutraphic, species-rich beech forests of mesic sites
l Meso- to eutraphic, species-rich beech forests of warm–dry sites
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The Solling Project, beginning in 1966, (Ellenberg 1971; Ellenberg et al. 1986),

marked for the first time in Central Europe the comprehensive investigation of the

ecology of an acidic beech forest (Luzulo-Fagetum). Later on, in 1980, the acidic,

species-poor beech forest in the Solling was compared to a species-rich beech forest

on limestone (Hordelymo-Fagetum). The comparative study site was established

near Göttingen (Schaefer 1989; Schmidt et al. 1989). Research on the causes of the

new types of forest decline in the 1980s placed the stability of forests with respect

to the increased input of nitrogen and acidity in the spotlight of forest ecosystem

research. In the Zierenberg case study, a species-rich, mesic beech forest was

likewise selected, which, unlike the Göttinger Wald site, had experienced the strong

spread of nitrogen-indicators, especially stinging nettle (Urtica dioica), in recent

decades (Eichhorn 1995; Mrotzek 1998).

The present contribution pursues three goals:

l To provide a floristic and ecological characterisation of the vegetation of the

three beech forest ecosystems of the Solling, Zierenberg, and Göttinger Wald

research sites.
l To describe patterns of vegetation dynamics during the last few decades.
l To include baseline data to describe the function of ground vegetation in the

biomass production and nitrogen cycling of beech forest ecosystems (Schulze

et al., Chap. 10, this volume).

For nomenclature of vascular plants Wisskirchen and Haeupler (1998) was followed,

and for mosses, Koperski et al. (2000).

5.2 Vegetation Structure and Phyto-sociological Classification

5.2.1 Solling

This approximately 156-year-old beech stand (2003) was established through

natural regeneration. Until its designation as an international biological programme

(IBP) area in 1966, the stand received regular silvicultural treatments, with particu-

larly intense logging during the Second World War (Ellenberg 1971; Ellenberg

et al. 1986). Since 1966, no regular forest management practice has been employed.

Windthrow patches, including those from the 100-year-storm of November 1972,

have so far played a subordinate role in the dynamics of the stand. However, since

the 1990s, white rot has infected some of the beech trees. Individual infected trees,

mainly from the lower canopy, were removed between 1997 and 2000 wherever

they possibly threatened existing research programmes. This has resulted in small

gaps in the canopy of the beech forest. The main research plot (B1) has been

continuously fenced to exclude hoofed game and has been neither limed nor

fertilised, with the exception of a small subplot.

The beech forest site at Solling was assigned to the wood sorrel (Oxalis) variant
of the typical woodrush-beech forest, Luzulo-Fagetum typicum (Gerlach 1970), the

66 W. Schmidt



most commonly encountered close-to-nature forest community in the Solling

area (Table 5.1). The tree layer is dominated exclusively by European beech

(F. sylvatica), which in its optimal phase forms ‘‘cathedral forests’’ (Ellenberg

1996). A shrub layer is lacking, due either to deficiency of light (Eber 1972) or to

the influence of the high game populations, which also prevented the establishment

of natural beech regeneration outside the fenced areas in the 1960s (Gerlach 1970).

Indicators of acidic soils are typical of the sparse, species-poor herb and moss

layers, which according to Heinken (1995) and Ellenberg (1996) distinguish the

acidic Quercetalia communities and the Luzulo-Fagetum from the nutrient-rich

Table 5.1 Vegetation of beech stands in the Oxalis variant of the Luzulo-Fagetum typicum in the

Solling region 1966–1968 (Gerlach 1970) and 1999–2000 (Weckesser 2003)

1966–1968 (n = 15)

(Gerlach 1970)

1999–2000 (n = 25)

(Weckesser 2003)

Tree layer, cover (%) 89.0 � 8.3 87.2 � 6.8

Shrub layer, cover (%) 0.0 0.8 � 2.9

Herb layer, cover (%) 29.8 � 26.9 7.2 � 8.5

Moss layer, cover (%) 4.5 � 4.0 0.7 � 0.5

Number of species 11.7 � 3.1 14.6 � 5.8

Frequency (%) Cover (%) Frequency (%) Cover (%)

Species that increased

Rubus idaeus 33 1.1 76 2.0

Dryopteris dilatata 7 + 40 +

Urtica dioica – – 36 +

Brachythecium rutabulum M – – 32 +

Cardamine flexuosa – – 28 0.1

Species that decreased

Oxalis acetosella 100 8.8 72 2.9

Luzula luzuloides L, S 100 6.7 100 1.4

Polytrichum formosum L, S, M 100 4.6 96 0.4

Deschampsia flexuosa L, S 87 3.0 60 0.1

Carex pilulifera L, S 87 1.1 72 0.1

Calamagrostis arundiancea L

Indifferent species

Fagus sylvatica 80 2.0 100 2.7

Dicranella heteromalla L, S, M 60 0.4 68 0.1

Sorbus aucuparia 47 0.2 60 +

Dryopteris carthusiana 47 0.4 48 +

Agrostis capillaris L 40 1.3 56 0.1

Hypnum cupressiforme L, M 40 0.3 48 +

Mnium hornum L, S, M 33 0.2 20 +

Picea abies 20 0.1 56 +

Frequency (% of the relevés in which the species were recorded) and mean cover (%, +: � 0.1%)

of the most important species in the herb and moss layer. Significantly higher values are bolded

(p � 0.05, Mann-Whitney U test). L Character or differential species (separating species) of the

Luzulo-Fagetum (Heinken 1995, Härdtle et al. 1997), S soil acidity indicator (reaction figure R� 3

according to Ellenberg et al. 2001), M moss species
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beech forest (Fagetalia) communities: Luzula luzuloides, Deschampsia flexuosa,
Carex pilulifera, Dicranella heteromalla, Mnium hornum, and Polytrichum formo-
sum. Two species that are absent in the lowlands, L. luzuloides and Calamagrostis
arundinacea, characterise the sub-montane and montane altitude of the Luzulo-
Fagetum typicum. Oxalis acetosella and Dryopteris carthusiana are typical for the

more mesic and somewhat more nutrient-rich sites on deeper soils in the low

mountains.

5.2.2 Zierenberg

The approximately 159-year-old Zierenberg beech stand (2003) is on the north-

eastern slope of a basalt knoll on the mountain Kleinen Gudenberg and has a strong

gradient and pronounced heterogeneity in the soil parent material caused by the

different thickness of the basalt cover over the adjacent layer of limestone. After

about 1840, the former coppice with standards system was converted to a high

forest system. In 1970, the stand was thinned to provide the appropriate conditions

for natural regeneration (Eichhorn 1995; Mrotzek 1998; Schulze and Eichhorn

2000). Since 1972, the expansion of stinging nettle (U. dioica) was documented

and was treated chemically in the thinned areas to further tree regeneration. In 1980,

the soil was scarified, and in 1980 and 1983, the stand was further thinned, though

still without the establishment of any successful natural beech regeneration. Low

intensity shelterwood treatment was applied in 1996/97 and again in 1999 (Mrotzek

1998; Schulze and Eichhorn 2000). The thinned areas covered to a large extent the

basalt-influenced upper slope. Although the plot has been fenced since 1989, roe

deer have been sighted repeatedly within the experimental plot.

The ground vegetation of Zierenberg area has been determined on the one hand

by the geological gradient from limestone- to basalt-influenced sites, and on the

other by the different thinning operations done to the forest. The tree layer exhibits

the highest degree of cover on the limestone-influenced lower slope, while the herb

layer reaches its highest cover on the basalt-influenced upper slope (Table 5.2). The

low tree cover on the upper slope resulted in greater light intensity for the herb layer

(5.4% of relative light intensity) when compared to the lower slope (3.4%).

Moreover, the basalt-influenced upper slope is characterised by lower pH values

than the limestone-influenced lower slope (5.2 vs 5.7; see Meesenburg et al., Chap. 3

of this volume). The herb layer is dominated by either Mercurialis perennis or

U. dioica. M. perennis cover increases from basalt (average 30% cover) to lime-

stone (average 42% cover), whereasU. dioica occupies on average only a quarter of
the area on limestone that it occupies on the basalt areas. This classification as well

as the floristic composition as a whole (Table 5.2) reflects the ample nitrogen and

moisture supply of the basalt-influenced sites on the upper slopes (Reif et al. 1985;

Eichhorn 1995; Mrotzek 1998; Ellenberg et al. 2001). For U. dioica, however,
basalt influence does not determine its herb layer cover as much as the relative light

intensity on the surface organic layer as stratified sampling on the research plot
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showed. In a typical beech forest light regime of less than 3.5% of the ambient light

intensity (Eber 1972; Ellenberg 1996), U. dioica achieves less than 5% cover on

average. However, if the relative light intensity is more than 7% of the ambient,

U. dioica increases its cover to more than 50%. No other under-storey species reacts

with similar vigour to the increased light supply. M. perennis is evenly represented

along the light gradient with about 40% cover. Because the light values were

measured above the herb layer, the true light availability for the lower-growing

M. perennis under the taller-growing U. dioica is not reflected here. Mrotzek et al.

(1996) were able to show that M. perennis reached its maximum cover where

U. dioica occurred with less than 20% cover without, however, becoming

completely excluded under almost closed patches of U. dioica.
This difference in behaviour of the two dominant species, U. dioica and

M. perennis, with respect to the light regime and chemical soil factors, was

demonstrated by a linear regression analysis using data from all 192 subplots

(Mrotzek et al. 1996, Table 5.3). The respective correlation coefficient (r2) values
for the dependency of cover and height of U. dioica are consistently smaller for the

soil factors pH, cation exchange capacity, and calcium content (each in the upper 0–15 cm

of mineral soil) than for light intensity. ForM. perennis, no linear correlation could
be found between percent cover and the relative light intensity above the herb layer.

However, for height, a weak correlation was found. Similarly low r2 values were
calculated with soil factors for combined growth of bothM. perennis and U. dioica.
According to the studies of Mrotzek (1998), there were no differences in the

nitrogen supply between areas dominated by U. dioica or M. perennis. All studied
plots showed high net nitrogen mineralisation rate of ca. 140 kg N ha�1 per year

(Table 5.5), of which over 95% of the mineralised nitrogen was available in the

form of nitrate. However, a clear difference in the soil nitrate content was observed

during summer and autumn for the areas dominated by U. dioica and M. perennis.
In the late summer and autumn, nitrate concentrations in the mineral soil were many

times higher in areas where M. perennis had already died back and U. dioica was

only weakly represented than in areas where U. dioica had dense cover.

Table 5.3 Correlation coefficients (r2) of a linear regression between cover and growth height of

Urtica dioica and Mercurialis perennis and various site factors at the Zierenberg research site

(Mrotzek et al. 1996)

Independent factor Dependent

factor

Urtica
dioica

Mercurialis
perennis

Relative light intensity (% of full sun light intensity) Cover 0.54* 0.00 n.s.

Height 0.52* 0.18*

pH value (KCl) (0–15 cm) Cover 0.11* 0.13*

Height 0.15* 0.05*

Cation exchange capacity (mmol ieq l�1) (0–15 cm) Cover 0.08* 0.15*

Height 0.14* 0.06*

Ca content (mval kg�1) (0–15 cm) Cover 0.20* 0.07*

Height 0.28* 0.13*

n.s. Not significant, *p �0.001; n = 196
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The dominance of U. dioica and M. perennis overshadows the base floristic

composition of the beech forest at Zierenberg and renders more difficult the already

complex classification of species-rich beech forests on mesic sites in Central

Europe (Dierschke 1989a, 2000a). Because of the presence of M. perennis, Horde-
lymus europaeus, Arum maculatum, and Anemone ranunculoides together with

indicator species of moist soils with persistent, constant water supply species like

Carex remota, Circaea lutetiana, Ranunculus ficaria, Stachys sylvatica and

U. dioica, the Hordelymo-Fagetum circaeetosum (Dierschke 1989a) plant commu-

nity type was assigned. Similarly, to the beech forests described by Seibert (1954)

and Hakes (1991) from Hessian basalt sites, the Hordelymo-Fagetum circaeetosum
with its dominance of U. dioica and/or M. perennis is species-poorer than the

familiar Hordelymo-Fagetum on limestone sites (Dierschke 1989a; Hermy

et al. 1993).

5.2.3 Göttinger Wald

The research site in the Göttingen Forest was established on a ca. 12-ha area in

1980. Following the management conversion from coppice with standards 100

years ago, the then-customary management method of thinning from below was

implemented on the 120–130-year-old (2003) mixed deciduous beech forest stand

until 1960. After the increased occurrence of beech slime flux (beech bark disease)

at the beginning of the 1960s, silvicultural management was halted, and the stand

remained unmanaged until today. However, the forest structure did not remain

unchanged. Individual trees, especially those of F. sylvatica and Acer platanoides,
were occasionally blown down or fell after being weakened by white rot. The

resulting gaps have rapidly closed, however (Lambertz and Schmidt 1999).

F. sylvatica dominates the closed tall forest stand. The most common associated

species is Fraxinus excelsior; in addition, Acer pseudoplatanus, A. platanoides,
Ulmus glabra, Quercus robur, and Q. petraea can be found in the tree layer

(Dierschke and Song 1982; Dierschke and Brünn 1993). Yield surveys carried out

in 1983 at the beginning of studies indicated a younger stand age and smaller basal

area in the NW than in the SE of the research plot (Pellinen 1986; Brünn 1992;

Dierschke and Brünn 1993). In 1983, relatively high numbers of stems and higher

standing volumes than expected in a managed beech forest were noted, which can

be attributed to the lack of silvicultural treatment. A shrub layer was scarcely

present at the beginning of the studies in 1980 (cover 5.2%; Table 5.4). Of

the natural regeneration of F. excelsior, A. pseudoplatanus, A. platanoides and

F. sylvatica which were richly represented in the herb layer, only the F. excelsior
achieved the height of the shrub layer in scattered areas with better light conditions.

The natural regeneration strongly suffered from roe deer browsing until the fencing

of the experimental plot in the winter of 1980/81 (Dierschke and Song 1982;

Eggert 1985).

Detailed analysis of the area showed a strongly horizontal structure of ground

vegetation. The forest can be considered a sub-oceanic, sub-montane, mesic
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Table 5.4 Vegetation of 281 permanent plots (100 m2 each, east–west transect) at the Göttinger

Wald research site from 1981 (vegetation relevés: Dierschke and Song 1982; Dierschke 1989b),

1991 (vegetation releves: Brünn 1992; Dierschke and Brünn 1993) and 2001 (vegetation releves:

Rudolph 2002; Dierschke 2003, 2004, 2006)

1981 1991 2001

Tree layer, cover (%) 78.7 81.5 89.0

Shrub layer, cover (%) 5.2 12.4 17.1

Herb layer, spring, cover (%) 86.3 82.6 97.0

Herb layer, summer, cover (%) 47.9 45.2 53.8

Total number of species 76 72 56

Number of herb layer species 100 m-2 24.0 22.4 18.5

F C F C F C

Woody species (shrub and herb layer, increase)

Fraxinus excelsior 99 3.8 97 4.2 100 12.1

Fagus sylvatica 93 1.3 89 1.2 99 12.4

Acer platanoides 96 1.0 98 1.3 98 3.9

Acer pseudoplatanus 70 0.5 71 0.5 90 2.3

Ulmus glabra 48 0.3 48 0.3 42 0.7

Crataegus laevigata L 38 0.2 37 0.2 43 0.4

Species of the herb layer

Species that increased

Allium ursinum 91 37.6 91 54.2 95 66.0

Hedera helix 19 0.1 25 0.6 25 2.0

Species that decreased

Mercurialis perennis DG 90 28.7 88 17.2 49 2.2

Lamiastrum galeobdololon DC 92 9.0 96 6.7 94 3.2

Oxalis acetosella DC 84 7.0 88 3.0 69 3.8

Galium odoratum 96 6.7 92 4.2 57 0.6

Hordelymus europaeus C 100 3.0 100 3.3 94 1.4

Melica uniflora 64 2.1 71 3.5 64 0.6

Primula elatior 78 1.1 54 0.5 39 0.2

Polygonatum verticillatum 68 0.7 37 0.7 53 0.4

Vicia sepium 46 0.5 33 0.4 12 +

Carex sylvatica DC 60 0.4 38 0.2 17 0.1

Euphorbia amygdaloides 40 0.4 11 + 8 +

Viola reichenbachiana 62 0.3 59 0.3 5 +

Ranunculus auricomus L 50 0.3 32 0.4 11 0.1

Lathyrus vernus L 40 0.3 40 0.3 34 0.2

Phyteuma spicatum 50 0.2 15 0.1 1 +

Indifferent species

Anemone nemorosa 100 11.4 100 13.0 100 11.3

Asarum europaeum L 97 6.6 98 6.6 100 9.8

Anemone ranunculoides C 100 1.2 100 4.3 100 4.6

Arum maculatum C 94 2.7 93 1.7 100 1.8

Dryopteris filix-mas 74 1.6 72 1.8 82 1.0

Dentaria bulbifera 72 1.1 79 1.8 74 0.8

Frequency (F% of the plots in which the species were recorded) and mean cover (C%, +:� 0.1%)

of the most important species. C Character species of the Hordelymo-Fagetum, DC differential

species separating from the Carici-Fagetum, DG differential species separating from the Galio-
Fagetum, L differential species of the Hordelymo-Fagetum lathyretosum (Dierschke 1989a).

Higher values are in bold type (only mean values published, therefore no statistics)
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limestone beech forest (Hordelymo-Fagetum lathyretosum, Dierschke 1989a), in

which species such as Anemone ranunculoides, Arum maculatum, Asarum euro-
paeum, Hordelymus europaeus, and Lamiastrum galeobdolon are equally repre-

sented. This basic floristic structure is overlain by small-scale spatial change of

dominant species, conspicuous among which are Allium ursinum, Mercurialis
perennis, and Aconitum vulparia with cover values of up to 100% in spring and

early summer. In addition to dominance types (facies) there are also mixed types

within the research plot, with different proportions of dominant species, resulting in

greatly varied horizontal structure of the ground vegetation (Dierschke and Song

1982; Dierschke 1989a, 2003; Dierschke and Brünn 1993). In 1991, five of the most

important communities within the association Hordelymo-Fagetum lathyretosum at

the Göttinger Wald site were classified by Brünn (1992) to two variants: first, a

central (typical) variant (percent cover of Allium less than 40%, often less than 5%

or absent) and second, an Allium ursinum variant (percent cover of Allium more

than 50% and often 70–100%; Dierschke 1989a) (Table 5.5). In the central variant,

the Anemone nemorosa facies has relatively low cover in the herb layer. Only

A. nemorosa and Galium odoratum achieved higher cover values. In 1991, the

Table 5.5 Distribution of small-scale vegetation types (facies of dominant herb layer species)

within the total area (12 ha, 1,200 plots, 100 m2 each) and along an East–west transect in 1981,

1991, and 2001 (2.81 ha, 281 plots, 100 m2 each) of the Hordelymo-Fagetum lathyretosum on the

Göttinger Wald research site (vegetation relevées: Dierschke and Song 1982, Brünn 1992,

Dierschke and Brünn 1993, Rudolph 2002, Dierschke 2003, 2004, 2006)

Vegetation unit Total area (12 ha) East–west transect (2.81 ha)

1981 1981 1991 2001

Central (typical) variant

Anemone facies 6.3% 4.4% 16.0% 19.6%

Melica facies 0.8% a a a

Anemone–Mercurialis facies 33.4% a a a

Anemone–Aconitum facies 0.3% a a a

Mercurialis facies 6.3% 24.5% 10.6% 2.5%

Mercurialis–Melica facies 1.9% a a a

Mercurialis–Aconitum facies 0.6% a a a

Allium variant

Allium–Mercurialis facies 9.1% 44.1% 26.5% 0.0%

Anemone–Allium–Mercurialis facies 21.3% a a a

Allium–Mercurialis–Melica facies 3.6% a a a

Allium facies 5.1% 26.3% 45.8% 61.5%

Anemone–Allium facies 8.7% 0.0% 0.0% 15.0%

Allium–Melica facies 1.2% a a a

Aconitum facies 1.2% 0.7% 1.1% 1.4%

Stachys variant

Ranunculus ficaria facies 0.2% a a a

Sum total 100% 100% 100% 100%
aDenotes absence from the transect and/or not distinguished from the neighbouring (in bold type)

units. Forms previously assigned to the Galium facies have been assigned to the Anemone units in
their entirety
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A. nemorosa facies was concentrated in the shadiest parts, in which the relative light
intensity reached an average of only 3.4% (Brünn 1992; Dierschke and Brünn

1993). The M. perennis facies of the central variant had denser cover in spring

and summer than the Anemone facies. Edaphically, the Mercurialis facies reached
its optimum on rather shallow soils (mull rendzinas), which suffered slightly from

moisture deficit in dry summers.M. perennis showed reduced vitality where soil pH
dropped below 5.2, as was often the case in the A. nemorosa facies colonising

relatively deep terra fusca, brown loam rendzina or para brown earth, where the

upper horizons were more strongly acidified (Dierschke and Song 1982; Dierschke

1989b; Schmidt et al. 1989; Brünn 1992; Dierschke and Brünn 1993).

Within the A. ursinum variant, the Allium and Allium-Mercurialis facies har-

boured the highest cover values of A. ursinum, a spring geophyte which prefers to

colonise nutrient-rich mull soils. The A. ursinum facies was optimally developed in

areas of moderate light conditions (4.0% relative irradiance intensity) on deep,

loamy and humus-rich terra fusca-rendzinas, which are often even moister in spring

than the rather shallow mull-rendzina of the Allium-Mercurialis facies.
Based on the prevalence of Allium ursinum, Corydalis cava, and of other species

of the same nutrient requirements, the Aconitum vulparia facies was assigned to the
Allium ursinum variant of the Hordelymo-Fagetum lathyretosum (Dierschke and

Song 1982; Brünn 1992; Dierschke and Brünn 1993). Aconitum vulparia occurred

with high cover on a few small spots over the entire research plot; this may be an

example of random colonisation of a highly competitive but dispersal-limited

species.

5.3 Vegetation Ecology of the Beech Forest Ecosystems:

Impact of Site Conditions

Floristic and structural differences of Central European forest communities can be

attributed to a great extent to differences in soil chemistry (Tüxen 1954; Ellenberg

1996; Leuschner 1999). Following the mean indicator values of Ellenberg et al.

(2001), the main site differences between the beech forest ecosystems of the

Solling, Zierenberg, and Göttinger Wald research plots may be related to their

differing degrees of acidity and their nutrient status, whereas differences in water

supply and light intensity are comparably low (Table 5.6).

The acidic Luzulo-Fagetum of the Solling site clearly distinguishes itself from

the more base-richHordelymo-Fagetum of the Zierenberg and Göttinger Wald sites

in both cation exchange capacity and base saturation (Meesenburg et al., Chap. 3 of

this volume). Species number and cover of the herb (and shrub) layer increases with

increasing pH values, while the cover of the mosses decreases. The preponderance

of acid-tolerant, or calcifuge, plants on the Solling site and the predominance

of calcicolous plants (Runge and Rode 1991) on the Zierenberg and Göttinger

Wald sites also reflect the differences in the acidity of the soils.
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Differences in the average nitrogen indicator value of Ellenberg et al. (2001) are

not striking but still quite clear with values of 4.1 (Solling), 6.6 (Zierenberg) and 6.3

(Göttinger Wald). If one compares this with the annual nitrogen mineralisation, the

Solling site with its average of 100 kg N ha�1 per year is about 40 kg N ha�1 per

year lower than that of Zierenberg or Göttinger Wald (Mrotzek 1998; Schmidt

2002b). The differences in nitrogen availability are comparably low, such that this

alone cannot explain the differences in the floristic composition and especially not

Table 5.6 Vegetation structure, diversity, and ecological indicator values of Ellenberg et al.

(2001) for the three beech forest ecosystems of the Solling (based on 15 relevés from Gerlach

1970), Zierenberg (based on 192 relevés from Perona 1995) and the Göttinger Wald (based on 209

relevés from Brünn 1992) research sites

Solling Zierenberg Göttinger Wald

Luzulo-
Fagetum
typicum

Hordelymo-
Fagetum
circaeetosum

Hordelymo-
Fagetum
lathyretosum

Tree layer, cover (%) 89.0 � 8.3 64.4 � 22.5 82.8 � 14.5

Shrub layer, cover (%) 2.9 � 3.7 12.4 � 21.6

Herb layer, cover (%) 29.8 � 26.9 69.1 � 23.4 85.6 � 18.6

Moss layer, cover (%) 4.5 � 4.0 0.1 � 0.8

Number of species

(Herb layer)

7.9 � 2.4 15.7 � 4.9 21.5 � 4.2

Mean indicator values of

Ellenberg et al. (2001)

Temperature 3.67 � 0.37 5.29 � 0.12 5.33 � 0.09

Continentality 3.44 � 0.33 3.09 � 0.15 3.28 � 0.11

Light 4.51 � 0.38 3.44 � 0.30 3.33 � 0.21

Moisture 5.33 � 0.27 5.62 � 0.19 5.38 � 0.09

pH reaction 3.05 � 0.23 6.53 � 0.19 6.59 � 0.15

Nitrogen 4.14 � 0.35 6.56 � 0.28 6.26 � 0.19

Site factors

Relative light

intensity (%)

4.4 � 0.7 4.5 � 2.2 4.2 � 1.0

Organic layer

(humus type)

Hemimor/humimor Moder/vermimull Vermimull

Thickness of organic

layer (mm)

110 30–50 5

pH (0–5 cm, KCl, CaCl2) 2.9–3.4 5.4 � 0.5 6.2 � 0.7

C/N (0–5 cm) 18.8 � 2.1 11.8 � 0.9 12.6 � 0.4

N mineralisation

(kg N ha�1 per year)

100 � 11 141 � 23 137 � 40

The site data for the Solling (SO), Zierenberg (ZI) and the Göttinger Wald (GW) research sites

were compiled based on studies by Eber (1972, SO), Ellenberg et al. (1986, SO), Brünn (1992,

GW), Dierschke and Brünn (1993, GW), Perona (1995, ZI), Mrotzek et al. (1996, ZI), Mrotzek

(1998, ZI), Leuschner (1999, SO, ZI, GW), Schmidt (2002b, SO, GW), Leuschner et al. (2004, SO,
GW), and Meiwes et al. (Chapter 1.4, this volume, SO, ZI, GW). Significantly higher means

(� standard deviation) are in bold type (p �0.05, Mann-Whitney U test, not for thickness of

organic layer and pH at SO)
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the differences in diversity and cover values in the herb layers of the three beech

ecosystems. The nitrogen mineralisation rate in the montane-influenced Solling is

somewhat lower due to low average temperatures (Rehder 1970; Ellenberg 1977,

1996), but it is unlikely to be significantly limited by dryness at any of the three

sites. The form of nitrogen may be equally as important for the species composition

and productivity of the herb layer as the amount that is received. Since the studies of

Bogner (1968), it has been known that a number of plants are physiologically not

competitive in the presence of pure ammonium or nitrates, and thus are absent from

certain forest communities. In the Solling site, nitrogen supply occurs both as

ammonium and nitrates (Runge 1974; Ibrom and Runge 1989), while at the

Zierenberg and the Göttinger Wald sites, it is primarily in the form of nitrate

(Mrotzek 1998; Schmidt 2002b). Liming consistently enhances nitrification and is

most likely the main reason why the ground vegetation of limed areas supports not

only more indicators of base-rich sites but also of indicators of nitrogen-rich soils

(Schmidt 2002a).

The high cover values of the herb layer with the dominance of U. dioica at

Zierenberg is in part an expression of the high phosphorus availability of this basalt-

influenced site (Mrotzek 1998, Meesenburg et al., Chap. 3 of this volume). Accord-

ing to Pigott and Taylor (1964), U. dioica is an indicator of soils with good

phosphorus supply, and the species reacted in culture experiments more strongly

to P-fertilisation than it did to N-fertilisation. Mrotzek (1998) found an unusually

high P-uptake at Zierenberg with up to 10 kg P ha�1 per year through the U. dioica-
dominated herb layer. The herb layer may have assimilated more phosphorus than

the tree layer in the aboveground biomass (5.1 kg P ha�1 per year, Rademacher

et al., Chap. 8, this volume). In the Solling and Göttinger Wald sites, the phosphorus

supply is sufficient and not limiting for the development of beech forest commu-

nities according to the previous studies by Schmidt (1970). However, it would be

necessary to investigate whether atmospheric inputs (Meesenberg et al., Chap. 15,

this volume) have not strongly altered soil acidity and nitrogen supply such that

phosphorus supply on these sites would require re-evaluation.

Differences in the nutrient supply are also reflected in differences of the humus

form and the thickness of the organic litter layer. The thickness of the humus layer

is 20 times greater in the Luzulo-Fagetum typicum in the Solling site than in the

Hordelymo-Fagetum lathyretosum of the Göttinger Wald site. This is concomitant

with a significant decrease in species number and cover of the herb layer (Table 5.6).

Various litter accumulation experiments in forests have observed the negative

relation between the amount of litter and species richness and biomass production

of the herb layer (Grime 1979; Facelli and Pickett 1991; Xiong and Nilsson 1997;

Xiong et al. 2001).

In addition to the nutrient supply and soil chemical conditions, fine root devel-

opment is decisive for species richness and cover values of the herb layer in closed

beech forests. In the Luzulo-Fagetum of the Solling site, 165 mg fine root mass per

100 ml soil volume was found in the upper soil horizons (Of/Oh or Ah), while in

the Hordelymo-Fagetum of the Zierenberg and the Göttinger Wald sites, only

110–140 mg 100 ml�1 was found. Together with three other beech sites, Leuschner
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(1999) established a correlation between species number of the herb layer and a

combination of the factors including soil pH value and density of fine roots (and

thickness of topsoil). Herb layer cover showed a stronger relationship with ex-

changeable magnesium or base saturation, and with root density. However, no

relationship with pH value was found. A high density of fine roots in the topsoil

and upper mineral soil of poor, acidic beech forest sites can effectively exclude

many species of the herb layer, because intense competition for nutrients and water

hinders the establishment and growth of plants. However, when mean value of fine

roots is expressed on an area basis there is hardly any difference between the

Göttinger Wald and the Solling (320–350 g m�2 fine root biomass) sites, even if

one includes the biologically very active deeper mineral soil horizons of the

Göttinger Wald site (Leuschner et al. 2004). Area-based differences with higher

values in the Luzulo-Fagetum were found only in the density of fine root tips and

fine root necromass. Leuschner et al. (2004) therefore hypothesise that high root tip

densities in acidic infertile soils compensate for low nutrient supply rates, and large

necromasses are a consequence of adverse soil chemical conditions.

5.4 Vegetation Dynamics

5.4.1 Solling

In a comparison of 15 vegetation relevés (sample stands) of theOxalis variant of the
Luzulo-Fagetum typicum from Solling from 1966–1968 (Gerlach 1970) with 25

relevés from 1999–2000 (Weckesser 2003), the average cover values of the tree and

shrub layers have scarcely changed (Table 5.1, Weckesser and Schmidt 2004)

during that period. The cover values of the herb and moss layers, by contrast,

have decreased significantly. However, the total number of herb and moss species

per relevé has increased, mainly species such as Rubus idaeus, Dryopteris dilatata,
U. dioica, and Cardamine flexuosa in the herb layer and Brachythecium rutabulum
in the moss layer. These are not typical forest species of base- and nutrient-poor

sites (Ellenberg et al. 2001; Schmidt et al. 2003) but rather species that react equally

positively to increased nitrogen input, liming, and soil disturbance (Bobbink et al.

1998; Fischer 1999; Schmidt 1999, 2002a; Diekmann and Falkengren-Grerup 2002;

Weckesser and Schmidt 2004). This contrasts with the decrease of the indicators of

acidic and nutrient-poor sites (Ellenberg et al. 2001) such as Luzula luzuloides,
Deschampsia flexuosa, Carex pilulifera, Polytrichum formosum, and Oxalis acet-
osella. Therefore, the disappearance of the typical species combination of the

Luzulo-Fagetum typicum could be expected in future at the Solling site (Weckesser

and Schmidt 2004), in agreement with the results of Wilmanns and Bogenrieder

(1986) from the Kaiserstuhl region and of Röder et al. (1996) from the Spessart.

This species-poor subunit of the Luzulo-Fagetum, which once covered large areas

of the forest landscape of Central Europe (Ellenberg et al. 1986, Ellenberg 1996,

Bohn et al. 2003), is increasing being displaced by more nutrient-demanding
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vegetation types, in which indicators of nitrogen, liming, and disturbance predomi-

nate (Fischer 1999, Schmidt 1999, 2002a, Weckesser and Schmidt 2004).

5.4.2 Zierenberg

Vegetation was monitored in the years of 1989 (Hubeny 1991) and 1995 (Perona

1995) on 40 subplots (2 � 2.5 m) along a transect from the basalt-influenced upper

slope to the limestone-influenced lower slope. During this period, the percent cover

of U. dioica has generally decreased, while that of M. perennis slightly increased.

For both species, a close relationship to the relative light intensity on the sites was

detected, which had markedly decreased by more than 2.5% during this period on

over 40% of the subplots. This may be attributed to the increased canopy closure

following the thinnings done in 1983 and 1985. The percent cover of U. dioica
decreased especially in areas of low relative light intensity.

The change towards low light conditions continued in the following years, as

shown by a comparison of 80 permanent plots that have been re-sampled since 1993

at intervals of 1–2 years (Table 5.2) in the context of the Europe-wide Level II bio-

monitoring programme (Schulze and Eichhorn 2000). From 1993 until 2002, the

percent cover of U. dioica has significantly declined and at the same time the cover

ofM. perennis has increased (albeit not significantly). The decrease in frequency of
occurrence of under-storey as documented by Schulze and Eichhorn (2000) until

1999 has thus continued. Whereas U. dioica was found on three-quarters of all

permanent plots in 1993, it was observed on only around one-half of all plots in

2002. The low intensity shelterwood treatments that took place especially in edge

areas in 1996/97 and 1999 (Mrotzek 1998; Schulze and Eichhorn 2000) did not

improve the light situation for U. dioica in the central part of the research plot.

Besides the increase in M. perennis, the increase of Fraxinus excelsior and

A. pseudoplatanus in the shrub layer, and F. sylvatica, Circaea lutetiana, and
Galium aparine in the herb layer was striking. Tree regeneration (F. excelsior,
A. pseudoplatanus, F. sylvatica) has certainly benefitted directly from reduced

game browsing and indirectly from the reduced competitiveness of U. dioica. The
increase in the above-mentioned herbs, and the decrease of Oxalis acetosella, Viola
reichenbachiana and Vicia sepium, are difficult to correlate with any changed

habitat factor or competitive relationships.

5.4.3 Göttinger Wald

From 1981 to 2001, permanent plot studies along the east–west transect showed

extraordinarily strong temporal dynamics of the limestone beech forest (Dierschke

and Song 1982; Dierschke 1989b, 2003, 2006; Brünn 1992; Dierschke and Brünn

1993; Rudolph 2002, Table 5.4). The lack of silvicultural treatment was responsible

for the increase in cover of the tree layer, and sufficient protection from game
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browsing was responsible for the strong development of the shrub layer. The shade-

tolerant F. sylvatica, which at the beginning of the studies was less represented in

the regeneration than Fraxinus excelsior, has now the highest cover in the under-

storey. Valuable broadleaved tree species such as F. excelsior, A. pseudoplatanus,
and A. platanoides are only competitive against the beech on base-rich sites when

they are thinned using group selection (Schmidt 1997, 2002b; Lambertz and

Schmidt 1999; Wagner 1999) or when the stands are affected by large-scale

wind-throw events (Schmidt 2002c, 2005; Kompa and Schmidt 2006).

Strong changes were observed in the herb layer (Table 5.4). The most prevalent

trend was the loss in the number of species: since 1981, the total number of species

decreased from 76 vascular plant species to 56 and the average number of species

per relevé (100 m2) decreased from 24.0 to 18.5. This result agrees with the

observations of floristic and phyto-sociological studies in forest nature reserves of

Lower Saxony and Hessia, in which the diversity of vascular plants was lower than

in comparable, semi-natural managed forests. Greater amounts of light and soil

disturbance are primarily responsible for this, allowing species that grow mainly

in open areas to occur in woodlands (Schmidt 1999, 2003, 2005; Schmidt and

Schmidt 2007).

Among the facies-forming species that decreased strongly wereM. perennis and
Galium odoratum. Allium ursinum, whereas Anemone nemorosa and Aconitum
vulparia were among the dominant species whose frequency and cover had

remained constant over the last 20 years. Changes in the facies-forming species

resulted in a corresponding shift in the dominant vegetation of the research units

(Table 5.5). For instance, while the Mercurialis facies of the central variant

occupied almost a quarter of the east–west transect in 1981, it had nearly complete-

ly disappeared by 2001. In a reverse trend, the area occupied by the Allium facies in

1981 more than doubled to the current 60%. A more detailed analysis of the

individual subplots, however, showed that A. ursinum in fact scarcely expanded

its range, i.e. it colonised only few new plots. More commonly, the many small gaps

present between existing patches of A. ursinum became covered with facies-forming

species during the past two decades. This happened especially in the plots formerly

mapped as the Allium-Mercurialis facies, but also in some areas earlier mapped as

Mercurialis facies that contained small individual patches of A. ursinum in 1981.

The majority of the Mercurialis facies has now been replaced by the Anemone
facies, which increased its area from around 5% to almost 20%. A newmap unit, the

Allium-Anemone facies, was distinguished in 2001, which along with the Allium
facies observed in this research study includes large parts of the former Allium-
Mercurialis facies. The Aconitum facies remained largely constant over the study

period.

There are various explanations for the observed changes. A tendency towards

both a general spread and increased density of A. ursinum has been reported for

more than a decade, for instance in southern German forests (Buck-Feucht 1989;

Bücking 1989; Böhling 2003) and in Hainich National Park (Ahrns and Hofmann

1998). Strong decline of A. ursinum in the light gradient of group-selected shelter-

woods (Schmidt 1997) and following the resumption of a coppice with standards
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system (Stegmann and Schmidt 2005), Winterhoff (1977) suggested that open, drier

conditions were unfavourable for the hygromorphically constructed A. ursinum
than closed, more densely shaded mature beech forest. The increase of layers of

woody plants with a densely closed canopy and the absence of silvicultural inter-

vention have benefitted A. ursinum, which with its large leaves can take advantage

of the irradiation with high productivity photosynthesis before the leafing of the

over-storey. This is less the case for species with leaves that remain green through

the deep shade of the summer and persist on the surface organic layer, such as

M. perennis, Galium odoratum, Lamiastrum galeobdolon, Hordelymus europaeus
and Melica uniflora (Hellmold and Schmidt 1989; Kriebitzsch 1989). A growing

season that starts early and lasts longer, which has been observed in the Göttinger

Wald site (Dierschke 2000b) and in Central Europe for two decades (Chmielewski

and Rötzer 2001), has had positive effects on A. ursinum; but it has not been

experimentally proven nor the spread of A. ursinum through increased nitrogen

inputs (Ahrns and Hofmann 1998). Ongoing fertilisation experiments at Göttinger

Wald site since 1996 have so far not revealed any nitrogen effects, which may be

due to the site being relatively rich in nitrogen (Schmidt 1999, 2002b, Table 5.6).

The decline of M. perennis can be in part attributed to reduced light conditions

on the surface organic layer. The more densely closed tree layer and the rise in

natural regeneration results in decreased available irradiation, especially in the

Mercurialis facies, which was still widespread in 1981. Available light under a

closed canopy and under the natural regeneration has decreased to less than 2% of

full sun light intensity (Lambertz and Schmidt 1999). Under canopy gaps where the

relative irradiance intensity was above 5%, however, dense patches of M. perennis
were found (Dierschke and Brünn 1993). In addition to its decline due to light

reduction, M. perennis reacted sensitively with strong losses of vitality in

subsequent years to extreme summer dryness and fungal infection with Synchy-
trichum mercurialis and Melampsora rostrupii (Schmidt 1988, 1997; Dierschke

and Brünn 1993; Dierschke 2003, 2006).

Browsing is another factor in the dynamics of under-storey species. According

to Klötzli (1965) and Schmidt (1978), A. ursinum and M. perennis are not the

preferred food species of the roe deer. Anemone nemorosa and Hedera helix, by
contrast, are preferred food species and thus benefit immediately from the fencing

of forested areas (Schmidt 1978; Morgenroth 1992; Gerber and Schmidt 1996; Gill

2006). Hedera helix in particular is favoured as a browse species especially during

winters with high snowfall, as the evergreen liana can be reached at any time by the

deer on the tree trunks. Corresponding effects were observed in late winter 2003 at

the Göttinger Wald site, when two roe deer were accidentally trapped inside the

enclosure for several weeks and within a short period of time browsed back all ivy

within reach on the trunks of the beeches. Whereas severe winters limit the spread

into the herb layer and ascent into the canopy of Hedera helix, a sub-Atlantic–

sub-Mediterranean species, mild winters probably facilitate its spread (Oberdorfer

2001, Dierschke 2005a, b). Similar observations of the invasion of deciduous forests

by evergreen plants (laurophyllisation) have been made in southern Switzerland
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(Klötzli et al. 1996; Walther 1997, 1999; Walther and Grundmann 2001, Grund

et al. 2005).

5.5 Conclusion

Tree and herb layer vegetation of the beech forest research sites, Solling, Zieren-

berg, and Göttinger Wald, resulted primarily from differences in soil fertility. The

water supply and the light regime on the surface organic layer was found to be of

minor importance. The nutrient-poor acid soil at the Solling site had species-poor,

sparse ground vegetation (Luzulo-Fagetum) while the base-rich soils at the Zieren-

berg and Göttinger Wald sites supported species-rich, dense herb layers (Hordelymo-
Fagetum). Although soil characteristics support similar herb layers on the Göttinger

Wald and Zierenberg beech forests, the vegetation of the Zierenberg site is strongly

influenced by anthropogenic disturbances (opening of the canopy, scarification of

the soil, higher atmospheric nitrogen deposition).

Under-storey vegetation of all the three beech forests changed significantly

during the past decades:

l Species richness and the proportion of non-forest plant species (indicators of

disturbances, e.g. U. dioica, Cardamine flexuosa) depended on the intensity of

forest management and declined significantly after forest harvesting had

stopped.
l Atmospheric N deposition supported the increase of some herb layer species (e.g.

A. ursinum, U. dioica); whereas acid-tolerant species of the nutrient-poor beech
forests (e.g. Oxalis acetosella, Luzula luzuloides) have declined significantly.

l The protection or reduction from hoofed-game browsing was responsible for an

overall increase of woody regeneration and of some few herb layer species (e.g.

Hedera helix) which were particularly preferred food species of deer.
l The increase of evergreen broad-leaved (laurophyllous) species such as Hedera

helix and spring geophytes such as A. ursium has profited from the trend of mild

winters and the earlier start of the vegetation period, which can be attributed to

global warming (global climate change).

These vegetational changes have been documented due to long-term permanent plot

studies on the three beech forest research sites. For causal explanations of vegeta-

tion pattern and process, experiments with under-storey vegetation or important

herb layer species in the field or under controlled condition in greenhouse or

climatic chambers are urgently needed.
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Reihe 45, pp 137–146

Dierschke H (2005a) Zur Lebensweise, Ausbreitung und aktuellen Verbreitung von Hedera helix,
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Klötzli F (1965) Qualität und Quantität der Rehäsung. Veröff Geobot Inst ETH Zürich 38:1–128
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Windwurfgebieten nach einem lokalen Orkan von 1997. Forstarchiv 77:3–19

Koperski M, Sauer M, Braun W, Gradstein SR (2000) Referenzliste der Moose Deutschlands.

Schriftenr Vegetationskde 34:1–519

Kriebitzsch WU (1989) CO2- und H2O-Gaswechsel von verschiedenen Krautschichtpflanzen in

einem submontanen Kalkbuchenwald. Verh Ges Ökol 17:189–202
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flächenversuchen im Rehgatter Stammham 1972–1976. Phytocoenosis 7:43–59
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Struktur, Diversität und Stoffhaushalt. Cuvillier, Göttingen

Weckesser M, Schmidt W (2004) Gehen dem Luzulo-Fagetum die Trennarten verloren? Verän-

derungen der Bodenvegetation in bodensauren Buchenwäldern und Fichtenbeständen des
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Chapter 6

Microbial Biomass

R. Brumme, M. Raubuch, J. Priess, C. P. Wang, and T.–H. Anderson

6.1 Introduction

Micro-organisms (bacteria, fungi) contribute to more than 90% of the carbon

dioxide evolved during decomposition of forest litter (Schaefer 1991), indicating

their role in the element cycling in forest ecosystems. Nitrogen is mostly cycled

between primary producers and decomposer biota. The activity and growth of

micro-organisms depend on carbon and nutrient supply and the physico-chemical

environment because of their high surface area/volume ratio of microbial bodies

(Hattori and Hattori 1976; Paul and Clark 1996). Soil acidity has often been shown

to reduce microbial biomass (Cmic) and to increase metabolic respiration (qCO2,

ratio between microbial-respiration-C and microbial-biomass-C) in the surface

mineral soil which was interpreted as an increased stress on micro-organisms living

in acid soils (Anderson and Domsch 1993; Anderson, Chap. 20, this volume). In

addition to the chemical stress, soil acidity may change the litter quality, litter

amount and their distribution in the soil profile by acid sensitive earthworms.

Quality and amount of litter determine the amount of micro-organisms that would

live on the organic matter, and is indicated by the fraction of Cmic in organic carbon

(Corg) (Anderson and Domsch 1986). Another effect of soil acidity relates to an

increase in bacterial respiration with increasing pH. Less is known of microbial

biomass and the mentioned relationships in the surface organic layer and deeper soil

horizons. Here, we provide depthwise distribution of microbial carbon (Cmic),

microbial nitrogen (Nmic), metabolic quotient (qCO2), the fraction of Cmic in Corg

(Cmic-to-Corg ratio) and the fraction of fungal respiration of soil respiration in three

beech forest soils, the Göttinger Wald, Zierenberg, and the Solling sites (for site

description see Part A). The following questions will be addressed. (1) Does soil

acidity reduce the microbial biomass and the qCO2 value in the acid soil profile at

Solling site compared to the less acid soils at Göttinger Wald and Zierenberg sites?

(2) Does better substrate quality at Göttinger Wald and Zierenberg sites increase the

Cmic-to-Corg ratio? (3) What is the contribution of bacteria and fungi to soil

respiration and how does soil acidity affect these contributions?
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6.2 Microbial Carbon and Nitrogen

Microbial carbon (Cmic), measured by substrate-induced respiration method (SIR)

(Anderson and Domsch 1978; Heilmann and Beese 1992) in May 1995, was the

highest in the L layers (17–18.9 mg Cmic g
�1) and showed no difference among the

three beech forest sites (Table 6.1). In the moder profile microbial biomass-C

decreased from 18.9 mg g�1 in the L layer to 0.97 mg g�1 in the H layer at the

Solling site. In the mineral soils, the lowest Cmic value was found at the Solling site

(about 0.1 mg Cmic g
�1), and it did not change down to 20 cm depth. The microbial

biomass values in the uppermost base-rich Göttinger Wald and Zierenberg soils

were up to 10 times higher than those at the Solling site and decreased to about

0.2 mg Cmic g
�1 in the 15–20 cm depth. These values are in the range observed for

soils under beech and oak forests in northern Germany. Anderson (Chap. 20, this

volume) reported values for microbial biomass in the range of 0.18–3.12 mg Cmic

g�1 in 0–5 cm depth.

Similar microbial biomass values were found in the base-rich soils at the

Göttinger Wald (988 kg Cmic ha
�1) and Zierenberg (919 kg Cmic ha

�1) sites for L

to 20 cm soil depth out of which 11% and 36% were attributed to the surface

organic layers of the two sites, respectively. The microbial biomass at the Solling

site was 42% and 48% lower (532 kg Cmic ha
�1) than in the base-rich Zierenberg

and Göttinger Wald soils. A high fraction of microbial biomass was present in the

surface organic layer (67%) of the Solling site but it did not cover for the low values

in the mineral soil. Similar values for the microbial biomass were reported for other

European forest soils (148–619 kg Cmic ha
�1 in L to 22 cm depth, micro-calorime-

ter method) by Raubuch and Beese (1995). They reported ratios of Cmic in the

surface organic layer and the surface mineral soils (0–22 cm) between 0.3 in less

acid to 1.9 in the highly acid soils, and emphasised the contribution of microbial

decomposition in the surface organic layer.

Table 6.1 Microbial biomass carbon (substrate-induced respiration method, SIR) and pH(H2O)

values in the soil profile of three beech forests (standard error in parentheses) (n = 5) (adopted from

Chodak et al. 2003)

Göttinger Wald Zierenberg Solling

pH C
mic pH C

mic pH C
mic

mg g�1 kg ha�1 mg g�1 kg ha�1 mg g�1 kg ha�1

L – 17.0 (0.57) 104 – 17.9 (0.54) 329 – 18.9 (1.31) 209

F – – – – – – – 2.75 (0.37) 94

H – – – – – – 3.4 0.97 (0.05) 53

0–5 5.0 1.18 (0.17) 370 5.6 0.83 (0.05) 250 3.4 0.11 (0.05) 37

5–10 4.7 0.51 (0.07) 233 5.4 0.51 (0.06) 202 3.7 0.13 (0.01) 52

10–15 4.8 0.30 (0.04) 146 5.5 0.28 (0.03) 85 4.0 0.12 (0.04) 49

15–20 5.1 0.26 (0.03) 135 5.7 0.18 (0.02) 53 4.2 0.09 (0.1) 38
P

L�20 988 919 532
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Microbial nitrogen, measured with the chloroform fumigation and extraction

method (Brookes et al. 1985a, b), showed a similar distribution in the soil profiles at

the Göttinger Wald and Solling sites as microbial carbon. However, microbial

nitrogen was very low in the acid Solling soil as indicated by higher Cmic/Nmic

ratios than those at the Göttinger Wald site in all soil layers (Table 6.2). Mostly,

Cmic/Nmic ratios of 3–6 in agricultural and forest soils have been reported which are

independent of land use pattern (Jenkinson 1988; Paul and Clark 1996). However,

acid forest soils have much higher Cmic/Nmic ratios of up to 17, and a much larger

variation, than the agricultural soils (Joergensen et al. 1995). The fungi, which are

the primary decomposers of forest litter, could have a much higher C/N ratio (4–15,

Paul and Clark 1996) which may explain the higher Cmic/Nmic ratio observed in the

acid forest soil of the Solling site. In a study on ten acid and ten neutral surface

mineral soils under beech, a high fungal-to-bacterial respiratory fraction ranging

from 74 to�26 at high pH of�6 and from 94 to 6 at low pH of�3 were reported by

selective inhibition of either fungal or bacterial metabolism (Blagodatskaya and

Anderson 1998). The Zierenberg site showed a similar pH effect on the fungal-to-

bacterial respiration from the basalt-dominated upper hill (main research area) to

the lime dominated lower hill area. With increasing pH from the basalt to the lime-

dominated soil, the fungal-to-bacterial respiration fraction decreased from 87 to 13

(pH(KCl) 4.1), 76 to 24, (pH(KCl) 5.5), and to 55 to 45 (pH(KCl) 6.4) (Fig. 6.1).

6.3 Metabolic Quotient and Cmic-to-Corg Relationship

Microbial carbon contributes between 0.3 and 7% of soil organic carbon (SOC)

(Cmic-to-Corg) (Anderson and Domsch 1989) with mean values of 1.6% at Göttinger

Wald, 1.9% at Zierenberg and 0.68% at Solling for L–20 cm depth in the soils. The

L layers contained the highest content between 3.6% and 4.7% and low values of

0.6%–1.1% in the 15–20 cm depth (Fig. 6.2). The Cmic-to-Corg ratio is an indicator

Table 6.2 Microbial biomass nitrogen and Cmic/Nmic ratios (chloroform fumigation extraction

method, CFE) in the soil profile of Göttinger Wald and Solling forests (standard deviation in

parentheses) (n = 3)

Göttinger Wald Solling

Nmic Nmic

mg g�1 kg ha�1 Cmic/Nmic mg g�1 kg ha�1 Cmic/Nmic

L 2.06 (0.65) 1.26 8.6 1.92 (1.71) 2.12 10.8

F – – – 0.98 (0.41) 3.35 7.4

H – – – 0.40 (0.10) 2.20 8.6

0–5 0.30 (0.04) 9.47 5.3 0.06 (0.01) 1.87 10.5

5–10 0.18 (0.05) 8.12 6.1 0.03 (0.02) 1.07 10.2

10–20 0.10 (0.04) 10.4 7.0 0.02 (0.02) 1.91 8.8
P

L�20 29.3 12.5
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of how much of the organic carbon is used for the growth of microbial cell mass

(Anderson and Domsch 1986). The higher the Cmic-to-Corg fractions, the higher the

amount of carbon that is present in available form and the higher the amount of

micro-organisms that can live on the substrate. Thus, low Cmic-to-Corg ratio with

increasing soil depth indicated low substrate availability. Fast incorporation of leaf

litter by earthworms provided micro-organisms with easily available substrate in

the base-rich GöttingerWald and Zierenbergmineral soils (Schaefer and Schauermann,

Chap. 7, this volume) especially from the luxuriant ground vegetation (Schmidt,

Chap. 5, this volume), and explained the slow decrease of the Cmic-to-Corg ratio with

soil depth in contrast to no change in the mineral layers of the acid Solling site
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Fig. 6.2 %Cmic in Corg in the soil profiles at the Solling (SO), Zierenberg (ZB) and Göttinger Wald

(GW) sites
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(Fig. 6.2). The strong decrease in Cmic-to-Corg ratio from L to F layers at the Solling

site was surprising because of the still discernible structure of the F layer suggesting

that the substrate was highly available for micro-organisms. However, similar

values for Cmic-to-Corg in the acid mineral soil and the F layer indicated that the

microbial availability of the F substrate was similar to that of SOM in the mineral

soil.

High metabolic quotient values (CO2–C/Cmic or qCO2) were found in the

mineral soil layers of the acid Solling site (3.7–4.4 g CO2–C mg�1 Cmic h�1)

(Fig. 6.3). The base-rich soils at the Göttinger Wald and Zierenberg sites had

about 2 times lower qCO2 values in the mineral soils indicating a much lower

soil chemical stress to micro-organisms by aluminum, protons and heavy metals

(Anderson and Domsch 1993; Duxbury 1995; Wood 1995).

6.4 Conclusions and Indications of Human Impacts

l The acid soil at the Solling site has the lowest microbial biomass, the lowest

Cmic-to-Corg ratio and the highest qCO2 value in all mineral soil layers of the

three beech forest soils. High soil acidity, low bioturbation and sparse ground

vegetation at the Solling site affected these parameters.
l Total microbial biomass was about 45% lower at the acid Solling site than at the

base-rich Göttinger Wald and Zierenberg sites. About two-thirds of the total

microbial biomass was present in the surface organic layer at Solling site

whereas more than two-thirds were present in the base-rich mineral soils of

the Göttinger Wald and Zierenberg sites.
l The luxuriant herb layer increased the substrate availability for micro-organisms

(high Cmic-to-Corg ratio) in all mineral soil layers at the Göttinger Wald and

Zierenberg sites by increasing earthworm activity. Low Cmic-to-Corg ratios

indicated a low substrate availability in the acid mineral soil layers and the
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Fig. 6.3 Metabolic quotient (qCO2, mg mg�1 Cmic h
�1) in the soil profiles at the Solling (SO),

Zierenberg (ZB), and Göttinger Wald (GW) sites (adopted from Chodak et al. 2003)
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strong decrease from L to the F/H layers suggested a rapid stabilisation of the

remaining litter in the F layer.
l The fraction of fungal respiration decreased with increasing pH from a basalt-

dominated soil (87% at pH(KCl) of 4.1) to a lime-dominated soil (55% at pH

(KCl) of 6.4) along an acidity gradient at Zierenberg site.
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Ecosystems of the world 7 – Temperate deciduous forests. Elsevier, Amsterdam, pp 175–218

Wood M (1995) A mechanism of aluminium toxicity of soil bacteria and possible ecological

implications. Plant Soil 171:63–69

92 R. Brumme et al.



Chapter 7

Soil Fauna

M. Schaefer and J. Schauermann

7.1 Introduction

The beech forests studied provide three different environments for the soil fauna

and are located in a gradient from base-rich to acid soils. The forest ‘‘Göttinger

Wald’’ is characterized by mull soil; soil conditions in the forest ‘‘Kleiner Guden-

berg’’ (near the town of Zierenberg; hence denoted as forest ‘‘Zierenberg’’) are

moder-like; and in the ‘‘Solling’’ forest moder soils prevail. In this chapter, the

relationship between the fauna and the soil milieu is analysed, with the perspective

to explain relational patterns with factors of a causal nature.

The beech forests are described in detail in several chapters of this volume

(Meesenburg and Brumme; Panferov et al.; Meesenburg et al.; Schmidt). We high-

light some habitat characteristics directly related to the soil fauna.

At the Göttinger Wald site, the soil is shallow and belongs to the soil series

which has developed on the limestone, forming ‘‘terra fusca-rendzina’’ (about 50%

of the area), rendzina (about 26%), terra fusca (about 14%) and some form of brown

earths. The organic layer contains mainly leaf material (550 g dry mass m�2) and

the annual canopy leaf litter fall is 309 g dry mass m�2 (mean value for 1981–1991;

Schmidt, unpublished results). The soil pH ranges from 6.8 to 4.3 with a mean value

of about 5.8. The soil is base-rich with high cation exchange capacity. Further

details are given by Schaefer (1990, 1991a) and Schaefer and Schauermann (1990).

The beech forest Zierenberg consists of three sites along the slope of a hill

forming a gradient from basalt to limestone: it extends from the upper part of the

hill (basalt site) via an intermediate site (transition zone) to the lower part of the hill

(limestone site). The average mass of leaf litter is 1,900 g at the basalt site, 1,400 g

at the intermediate site and 1,600 g dry mass m�2 at the limestone site. Annual

beech leaf litter input (in 1989) was 509 g for the basalt, 445 g for the intermediate

and 375 g dry mass m�2 for the limestone site (Hartwig et al. 1991). The input of

litter of stinging nettles (Urtica dioica) is 70–90 g dry mass m�2 at the intermediate

site (Scheu 1997). Soil pH of the basalt site is about 4–5, the values for the

intermediate and limestone site are 5.7 and 6.7, respectively. Cation exchange
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capacity is intermediate between that of the forests Göttinger Wald and Solling.

Further details are presented in Eichhorn (1991) and Alphei (1995).

At the Solling site, the soil belongs to the series on carbonate-free silicate rocks:
it is an acid brown earth with a moder humus form. The mass of organic layer on the

soil increased from 2,960 g m�2 in 1966 to 4,460 g dry mass m�2 in 1979, while

annual canopy leaf litter fall had a mean value of 290 g dry mass m�2 for the period

from 1967 to 1976. Values of pH range from about 3 to 4. The soil is base-poor and

cation exchange capacity is low. Further details are given in Ellenberg et al. (1986).

7.2 Fauna

The fauna of the two forests, Göttinger Wald and Solling, was sampled with different

methods (soil and litter samples, photo-eclectors, pitfall traps) and different intensities

over long periods, namely from 1980 to 1995 for Göttinger Wald and from 1967 to

1995 for Solling. For many (not all) animal groups, species numbers of the two forests

can be compared because the intensity of sampling was similar. A synopsis of species

numbers, population density and biomass is presented in Table 7.1, which is based on

a synthesis of the data for the fauna of the two forests presented by Schaefer and

Schauermann (1990). Additionally, more recent results are given for Nematoda

(Solling) (Alphei 1995), Cryptostigmata, Gamasina and Uropodina (Göttinger

Wald) (Schulz 1991a, b), Gamasina (Solling) (Buryn, unpublished results) and

Diptera (Göttinger Wald) (Hövemeyer 1992). Some minor groups are omitted.

For the Solling forest, several important and species-rich taxa were not studied.

The fauna of the Zierenberg forest was studied from 1990 to 1997 and is not

completely known for the whole range of the soil fauna. The data for selected taxa of

the soil fauna are presented for the gradient from basalt to limestone (Table 7.2). Data

were obtained for Protozoa (Wellner, Coenen, Bonkowski, unpublished results),

Nematoda (Alphei 1995), Enchytraeidae (Schlaghamerský 1998), Cryptostigmata

(Heiligenstadt, unpublished results, Schulz 1991a), Collembola (Koch 1993),

Gastropoda (Nieselt 1991), Lumbricidae (Bonkowski 1991), Isopoda (Nieselt

1991), Diplopoda (Nieselt 1991), Coleoptera (Nolte 1993), and Diptera (Markwardt

1993).

7.3 Macro-Gradient from Base-Rich to Acid Beech Forests

The series mull > mull-like moder > moder constitutes a macro-gradient with

decreasing pH, decrease of the ratio Cmic to Corg and of the ratio bacteria to fungi,

decreasing importance of the macrofauna, increasing significance of the meso-

fauna and decreasing zoomass (cf. Fig. 12.7 in chapter 12). In the following

sections, we compare the biota in the macrohabitats at Göttinger Wald, Zierenberg

and Solling in more detail.

The mull-structured forest Göttinger Wald is characterised by high faunal

biomass with earthworms as the dominant macrofauna group. This saprophagous
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guild is responsible for a high degree of bioturbation. In the moder-structured forest

Solling, microphytophagous mesofaunal taxa (oribatid mites, collembolans) are

prevalent. Generally, species diversity is lower in the Solling forest. A notable

exception are staphylinid beetles. Total animal species number is 1,918 in the forest

Göttinger Wald, among them 704 hymenopteran and 299 dipteran species (Schaefer

1996); the forest Solling contains 734 species (with the Hymenoptera and Diptera

not studied), well below the corresponding 915 species of the mull-structured forest

Table 7.1 Synopsis of species richness (S), mean annual population density (N, ind m�2) and

mean annual biomass (B, mg dry mass m�2) in the beech forests Göttinger Wald (with mull soil)

and Solling (with moder soil). Modified from Schaefer and Schauermann (1990). Additional data

from Schulz (1991a, b), Hövemeyer (1992), Alphei (1995) and further unpublished sources

Animal group Göttinger Wald Solling

S N B S N B

Microfauna

Flagellata ? 2.7 � 109 54 ? ? ?

Amoebina ? 3.5 � 109 1,133 ? ? ?

Testacea 65 84 � 106 343 51 57 � 106 256

Turbellaria 3 859 8 3 1,882 4

Nematoda 110 732,000 146 90 3 � 106 65

Rotatoria 13 4,893 5 ? ? ?

Tardigrada 4 4,207 4 ? 41 9

Harpacticoida ? 3,873 2 1 3,300 0.6

Saprophagous and microphytophagous mesofauna

Enchytraeidae 36 22,300 600 15 108,000 1,640

Cryptostigmata 75 22,445 241 72 101,810 195

Uropodina 11 1,971 19 4 1,525 ?

Symphyla 2 57 ? 1 ? ?

Diplura ? 161 ? >1 277 ?

Protura ? 2,481 ? >1 278 ?

Collembola 48 37,835 153 50 63,000 246

Zoophagous mesofauna

Gamasina 80 3,151 50 53 10,800 397

Saprophagous macrofauna

Gastropoda 30 120 430 4 0 0

Lumbricidae 11 205 10,700 4 19 168

Isopoda 6 286 93 0 0 0

Diplopoda 6 55 618 1 0 0

Elateridae 11 37a 104a 4 332a 706a

Diptera 299 2,843a 161a ? 7,415a 628a

Zoophagous macrofauna

Araneida 102 140 47 93 462 173

Pseudoscorpionida 3 35 16 2 89 10

Opilionida 8 19 11 4 20 6

Chilopoda 10 187 265 7 74 155

Carabidae 24 5 144 26 7 93

Staphylinidae 85 103 76 117 314 180

? = not studied; 0 = not present; aLarvae
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Göttinger Wald. The fauna of the Zierenberg site appears to be intermediate

between that of Göttinger Wald and Solling concerning species number, dominance

of macro- and mesofauna and zoomass.

In a more detailed analysis, some general trends become apparent from the

synopsis of the more important animal groups in the three forests (cf. Tables 7.1

and 7.2). Total soil zoomass amounts to about 15 g dry mass m�2 in the mull soil of

the forest Göttinger Wald and about 5 g dry mass m�2 in the moder soil of Solling

(with a value for Zierenberg in between). This difference is mainly due to the

predominance of earthworms and, to a lesser degree, of saprophagous macro-

arthropods in the mull forest. The following faunal groups exhibit – partly striking

– differences in the gradient Göttinger Wald ! Zierenberg ! Solling: Protozoa,

Nematoda, Gastropoda, Enchytraeidae, Lumbricidae, Cryptostigmata, Isopoda,

Diplopoda, Collembola, Diptera and some predatory macroarthropod groups (Ara-

neida, Chilopoda and Staphylinidae). In the mull soil, many Protozoa (naked

Amoebae, flagellates and ciliates), the nematodes, gastropods, lumbricids, isopods,

diplopods and chilopods are favoured. The testaceans (Protozoa), enchytraeids,

oribatid mites, collembolans, dipterans, araneids and staphylinids occur with

higher population density and/or biomass in the moder soil. Thus, mainly micro-

phytophagous mesofauna groups dominate in the moder environment. Zoophagous

macroarthropods occur in comparable numbers in the three forest types. In the

following paragraphs, some more detailed analyses of dominant species, abundance

and biomass relations of edaphic key groups are given: microflora, Nematoda,

Cryptostigmata, Collembola, earthworms and gastropods, and saprophagous macro-

arthropods (data mainly from Schaefer and Schauermann (1990), Schaefer (1991a)).

Microflora. In the series from mull to moder with a gradient of increasing acid-

ity, the specific respiration of the microflora qCO2 [unit CO2–C released per unit

microbial biomass, (mg CO2–C � mg�1 Cmic � h�1)] increases because more car-

bon is needed for the energy metabolism of the microorganisms (Fig. 7.1)

(cf. Anderson, this volume). Less carbon is fixed in microbial biomass (decreasing

ratio Cmic to Corg) in the moder soil. The species number of ectomycorrhizal fungi is

twice as high on the base-rich site as compared to the acid site (Scheu, unpublished

results).

Microfauna: Nematoda. Among the non-protozoan microfaunal groups, the

Nematoda are clearly the most abundant (Alphei 1995). Species numbers are

similar on the three sites; however, species composition is different. In the base-

rich site, bacterial feeders are dominant whereas fungal or root feeders are prevalent

in the forest on acid soil (Alphei 1998). Biomass was dominated by root hair feeders

and the mycetophagous Tylolaimophorus in moder soil, whereas pantophagous

taxa, mainly Aporcelaimellus, dominated in mull soil.

Saprophagous and microphytophagous mesofauna: Cryptostigmata, Collem-
bola. Oribatid abundance is significantly higher in the moder than in the mull

soil. However, biomass does not distinctly surpass values for the mull soil (mean

body mass of mites in the Solling forest 0.002 mg, in the Göttinger Wald forest

0.007 mg dry mass). In Göttinger Wald, the oribatids Steganacarus magnus,
S. striculus and Nothrus palustris dominate in biomass. In Solling Platynothrus
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peltifer, Nothrus silvestris, Nanhermannia coronata and Chamobates voigtsi con-
stituted over 50% of adult zoomass (Heiligenstadt 1988). In Göttinger Wald, mean

annual population density and biomass of Collembola are about half of the

corresponding values in the Solling soil. Thus, mean body mass is almost the

same in both habitats (0.004 mg dry mass). In Göttinger Wald, several collembolan

species dominate (measured in biomass): Tomocerus flavescens, Lepidocyrtus
lignorum, Folsomia quadrioculata, Isotomiella minor, Hypogastrura denticulata.
In Solling Folsomia quadrioculata, Mesaphorura sp., I. minor, and Isotoma not-
abilis, are the most abundant species. The oribatid and collembolan fauna of the

Zierenberg site is more akin to that of Göttinger Wald (Koch 1993; Schulz 1991b).

Saprophagous macrofauna: Lumbricidae, Gastropoda. The Göttinger Wald

mull soil is characterised by high zoomass of Lumbricidae (dominant in terms of

biomass are Lumbricus terrestris, Aporrectodea caliginosa, Octolasion spp.) and of
Gastropoda (dominants are Perforatella incarnata, Arianta arbustorum, Aegopi-
nella nitidula, Arion rufus). In the Solling forest, only a few slug species, with

negligible population density, and no snail species occur. In the moder soil, the

earthworms are represented by the epigeicDendrobaena octaedra and other species
near tree stumps (e.g. Lumbricus rubellus); the mean body size of lumbricids is 8.8

mg dry mass which compares with 52.2 mg dry mass of the Göttinger Wald

population. In the Zierenberg forest, endogeic species dominate with 15–24 g

fresh mass m�2 (Bonkowski 1991). In this forest, Gastropods reach high values

of density and biomass (Nieselt 1991).

Saprophagous macroarthropods. Diplopoda (dominant are Glomeris marginata,
G. conspersa, and Isopoda (dominant is Trichoniscus pusillus) are typical faunal

elements of the mull-structured forests of Göttinger Wald and Zierenberg (Schaefer

1991a; Nieselt 1991). Larvae of elaterid beetles are typical moder-soil inhabitants,

consisting almost solely of Athous subfuscus in the Solling forest. The community

Fig. 7.1 Specific respiration qCO2 and ratio Cmic to Corg in three different beech forests forming a

gradient from base-rich to base-poor soil conditions. GW Göttinger Wald, ZB Kleiner Gudenberg

(Zierenberg), SO–l Solling, limed, SO-nl Solling unlimed. Measurements in spring 1995 (means

plus SD). (Scheu, unpublished results). Please note the Erratum at the end of the book
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in the Göttinger Wald forest is more diverse, with A. subfuscus, A. vittatus and A.
haemorrhoidalis as the dominant species. In the Solling forest, population density

and biomass of dipteran larvae are considerably higher than in the mull soil of

Göttinger Wald. Mean average individual mass of the larvae in Göttinger Wald is

0.057 mg dry mass, while it is 0.085 mg dry mass in Solling. Dominant families in

the Göttinger Wald (in terms of biomass) are Sciaridae, Empididae, Rhagionidae,

Lestremiidae, Limoniidae and Tipulidae. In the Solling forest, Sciaridae and Scio-

philidae have distinctly higher zoomass values than other dipteran groups. The

dipteran community in the Zierenberg forest is rather similar to that of Göttinger

Wald (Markwardt 1993).

Some presumptions about the reasons for different habitat preferences of the

fauna are possible (Schaefer 1991a, b, c). Protozoa and Nematoda probably utilise

the rich bacterial populations in mull soils. The reason for the suppression of

shell-bearing gastropods in moder soils appears to be the low Ca availability; this

element is required for the formation of the shell. Enchytraeids need high

moisture, which is secured more in moder soils than in mull soils. Density and

biomass of Enchytraeidae are inversely related to density and biomass of earth-

worms and are perhaps directly influenced by earthworm occurrence. The sus-

ceptibility of individuals to low pH values (Edwards and Bohlen 1996) may be

one reason for the absence of most earthworm species in acid soils; another

reason may be the restricted substrate feeding in the A and B horizons of moder

soils. Oribatid mites and collembolans might be favoured in moder soils by the

high quality of available fungal food. Fungi would provide enough Ca which is

accumulated by these microfloral populations. Many collembolan species are

preferably fungal feeders and may be favoured by high population densities of

microfungi (Hopkin 1997). The reason for the absence of isopods and diplopods

in acidic moder soils may be the low Ca availability; this element being an

important constituent of the skeleton. Generally, the absence of herbs will have

a detrimental effect on some groups of the saprophagous macrofauna (see

Chap. 12). The voluminous organic layers in the moder ground floor may favour

the establishment of predatory macrofauna populations, such as spiders, chilo-

pods, carabids and staphylinids. According to Wallwork (1970), zoophagous

arthropods (such as centipedes, spiders, pseudoscorpions, opilionids and predato-

ry beetles) are generally better represented in moder profiles than in mull,

probably in parallel to the high numbers of microarthropods as potential prey.

7.4 Meso-Gradient from Basalt to Limestone

at the Zierenberg Site

Some of the animal groups are distributed in a characteristic pattern along the hill

gradient of the Zierenberg site (cf. Table 7.2). There is a tendency for high faunal

diversity in the intermediate site; however, species numbers were rather similar in

all three sites covering the gradient. Nematodes and the mesofauna reach high
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numbers in the basalt site. Groups of the macrofauna (saprophagous and zoopha-

gous) attain high densities in the intermediate site and are less pronounced in the

limestone site. The distribution pattern of nematodes and earthworms is discussed

below in more detail.

Nematoda. The limestone site is characterised by lower nematode numbers and

biomass (Alphei 1995). In this case, lower soil moisture appears to be a decisive

factor. Herbivorous populations are well developed in the intermediate and basalt

sites because of the high availability of aboveground and belowground herb litter.

The root ectoparasites Paratylenchus, Helicotylenchus and Rotylenchus had their

highest density at the intermediate site with abundant Urtica litter. It appears that

Helicotylenchus is favoured by this nitrogen-rich plant material.

Lumbricidae. The earthworms had their highest density and biomass at the

intermediate site (Bonkowski 1991). Obviously, they are favoured by abundant

high-quality herb litter material (mainly stinging nettle) and by the balanced

moisture regime of this site. Some endogeic lumbricids prefer soil rich in Protozoa

and the rhizosphere of herbs and/or grasses. Adverse factors in the basalt site might

be frost in winter, and in the limestone site, low soil water content in summer.

However, the low numbers of L. terrestris at the Zierenberg site are difficult to

explain (Bonkowski 1991; Schaefer et al. 1993).

Obviously, the presence of stinging nettle in the intermediate site as a rich high-

quality resource favours the saprophagous fauna and offers high structural diversity

for carabid and staphylinid beetles. High availability of basic cations in the lime-

stone site is a key factor for the development of the macrofauna. More acid

conditions are responsible for the dominance of the mesofauna in the basalt site.

Here, bioturbation is less pronounced, which explains the fact that the fauna does

not occur deeper in the soil than at the limestone site.

7.5 Conclusions

Some distinct patterns emerge for the distribution of the animal taxa in the macro-

and meso-gradient from mull to moder. The change of abiotic soil conditions and of

the availability of specific food resources from base-rich to acid soils leads to faunal

and microfloral change. The patterns are diverse and may concern the composition

of the fauna on higher taxonomic levels and on species levels, population densities,

faunal and microfloral biomass, life-forms and trophic types and mean body size.

Some of the trends are interpretable, as was demonstrated for the macro-gradient

and the meso-gradient. As factors responsible for the observed patterns, the follow-

ing emerge: soil pH, cation exchange capacity, depth and structure of the litter

layer, bioturbation by earthworms, composition and biomass of the microflora and

quality of litter resources (herb, canopy litter). However, often causal relationships

are cryptic. The spatial sequence of woodland sites with different pH conditions can

be regarded as a false time-series for human impact via acid rain (see Chap. 12).
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wald: Phänologie und räumliches Verteilungsmuster. Diplomarbeit, Göttingen
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Chapter 8

Tree Growth, Biomass, and Elements in Tree

Components of Three Beech Sites

P. Rademacher, P.K. Khanna, J. Eichhorn, and M. Guericke

8.1 Introduction

The role of site factors in determining tree growth, especially those relating to

nutrient availability, is well recognised. For example, it is well known that high

inputs of atmospheric N in recent decades have increased the growth of a number of

tree species in Europe (Oren and Schulze 1989; Spiecker 1999; Dieter and Elsasser

2002). Various nutrition-related plant physiological reasons are given for this

increase in forest growth. One is the improvement in widespread N deficiency

that had occurred in European forests prior to high atmospheric N inputs. However,

it is not known how widespread this growth increase is and for how long this would

extend in the future (Oren et al. 1988; Scarascia-Mugnozza et al. 2000).

Among many site parameters, those affecting the extent of net allocation of

photosynthetic resources to belowground components are considered important for

the aboveground tree growth. For example, the allocation of photosynthates to the

production and respiration of fine roots, which may be high in soils of high acidity

and low base content, may lead to decreased allocation to the stem (woody

components) (Alexander and Fairley 1983; Hofmann 1985; Santantonio and

Hermann 1985; Dyckmans et al. 2000). Similar to soil acidity and nutrient avail-

ability, soil moisture is another important site factor which is expected to affect

wood growth through changes in photosynthesis, canopy size and allocation pat-

terns (Jurgensen and Leaf 1965; Wittwer et al. 1975).

It is sometimes hypothesised that the growth of beech trees may differ in relation

to differences in climatic and latitude conditions. But the recent studies involving

long transects in Europe by Scarascia-Mugnozza et al. (2000) indicated that stand age

was the main factor affecting the growth of beech, and probably the local manage-

ment and site specific factors also affected the pattern of growth. The present study

aims to describe the role of chemical soil factors as they affect beech tree growth

and biomass distribution of various tree components on the three long-term experi-

mental sites.

R. Brumme and P.K. Khanna (eds.), Functioning and Management of European Beech 105

Ecosystems, Ecological Studies 208,
DOI: 10.1007/b82392_9, # Springer-Verlag Berlin Heidelberg 2009



Nutrients are withdrawn from the cycling fractions through accumulation in the

woody components including bark which may affect levels in leaves. Any severe

decrease in nutrient levels would affect growth of the existing stand. Moreover,

nutrient removal through wood harvesting may remove a significant proportion of

available soil nutrients affecting growth and sustainability of future stands. In

mature beech stands, up to 1,000 kg N, 100 kg P, 500 kg K, 2,000 kg Ca and 150

kg Mg per hectare can be incorporated in the above- and belowground biomass,

depending on the site and tree species (Rademacher 2002). A comparison between

the amount of nutrients removed from the nutrient cycling fraction and accumulated

in the woody biomass with the inputs from atmospheric depositions and also the

rate of mineral weathering in soils (Ulrich et al. 1975) would provide an indication

of the sustainable nature of the nutrient cycle in these stands. For example, the

amount of calcium in the litter layer and in the mineral (0–50 cm depth) soil layer in

oak stands on very poor heathland sites was found to be one-third of the amount of

Ca accumulated in the stand which appears unsustainable (Bredemeier 1987). In

spruce and beech sites on poor to average sites in the Central Mountain ranges in

Germany, the amount of Ca in the topsoil and in the stand was found to be of similar

magnitude (Ulrich 1972; Ulrich et al. 1986; Matzner 1988). However, the nutrient

rich soils or calcareous soils supporting beech contained 5–30 times the amount of

available nutrients than were present in the stand, indicating a high buffer of stored

nutrients in the soil for future use by forest stands (Boyle and Ek 1972; Ulrich et al.

1975; Meiwes and Beese 1988; Hochbichler et al. 1994; Rademacher 2002).

Biomass production and nutrient retention rates are commonly calculated by

using conventional inventory methods (Kreutzer 1976; Weetmann et al. 1979;

Madgwick and Tamm 1987), while allometric methods are employed for assessing

the biomass of various tree components. However, due to lack of long-term

measurement of various stand parameters required for inventory purposes, comp-

uter growth models are also used (Montès et al. 2000; Augusto et al. 2000; Joosten

and Schulte 2003). The influence of site nutrition and atmospheric pollution is

evaluated by long-term trends in tree growth and by using the ‘stability’ indicators

of forest ecosystems (Young 1967; Ulrich et al. 1975; Weetman et al. 1979; Binkley

1986; Lindberg et al. 1986; Likens et al. 1996; Meesenburg et al. 1998).

This chapter provides the growth data from the three experimental sites which in

some cases were measured over three decades. The three sites, Solling, Göttinger

Wald, and Zierenberg, carry beech stands of almost similar age that grow under

similar climatic conditions and are located close to each other, but differ in their soil

properties (see Chaps. 1–7, this volume). They represent a wide range of soil

chemical properties with major differences in soil acidity, providing a unique

opportunity to study the differences in stand growth. We hypothesised that alloca-

tion of resources to roots will differ on these sites as a significant amount of

resources are involved in the production and maintenance of fine root system

under acid soil conditions. In less acid soils, the allocation of biomass to aboveground

may result in higher growth rates of merchantable wood. The allocation of biomass

resources to different tree components were analysed to identify relationships be-

tween tree growth and factors affecting the growth of different tree components,
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particularly of stem-wood. In addition, the nutrient accumulations by different tree

components at these sites were analysed with respect to the amount of removal

during harvesting depending upon the intensity of harvesting. The sustainability of

such practices in terms of depletion of soil nutrients is also discussed.

8.2 Sites and Methods of Data Collection

The history of stand development differs at the three sites. The 153-year-old beech

stand (2000) at the Solling site has developed from natural regeneration, under-

going periodical silvicultural thinnings until 1966 after which a few trees affected

by disease or windthrow were felled (Table 8.1). The main experimental plot was

fenced and was not limed or fertilised. The understorey at this site is sparser than at

the other sites (Ellenberg et al. 1986).

The beech site of Göttinger Wald (132-year-old stand in 2000) is located in a

beech regeneration forest following the commonly employed system of beech

management. It was managed under a regime of thinning from below until 1960

(Schmidt, Chap. 5, this volume). This experimental site was fenced upon establish-

ment in 1980 and left untreated. It has lush understorey vegetation (Pellinen 1986;

Meiwes and Beese 1988).

The beech stand at Zierenberg was regenerated 156 years ago (2000) (Eichhorn

1995). Due to a dense understorey of stinging nettle (Urtica dioica), it was

frequently thinned during the 1980s to create better conditions for regeneration.

The soil was cultivated in 1980 to enhance natural regeneration, which was

followed by low intensity shelterwood harvesting in 1996/97 and 1999 (Mrotzek

1998; Schulze and Eichhorn 2000).

8.2.1 Stem Growth

Forest inventory data at the intensively monitored Solling, Göttinger Wald and

Zierenberg sites were collected as part of research programs by the Universities of

Göttingen and Kassel, and the State Forest Research Centres of Lower Saxony and

Hessen. At the Solling research site, 244 beech trees at the B1 plot (1 ha area)

representing different diameter classes were measured initially in 1968 (Ellenberg

et al. 1986). For the measurements taken in 2000, there were only 199 trees ha�1

left on the site. At the Göttinger Wald site (0.31 ha area), 283 trees ha�1 were

measured in 1995 which had decreased to 245 trees in the inventory taken in 2000.

At the Zierenberg site (0.77 ha area), there were 134 trees ha�1 in 1990 and

decreased to 132 trees in 2000.

The diameters at breast height of all trees at all sites have been measured at least

every 5 years. The height was measured periodically, and the height data were

plotted against diameter measurements each time. Diameters at breast height values
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were used to obtain basal area (m2 ha�1). The mean tree basal area was calculated

for each site and converted to mean tree diameter. From the diameter/height

relationships, the mean tree height was calculated for each site.

The wood volume (wood >7 cm diameter at breast height) was then calculated

by allocating the stem a truncated cone form (Kramer and Akça 1982). Wood

volume was computed by using the total basal area and the mean tree height for

each of the measuring periods. The removal or death of a tree during the measuring

periods was recorded and derivations of its basal area and wood volume were

obtained in the same way as for living trees. Cumulative values of total basal area

and tree volumes were then obtained for the measuring period by including standing

and harvested trees. These cumulative values were then used to calculate the

periodic increments of basal area and wood volumes.

8.2.2 Biomass Measurements of Different Tree Components
on Two Sites

8.2.2.1 Solling Site

Thirty-six trees belonging to different diameter and age classes (40, 80 and 120

years) were harvested from six plots in the Solling area in 2000 to determine the

biomass of tree components. Biomass was calculated by determining the volume

(length and circumference) of woody components along the main stem (first 30 cm

and subsequently in 1-m lengths) and for all the branches of diameters greater than

7 cm. The bark volume was calculated from bark thickness measurements taken at

1- to 2-m distances along the stem and branches (Rademacher and Müller-Using

2004). A reduction in wood volume arising from moisture loss during drying of

16.3% was considered in the calculation while such a factor was not applied for

bark. To calculate wood and bark biomass, density values of wood 0.66 g cm�3 and

of bark 0.42 g cm�3 were used. These values were taken from Kollmann (1951) and

Kramer and Akça (1982).

After harvesting the crown, branches <7 cm in diameter including bark were

allocated to different diameter classes and their fresh weights were recorded. Individual

samples were dried in the laboratory at 103�C. After determining the moisture content,

total dry weight was calculated. Samples of the wood and bark were also taken for

analysis. They were dried at 60�C, ground and analysed for different nutrients.

All root material with a diameter of 2 mm or more was defined as coarse roots.

Coarse roots from 36 harvested trees were measured by manual excavation under

water-saturated soil conditions as described in detail by Bolte et al (2004). After

cleaning the roots, the root system was divided into three-dimensional sections

comprising concentric rings (Nielsen 1995; Kuhr 2000) by recording three parameters:

(1) distance from the stem base in 50-cm sections up to a maximum distance of 400 cm

along the horizontal coarse roots, (2) soil depth using 25-cm sections (top soil) and

50-cm sections to a maximum depth of 200 cm, and (3) orientation in four discrete
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directions: NE, SE, SW and NW. All root radii entering and leaving a section were

recorded to calculate volumes for each root section to derive the total coarse root

volume for each tree. Oven-dry mass of coarse roots was derived from the dry

weight of a random sample of different root parts (n = 313); coarse root parts were

oven-dried for at least 48 h at 103�C to a constant weight. Average dry root

densities were calculated using a linear regression between coarse root volume

and coarse root biomass without intercept. Dry root density value was 0.536 t m�3

for beech (r2 = 0.94; Bolte et al. 2004).

The biomass allocation ratio of the below (including fine roots) and aboveground

beech tree compartments was 0.10 � 0.03. These results are similar to those in

other studies on comparable sites in the region. However, the ratio for pure stands in

other regions growing under different site conditions is somewhat higher. Sup-

pressed beech trees (diameter at breast height <10 cm) commonly have the lowest

values.

Foliage biomass was considered to be same (2.7 Mg ha�1) as the mean litter fall

value at the Solling site and the data were converted to per tree basis by considering

the number of trees on a site and the individual tree biomass. Fine root biomass was

taken as 6 Mg ha�1 (Murach et al. Chap. 9, this volume).

8.2.2.2 Göttinger Wald Site

Inventory data were available for 19 beech trees from four plots at the Göttinger

Wald site from an earlier investigation by Pellinen (1986), where seven different

tree components were investigated. However, as for the Solling site, these were reduced

to six main components (see Tables 8.4 and 8.7). For this study, the biomass data for

each component as collated by Pellinen (1986) and Murach et al. (Chap. 9, this

volume) were used. No sample trees were harvested at Zierenberg.

8.2.3 Biomass Modelling at Different Experimental Sites

Linear regression equations were calculated from the basal area of the harvested

trees and the measured biomass of various tree components. The following tree compo-

nents were separated: leaves, branches <7 cm diameter including bark, wood >7 cm

diameter in breast height, bark of wood>7 cm, coarse roots>0.2 cm diameter including

bark and fine roots <0.2 cm diameter (Table 8.3, Figs. 8.2–8.5). These regressions

were then used to calculate the biomass for each stand using the basal area of

individual trees at the Solling and Göttinger Wald sites. The use of linear regression

equations instead of the commonly used log transformations meant that a correction

factor for bias in log transformation equations was not required for biomass

calculations. As the basal area of the largest harvested tree was smaller than some

of the trees found at the sites, the linear regressions were extrapolated with the

assumption that they remained valid for large-sized trees. The variation in
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the estimated value is expected to be high for the larger trees, potentially resulting

in large errors in the estimations.

8.2.4 Nutrient Concentration of Various Tree Components

Samples of wood, bark, branches and coarse and fine roots were collected from the

harvested trees to measure nutrient concentrations. Samples of fully grown leaves

were collected in August 1999 at the Solling and Göttinger Wald sites from the trees

adjoining those harvested for biomass sampling in the following year, and preced-

ing the tree harvest. Green leaves were collected from various parts of the canopy

(lower, middle and upper). Samples were dried, ground and digested using HNO3

(under pressure) prior to analysis using ICP- emission spectroscopy (Meiwes and

Beese 1988; König and Fortmann 1998; Rademacher et al. 2001; Rademacher and

Müller-Using 2004).

8.3 Stand Growth

8.3.1 Solling Site

In 1968, stand density of the 121-year-old beech stand at the Solling site was 244

trees per ha. During the 32 years of measurements, 45 trees were removed because

they died or had disease or constituted a safety risk. The harvesting regime at the

site did not conform to conventional management practices as outlined by the yield

tables. According to the yield tables, only 152 trees with smaller basal area and

lower stem volume per ha should have been retained at the stand age of 150 years,

instead of the 199 trees per ha presently on the site. This high density is expected to

affect tree growth, as well as the density of the beech natural regeneration and

understorey growth (Table 8.1).

Table 8.1 shows that trees at this site are still growing in height and diameter at

the age of more than 150 years. Mean height increased by 4.7 m in the last 32 years

(from 25.3 to 30.0 m, 19% increase in 32 years) and diameter at breast height

increased by about 9 cm (from 37.9 to 46.8 cm, 23.5% increment).

In 2000, the living basal area was 34.2 m2 ha�1 (24%more than in 1968), and the

standing wood volume was 519 m3 ha�1. A small loss (38 m3 ha�1 since 1996) of

wood volume due to tree deaths was recorded. On average, the annual increment in

basal area was 0.38 m2 ha�1 per year and merchantable wood including bark (wood

+bark>7 cm) volume over the 32-year period was 7.7 m3 ha�1 per year (Table 8.2).

The values measured for various periods, usually about 5 years, were highly variable

and did not reveal a clear trend over time. Annual growth for these parameters during

the last 10 years is comparable with the previous 20 years, both higher than those

predicted by the yield tables. The annual growth of merchantable wood (wood>7 cm
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diameter) including bark is about 17% higher than expected in yield tables during

the last 32 years. Although the number of trees at the Solling site is 25% higher than

yield tables predict, mean tree height and diameter are actually slightly higher than

the yield table values. The annual basal area and volume increment values fall

within the ranges given in yield tables. However, the aboveground biomass and

basal area are about 40% higher, indicating higher growth rates or lower tree

removals in the past.

Guericke (2002) reported that maximum annual diameter at breast height incre-

ments of up to 7 mm occurred in the largest diameter class, 60–70 cm, in thinned

mature beech stands. At the Solling B1 site, diameter increments in the diameter

class 60–70 cm of up to 5 mm were recorded and up to 8 mm in the 50–60 cm

diameter class. In contrast, the annual diameter at breast height increment in the

lower diameter classes at the B1 site declined considerably, from 3.1 to 1.1 mm, due

to the decline in light availability with increasing stand density.

Despite the less favourable soil characteristics found at Solling, the volume and

growing stock levels are high compared to other stands on similar sites, with more

than 500 m3 of merchantable wood volume including bark (Nihlgård 1972; Kreut-

zer 1976; Khanna and Ulrich 1991; Röhrig 1991; Jacobsen et al. 2003). However,

the annual growth increment rate at Solling is comparable to the average growth on

similar sites under best conditions. The percentage of trees with diameter at breast

height >50 cm increased from 14% in 1980 to 27% in 2000 in the stand at the

Solling site. The target diameter of >65 cm for one tree per hectare was first

Table 8.2 Annual growth parameters for different periods and yield class values (YC 1 at age 130

years and 150 years for Göttinger Wald and Zierenberg, respectively, YC 3 at age 150 years for

Solling) according to Schober (1987) for the Solling, Göttinger Wald, and Zierenberg intensively

monitored sites (tree density refers to values at the end of the period; BA basal area, YC yield

classes after Schober 1987)

Tree age Tree density BA increment Wood volumea increment

Year N ha�1 m2 ha�1 per year m3 ha�1 per year

Solling

121–134 226 0.43 9.2

134–144 217 0.34 5.7

144–153 199 0.33 7.7

121–153 244–199 0.38 7.7

YC 152 0.36 6.5

Göttinger Wald

113–129 252 0.69 15.2

129–132 245 0.50 9.7

113–132 283–245 0.66 14.3

YC 196 0.45 10.1

Zierenberg

145–151 133 0.41 9.5

151–156 132 0.34 9.0

145–156 134–132 0.38 9.3

YC 145 0.41 9.5
aWood volume = wood >7 cm diameter in breast height plus bark
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reached at the stand age of around 120 years. Thereafter, there were two stems at

130 years, three stems at 145 years, five stems at 149 and six stems at 153 years

which had reached the target diameter. In a ca. 150-year-old beech stand in Lower

Saxony, Guericke (2002) measured 20 trees with diameter at breast height>65 cm,

whereas the majority of trees belonged to the 45–60 cm diameter class. At Solling,

the 45- to 60-cm-diameter class comprised of only about half that number of trees.

Over 100 years observation period, the basal area of the remaining stand after

thinning in Guericke’s study ranged between 25 and 30 m2 ha�1, depending on tree

number and tree diameter, whereas the basal area at Solling ranged between 28 and

35 m2 ha�1 during the last 30 years.

8.3.2 Göttinger Wald Site

Beech trees at the Göttinger Wald site were 132 years old in 2000, with 245

trees ha�1 (Table 8.2). Over a 20-year measurement period, the mean tree height

(2000: 33.7 m) has increased by 8%, whereas the mean diameter at breast height (in

2000: 45.7 cm) has increased by 17%.

In 2000, the basal area of the standing trees amounted to 39.5 m2 ha�1, and

the volume of merchantable wood (wood >7 cm diameter including bark) was

686 m3 ha�1. The annual productivity calculated at this site is highly variable

from period to period, indicating the importance of annual variation in certain

factors affecting tree growth. In the last 20 years, the basal area increment was

0.66 m2 ha�1 per year and volume increment 14.3 m3 ha�1 per year. Thus, annual

growth is much higher here than at the Solling site (1.7 times basal area and 1.9

times wood volume). The high productivity of this site may be related to many

factors. The mean annual growth rates for basal area and for wood are 44% and 39%

higher, respectively, than expected from the yield tables. Similar to these results,

high increment and yield values have been reported by others on only a few sites

with favourable nutrient and growth conditions (Khanna and Ulrich 1991; Röhrig

1991; Hochbichler et al. 1994; Persson et al. 2000).

8.3.3 Zierenberg Site

The Zierenberg site was included as a long-term experimental site in 1990 (Eich-

horn 1995). At that time the trees were 145 years old and had been subjected to

standard thinning and regeneration felling regimes (more details in the chapter by

Schmidt,Chap. 5, this volume). These practices left a relatively small number of

trees on the site (132) compared to those on the other two sites (Table 8.1).

Mean tree diameter at breast height value at this site was 59.9 cm in 2000

representing an increase of 3.6 cm over the 10-year measuring period. The average

tree height at Zierenberg was 36.7 m. In 2000, the basal area at Zierenberg was

8 Tree Growth, Biomass, and Elements in Tree Components of Three Beech Sites 113



32 m2 ha�1, and the merchantable wood volume (wood >7 cm diameter including

bark) 595 m3 ha�1. For the 10 years preceding 2000, the mean annual growth rates

for basal area was 0.38 m2 ha�1 and the volume was 9.3 m3 ha�1 (Table 8.2). The

basal area values were similar to those on the Solling site although fewer trees were

present, indicating that annual diameter growth rates of single trees at Zierenberg

site were much higher (0.070 m3 ha�1 per year compared to 0.054 m3 ha�1 per year

at Göttinger Wald and 0.035 m3 ha�1 per year at Solling).

8.4 Comparison of Stand Growth at the Three

Experimental Sites

The relationship between tree height and stem diameter followed an exponential

pattern on all the three sites (Fig. 8.1), indicating that height growth slowed down

once trees reached 30–35 cm in diameter at breast height whereas diameter growth

continued to increase at the usual rate. However, an increase in height growth was

recorded at all the three sites despite the age of the stands and the lack of intensive

management of the sites (Ellenberg et al. 1986; Ulrich et al. 1986; Matzner 1988).

The annual basal area and wood volume production during the last 10 years followed

the order: Solling < Zierenberg < Göttinger Wald (Table 8.2). Due to low tree

density at the Zierenberg site, the annual growth of the single trees was higher at

this site than at the other two sites following the order: Zierenberg > Göttinger

Wald > Solling.
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The annual values of wood volume increments observed at these sites were

7.5 m3 for Solling and 9 m3 for Zierenberg which fall within the yield classes 2 and

1. At Göttinger Wald, the annual increments in wood volume ranged between 10

and 15 m3, corresponding to higher levels than given for yield class 1. At all the

three sites, the stem growth rates are much higher than predicted by the yield tables

which may be due to high atmospheric nutrient inputs, longer growing periods and

better spectral conditions for photosynthetic activities. Other factors such as the

high frequency of mast years may have adversely affected the stem growth in

individual years (Burschel 1966). Diversion of photosynthates to the production of

fruiting bodies has been shown to affect stem growth (Ellenberg et al. 1986).

Following the very dry year 2003 in Germany, a reduced stem growth (height

and diameter) was accompanied by an increased fructification in 2004 at seven

beech forests including the Zierenberg site (Eichhorn et al 2008).

The basal area at the three study sites in 2000 followed: Zierenberg (32 m2 ha�1)

< Solling (34 m2 ha�1) < Göttinger Wald (40 m2 ha�1). The mean annual basal

area increment for the total observation period of 0.38 m2 at both Solling and

Zierenberg lie within the values given in the yield table, whereas the 0.66 m2 value

at Göttinger Wald (yield table value 0.45 m2) indicated much higher tree growth.

The order of sites for mean annual volume increment per hectare was Solling

(7.7 m3 ha�1 per year) <Zierenberg (9.3 m3 ha�1 per year) <Göttinger Wald

(14.3 m3 ha�1 per year). These site differences were primarily due to tree density

arising from forest management practices. Persson et al. (2000) reported the values

of wood volume increment in 80- to 160-year-old beech stands along the north–

south gradient from Sweden to Italy. The distribution of wood volume increments

ranged from 2.4 to 5 m3 ha�1 per year in France and Italy, and from 9 to 12 m3 ha�1

per year in Denmark and the Czech Republic. The corresponding values for the

Solling and Zierenberg sites were in the middle to upper range whereas the

Göttinger Wald stand with 14 m3 ha�1 per year showed the maximum annual

volume increment in Europe. This value was similar to the value obtained for

spruce stands in Denmark by Persson et al. (2000).

However, for values relating to basal area distribution, Persson et al. (2000)

found that maximum values occurred most frequently in the Central European

region (72 m2 ha�1) whereas minimum values occurred in northern Sweden

and the south of Italy. The temperature and precipitation conditions in Central

Europe are more favourable during the growing season, and there are high

atmospheric depositions of N and S causing these high growth rates, particularly

in the Czech Republic, Germany and France despite the low soil pH values

(Persson et al. 2000).

A number of soil chemical characteristics such as pH values, exchange capacity,

base saturation, Ca/Al ratio in the soil solution and percentage of Al at exchange

sites were more favourable on the Göttinger Wald and Zierenberg sites where high

growth rates were recorded. In addition, other site parameters such as elevation,

mean annual temperature, the mineral content of the geological substrate, soil type,

the buffer region of the mineral soil and humus type are more favourable for tree

growth at the Göttinger Wald and Zierenberg sites than at the Solling site (Ulrich
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and Summer 1991; Eichhorn 1995; Becker et al. 2000; Persson et al. 2000; Jacobsen

et al. 2001; Meesenburg et al. see Chap. 3, this volume).

8.5 Biomass of Harvested Trees and Annual

Biomass Increments

The aboveground and belowground biomass of a single beech tree ranged from a

few kilograms for trees of smaller diameters to about 3–4 Mg for trees of the largest

diameters harvested at Solling and Göttinger Wald sites (Figs. 8.2 and 8.3) indicat-

ing the close relationship between tree biomass and tree basal area (Table 8.3).

Relationships between basal area of single trees to total biomass and above-

ground biomass were described as linear regressions (Table 8.3) because the r2

values obtained for linear regressions were higher than those obtained when
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breast height for the Solling area
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exponential functions were fitted to the data (not presented here). Stem-wood is the

main component of biomass, particularly when tree diameter at breast height is

greater than 20 cm (Figs. 8.4 and 8.5). The r2 values of linear regressions between
basal area and stem-wood is about 0.97–0.99 (for exponential regressions, 0.73–

0.81), and slightly lower for other tree components, such as bark, branches, leaves

and coarse roots (Table 8.3).

Despite the higher tree number at the Göttinger Wald site the biomass of a single

tree was considerably higher than at the Solling site (Table 8.1, Figs. 8.2–8.5). The

total biomass values of aboveground and belowground components were calculated

to be ca. 394 Mg ha�1 at Solling and 508 Mg ha�1 at Göttinger Wald (Table 8.4).

Merchantable wood (>7 cm diameter) was 268 Mg at Solling and 371 Mg at

Göttinger Wald. Whereas trees at the Solling site had higher biomass of branches

<7 cm diameter (71 Mg ha�1) than at the Göttinger Wald site (35 Mg ha�1), that of

roots >0.2 cm diameter (74 Mg ha�1) and bark (22 Mg ha�1) were higher at the

Göttinger Wald site (Table 8.4). The reasons for these high biomass values of

coarse roots and bark at the Göttinger Wald site are not known but may be related to

the calcareous nature of the soil. In addition to high plasticity of beech in allocating
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biomass to coarse roots depending on the site conditions, Bolte et al. (2004)

observed that the method of assessing coarse root biomass might be the cause of

the major variations observed. There are primarily two factors involved: (1) defini-

tion of root crown and problem associated with clear separation of root from

the stem stump, which in most cases may overestimate the root biomass, and (2)

assessment of biomass of missing roots due to broken root-ends during excavation.

Table 8.3 Linear regression parameters (y = ax�b) between biomass of various tree components

(y, Mg per tree) and tree basal area, (x = basal area in cm2) for 36 beech trees from the Solling

area (Rademacher and Müller-Using 2004) and 20 beech trees from the Göttinger Wald area

(Pellinen 1986)

Component r2 a b

Solling

Wood (>7 cm) 0.974 0.000839 0.12140

Bark (>7 cm) 0.943 0.000046 0.00639

Branchesa (<7 cm) 0.909 0.000179 0.01327

Leaves 0.919 0.000010 0.00083

Coarse rootsa 0.746 0.000081 0.00358

Aboveground biomass 0.977 0.001074 0.14189

Total biomass 0.975 0.001156 0.14547

Göttinger Wald

Wood (>7 cm) 0.990 0.000961 0.13423

Bark (>7 cm) 0.962 0.000063 0.01069

Branchesa (<7 cm) 0.968 0.000143 0.02288

Leaves 0.939 0.000010 0.00135

Coarse rootsa 0.987 0.000201 0.02613

Aboveground biomass 0.989 0.001177 0.16916

Total biomass 0.990 0.001378 0.19529
aIncluding bark

0 500 1000 1500 2000 2500

Basal area (cm2 tree –1)

wood>7

+bark>7

+branches<7*

+roots>0,2

0

1

2

3

4

B
io

m
as

s 
(M

g
 t

re
e 

–1
)
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The aboveground biomass in a forest stand depends on stand age, tree species

composition and site characteristics, and may range from 100 to 330 Mg ha�1 in

temperate mixed broadleaved forests aged 30–200 years (Khanna and Ulrich 1991).

Hochbichler et al. (1994) found that 300 Mg ha�1 of aboveground biomass had

accumulated in a 40-year-old beech forest in Austria, of which the merchantable

wood >7 cm diameter including bark comprised 80%. The total net aboveground

production of all woody components in forests during a period of 100 years comm-

only ranges from 300 to 700 Mg ha�1. However, in managed forests of that age,

about 50% of this total woody biomass is commonly removed during intermittent

thinnings. Thus, the aboveground standing biomass at the average age of 100 years

for ten beech sites was found to range from 60 to 350 Mg ha�1 (Rademacher 2002).

Among others, Jacobsen et al. (2003) calculated 290 � 100 Mg ha�1; Kreutzer

(1976) 115–300 Mg ha�1 in 130–140-year-old beech; Nihlgård (1972) 324 Mg

ha�1in 80-year-old beech; and Scarascia-Mugnozza et al. (2000) 210–330 Mg ha�1.

Based on eight studies in northwestern European beech sites, Röhrig (1991)

found the aboveground biomass in 90- to 150-year-old stands to be about 200–

400 Mg ha�1.

From the literature review provided by Rademacher (2002), the annual total

biomass production rate (aboveground and belowground components for a mean

rotation length) was found to range from 4 to 7 Mg ha�1 per year for beech, which

were similar to the values obtained for other tree species with values of 2–6 Mg ha�1

per year for pine and 4–8 Mg ha�1 per year for spruce. For beech stands, the most

productive growth phase occurs at an age of more than 125 years with values of 9.2

for the Solling site and 11.4Mg ha�1 per year for the Göttinger Wald site (Table 8.4).

This difference in total biomass production on the two sites reflects both the better

growing conditions and the high tree density on the Göttinger Wald site.

Leaves constituted a similar fraction of about 38% and 33% of the total biomass

produced annually at Solling and Göttinger Wald, respectively. However, the

annual production of fine roots formed a major difference between the two sites
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because 36% of the total biomass produced was invested in fine roots at Solling and

only 9% at the Göttinger Wald (Table 8.4). Thus, 74% of the annual biomass

produced each year was invested in the turnover fractions (fine roots and leaves) at

the Solling site whereas only 42% at the Göttinger Wald site. This difference in

the allocation of total biomass resulted in much higher wood production in the

Göttinger Wald stand. It appears that beech trees growing under acid conditions

need to invest high resources for the growth and maintenance of fine root biomass,

affecting the aboveground production.

Biomass content of aboveground and belowground components of trees on

these two sites has been previously reported in a number of studies which are

provided here for comparison purposes (see also Tables 8.5 and 8.6). For Göttinger

Wald, Pellinen (1986) calculated that the value of an annual production of mer-

chantable wood >7 cm diameter including bark was about 4.7 Mg ha�1 per year,

with 0.7 Mg each of branches <7 cm and of roots with bark. Meiwes and Beese

(1988) reported an annual production of 2.8 Mg leaves and 2.8 Mg fine roots in the

first inventory at Göttinger Wald. For the Solling site, Ellenberg et al. (1986)

calculated, for the period 1967–1977, the annual production of merchantable

wood including bark to be 5–7 Mg ha�1, of branches <7 cm 0.6–0.9 Mg ha�1,

and for coarse roots, 0.5–0.7 Mg.

8.6 Nutrients in Various Tree Components

Due to the calcareous nature of soils at the Göttinger Wald site (Table 8.7) the Ca

concentrations of all the different components of beech trees at Göttinger Wald

were much higher than those for the Solling stand and were about two times higher

than the mean values reported in literature (Table 8.7; also Bauer et al. 2000;

Jacobsen et al. 2003). Similar concentrations of Ca have been reported in the

beech sapwood on nutrient-rich sites in the Czech Republic and Italy (Bauer et al.

2000). Phosphorus concentration in all the tree components except the leaves was

lower at the Göttinger Wald site than at the Solling site. Concentration of Mg was

similar on the two sites for almost all the tree components. Leaves from the

Göttinger Wald site had higher concentration of K than those from Solling. C

concentration of tree components ranged from about 470 to 530 g kg�1 at both

the Solling and Göttinger Wald sites.

Comparing nutrient concentrations of various components, leaves had the high-

est concentrations of almost all the elements except for Ca which was higher in

bark. Bark was, next to leaves, the element-rich component of the trees on each site.

For most elements, fine roots of <0.2 cm thickness had similar concentrations as

bark on both the experimental sites. These differences in element concentrations

have nutrient management implications if bark is removed from the site with other

woody components during tree harvesting, as leaves and fine roots are commonly

left on the site for decomposition and mineralisation.
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ö
tt
in
g
er

W
al
d
/D

(s
it
e
C
)

1
0
0

3
2
9
6

3
7

3
3
6

G
ar
el
k
o
v
(1
9
7
3
);
in
:
R
ö
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ö
tt
in
g
er

W
al
d
/

m
o
d
el

si
te

A
-D

1
3
0

3
.7

5
.2

0
.5

9
.4

1
.0

1
.0

2
.0

1
1
.4

K
re
u
tz
er

(1
9
7
6
)

M
o
d
el
li
n
g
/Y
C
I

1
4
0

5
.0

0
.9

6
.0

1
.3

7
.2

R
ad
em

ac
h
er

et
al
.

(t
h
is
in
v
es
ti
g
at
io
n
)

S
o
ll
in
g
/D
,
m
o
d
el
li
n
g
B
1

1
5
0

3
.5

1
.8

0
.4

5
.7

3
.3

0
.2

3
.5

9
.2

R
ad
em

ac
h
er

(2
0
0
2
)

S
o
ll
in
g
/D

(B
1
/m

o
d
el
li
n
g
)

1
5
5

4
.6

3
.7

0
.6

8
.9

2
.0

0
.4

2
.4

1
1
.3

R
ad
em

ac
h
er

(2
0
0
2
)

G
ö
tt
in
g
er

W
al
d
/D

(m
o
d
el
li
n
g
)

1
5
5

2
.8

5
.7

0
.7

9
.2

2
.8

0
.4

3
.2

1
2
.4

S
ca
ra
sc
ia
-M

u
g
n
o
zz
a

et
al
.
(2
0
0
0
)

A
u
b
u
re
/F

1
6
1

2
.8

2
.0

2
.2

7
.0

1
.5

0
.5

2
.0

9
.0

A
ll
in
v
es
ti
g
at
io
n
s

(m
in
–
m
ax
)

A
ll
si
te
s

6
7
–
1
6
1

2
.8
–
4
.7

2
.0
–
6
.7

0
.4
–
4
.6

2
.9
–
1
2
.5

1
.5
–
3
.8

0
.2
–
1
.3

2
.0
–
4
.8

3
.5
–
1
6
.6

a
In
cl
u
d
e
2
%

A
ce
r

b
In
cl
u
d
e
1
4
%

A
ce
r

124 P. Rademacher et al.



Among the woody components, branches <7 cm and roots of >0.2 cm thickness

have similar values of higher concentrations of all elements than of the wood. Despite

the low values of all the elements in these three components, they still reflected the

differences in the amount of the elements available on the two sites. For example, the

concentrations of Ca were higher in these three components for Göttinger Wald than

those for Solling, whereas those of P were lower at Göttinger Wald.

In addition to the site factors affecting nutrient availability, age and size of trees

are important factors which may affect the concentrations of tree components

especially those of a woody nature. Common nutrient concentrations in the above-

ground beech components of smaller trees are high due to the higher proportion of

nutrient-rich non-woody components (Jacobsen et al. 2003). This was also observed

in our study of different sized trees harvested in the Solling area (data not shown).

However, Ca concentrations in the bark formed an exception, where higher values

were observed in the bark of larger trees due to its accumulation in the bark.

Nutrient concentrations in the mature leaves of beech trees depend upon a

number of soil- and site-specific factors and may vary depending on their atmospheric

Table 8.7 Nutrient and carbon concentrations (mean and standard deviation in brackets (values in

g kg�1) in various components of trees harvested in the Solling area (Rademacher and Müller-

Using 2004) (n = 36) and the Göttinger Wald area (Meiwes and Beese 1988) (n = 19), and for up to

11 literature studies (for roots, n = 3–5)

Element Leaves Branches

<7 cm

Bark

>7 cm

Wood

>7 cm

Roots

>0.2 cm

Roots

<0.2 cm

Solling

C 510 (14) 488 (18) 510 (10) 497 (7) 501 (9) 528 (16)

N 23.9 (2.4) 4.3 (1.6) 8.1 (1.8) 1.7 (1.8) 4.4 (1.1) 7.5 (2.3)

P 1.32 (0.19) 0.41 (0.14) 0.43 (0.18) 0.13 (0.13) 0.28 (0.09) 0.51 (0.28)

K 6.6 (1.5) 1.6 (0.4) 2.3 (0.5) 1.3 (0.3) 1.8 (0.6) 3.0 (1.0)

Ca 6.8 (2.0) 2.5 (1.1) 11.8 (3.0) 1.1 (1.0) 1.1 (0.2) 1.4 (0.5)

Mg 1.54 (0.71) 0.40 (0.15) 0.61 (0.19) 0.33 (0.11) 0.29 (0.10) 0.60 (0.16)

Göttinger Wald

C 500 (9) 496 (9) 474 (10) 489 (10) 488 (7) 529 (1)

N 25.1 (5.0) 4.0 (0.6) 6.3 (1.0) 1.8 (0.3) 5.0 (0.5) 7.9 (1.2)

P 1.34 (0.25) 0.29 (0.05) 0.36 (0.05) 0.09 (0.04) 0.21 (0.05) 0.27 (0.06)

K 10.6 (1.4) 1.7 (0.3) 2.6 (0.6) 1.1 (0.2) 1.5 (0.5) 1.2 (0.4)

Ca 17.5 (3.2) 8.6 (1.4) 40.9 (5.3) 1.4 (0.4) 7.1 (1.9) 12.0 (2.2)

Mg 1.52 (0.43) 0.38 (0.08) 0.46 (0.11) 0.29 (0.13) 0.35 (0.08) 0.66 (0.12)

Literature*

C 490 (15) 474 (7) 468 477 (9) 466 507 (17)

N 26.0 (3.2) 4.3 (1.4) 7.4 (1.6) 1.2 (0.3) 3.0 (0.9) 7.2 (0.7)

P 1.46 (0.33) 0.48 (0.21) 0.50 (0.16) 0.10 (0.05) 0.35 (0.20) 0.60 (0.28)

K 8.7 (2.5) 1.5 (0.4) 2.3 (0.5) 0.9 (0.2) 1.3 (0.3) 2.2 (1.0)

Ca 8.9 (5.7) 4.0 (1.9) 20.5 (12.4) 1.0 (0.5) 2.7 (2.2) 5.3 (5.8)

Mg 1.25 (0.58) 0.36 (0.13) 0.59 (0.21) 0.25 (0.11) 0.43 (0.30) 0.74 (0.19)

*Scarascia-Mugnozza et al. 2000; Rademacher 2002; Jacobsen et al. 2003
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inputs. For example, the continuing high inputs of N indicated only small differ-

ences among sites with 80% of the sites in Germany recording 21–26 g N kg�1 in

beech foliage (BMELF 1997). The concentration of P in leaves varied more with

values from 1 to 1.5 g kg�1. Concentrations of cations K, Ca and Mg in beech

leaves depended very much on the soil conditions. The values for base cations in the

beech leaves in stands from the Central Mountain Ranges in Germany (alkaline or

calcium-rich soils) ranged from about 4 to 10 g K kg�1, 5 to 15 g Ca kg�1 and 0.7 to

2 g Mg kg�1 (Glavac 1987; Büttner et al. 1993; Asche 1997; Jacobsen et al. 2003).

Similar values were reported at all the survey sites included in the national

tree health assessment (BMELF 1997). The long-term studies at the Solling and

Göttinger Wald sites indicated significant temporal changes in the base content of

leaves. Leaf Ca concentration was reported by Meiwes and Beese (1988) to be high

in the 1980s at the Göttinger Wald site, when compared to the values reported for

the beech sites of a north–south gradient across Europe (Bauer et al. 2000).

Recently observed values of Ca in leaves are somewhat lower, but around 17 g

Ca kg�1 (Table 8.7). In contrast, the high Mg concentration in the beech foliage of

the Solling region as reported in this study (Table 8.7) was very high when

compared with low values (�0.7 g kg�1) found in other investigations in former

years, when acid deposition was much higher (Ellenberg et al. 1986; Büttner et al.

1993; NFV, unpublished), and Mg was not applied together with liming. From

various studies on nutrient concentrations in various tree species, the following

order is commonly reported: Beech � Oak > Spruce > Pine (Kreutzer 1976;

Augusto et al. 2000; Rademacher 2002; Jacobsen et al. 2003).

For the calculation of the total amount of elements in the tree components at the

Solling and Göttinger Wald sites, the measured values for different elements (Table

8.7) and the biomass data for different components (Table 8.4) were used. Leaves

and fine roots contributed very little to the total content of nutrients in the trees of a

mature stand (Table 8.8 and 8.9). However, when the total amount retained

annually is considered, the amount recycled through leaves and fine roots is much

higher than the amount retained by the woody components. This small fraction of

the total amount of nutrients retained annually when accumulated over a long

period of 100–150 years on these sites forms a significant amount of nutrients in

the woody components of trees. Wood and bark components retained about 6 kg N

annually at the Solling site and 18 kg ha�1 per year at the Göttinger Wald site

(Table 8.10).

The total amount of N retained by the aboveground biomass was about

1,000 kg per ha at the Solling and Göttinger Wald sites and more than 70% of

that in the wood and branches (Table 8.8). The total woody biomass (which also

included bark) accumulated about 2,200 kg ha�1 (in Göttinger Wald) of Ca, which

was three times higher value than that for the Solling site. Amounts of phosphorus,

potassium and magnesium retained did not differ greatly between the two stands.

The values given here fall in the ranges given in literature for the contents of P, K,

Ca and Mg in tree components (Table 8.9, Jacobsen et al. 2003).

Mean annual retention of nutrients by trees (woody components) during the last

10 years was calculated to be 0.9 kg P, 9 kg K and 2 kg Mg ha�1 at Göttinger Wald
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ö
tt
in
g
er

W
al
d
(G

W
)
ar
ea
s

S
it
e

L
ea
v
es

B
ra
n
ch
es

<
7
cm

B
ar
k
>
7
cm

W
o
o
d
>
7
cm

C
o
ar
se

ro
o
ts

>
0
.2

cm

F
in
e
ro
o
ts

<
0
.2

cm

A
b
o
v
e
g
ro
u
n
d

b
io
m
as
s

W
o
o
d
y

b
io
m
as
sa

T
o
ta
l

b
io
m
as
s

C
ar
b
o
n

S
O

1
.7
8

3
4
.5

8
.7

1
3
3

1
4
.3

3
.2
7

1
7
8

1
9
1

1
9
6

G
W

1
.8
5

1
7
.3

1
0
.2

1
8
1

3
6
.3

1
.5
3

2
1
1

2
4
5

2
4
8

N
it
ro
g
en

S
O

8
4

3
0
5

1
3
8

4
5
1

1
2
6

4
7

9
7
8

1
,0
2
0

1
,1
5
1

G
W

9
3

1
4
1

1
3
7

6
6
3

3
7
4

2
3

1
,0
3
4

1
,3
1
5

1
,4
4
1

P
h
o
sp
h
o
ru
s

S
O

4
.6

2
8
.9

7
.3

3
3
.9

8
.0

3
.2

7
4
.7

7
8
.1

8
5
.9

G
W

5
.0

1
0
.1

7
.8

3
3
.4

1
5
.6

0
.8

5
6
.3

6
7
.9

7
2
.7

P
o
ta
ss
iu
m

S
O

2
3
.0

1
1
3
.4

3
8
.3

3
3
4

5
1

1
8
.7

5
0
9

5
3
7

5
7
8

G
W

3
9
.2

5
8
.2

5
5
.1

4
0
8

1
1
0

3
.5

5
6
1

6
3
1

6
7
4

C
al
ci
u
m

S
O

2
4

1
7
6

2
0
0

2
9
1

3
2

9
6
9
1

6
9
9

7
3
1

G
W

6
5

3
0
1

8
8
4

5
0
4

5
2
8

3
5

1
,7
5
4

2
,2
1
7

2
,3
1
7

M
ag
n
es
iu
m

S
O

5
.4

2
8
.4

1
0
.4

8
8
.6

8
.4

3
.7

1
3
3

1
3
6

1
4
5

G
W

5
.6

1
3
.2

9
.9

1
0
7
.5

2
6
.0

1
.9

1
3
6

1
5
7

1
6
4

a
In
cl
u
d
in
g
v
al
u
es

o
f
b
ra
n
ch
es
,
b
ar
k
,
w
o
o
d
an
d
co
ar
se

ro
o
ts

8 Tree Growth, Biomass, and Elements in Tree Components of Three Beech Sites 127



T
a
b
le
8
.9

R
an
g
e
(m

in
im

u
m
–
m
ax
im

u
m
)
v
al
u
es

o
f
el
em

en
t
co
n
te
n
t
(k
g
h
a�

1
)
o
f
v
ar
io
u
s
co
m
p
o
n
en
ts
o
f
b
ee
ch

tr
ee
s
fo
r
1
1
li
te
ra
tu
re

v
al
u
es

(f
o
r
ro
o
ts
n
=
3
–
5
;

R
ad
em

ac
h
er

2
0
0
2
;
Ja
co
b
se
n
et

al
.
2
0
0
3
)

E
le
m
en
t

L
ea
v
es

B
ra
n
ch
es

<
7
cm

B
ar
k
>
7
cm

W
o
o
d
>
7
cm

C
o
ar
se

ro
o
ts

>
0
.2

cm

F
in
e
ro
o
ts

<
0
.2

cm

A
b
o
v
e
g
ro
u
n
d

b
io
m
as
s

W
o
o
d
y
b
io
m
as
sa

T
o
ta
l
b
io
m
as
s

N
6
1
–
1
5
6

8
0
–
4
6
0

4
7
–
1
5
0

1
2
7
–
4
4
6

7
7
–
2
8
2

1
4
–
4
5

3
1
5
–
1
,2
1
2

3
3
1
–
1
,3
3
8

4
0
6
–
1
,5
3
9

P
3
.1
–
9
.5

7
.5
–
5
5
.7

2
.8
–
1
1
.0

7
.0
–
4
4
.6

5
.5
–
3
9
.8

0
.7
–
5
.0

2
0
–
1
2
1

2
3
–
1
5
1

2
7
–
1
6
6

K
1
7
–
5
9

3
1
–
1
5
3

1
5
–
4
7

9
9
–
3
2
7

3
7
–
1
1
6

3
–
1
8

1
6
0
–
5
8
6

1
8
0
–
6
4
3

2
0
0
–
7
2
0

C
a

9
–
7
7

5
8
–
4
7
6

6
6
–
5
4
9

7
0
–
4
4
6

1
8
–
3
5
4

3
–
6
3

2
0
3
–
1
,5
4
9

2
1
3
–
1
,8
2
6

2
2
2
–
1
,9
6
6

M
g

1
.8
–
9
.7

6
.4
–
3
9
.5

3
.1
–
1
3
.4

2
0
–
1
0
7

4
.8
–
5
2
.8

1
.2
–
5
.3

3
1
–
1
7
0

3
4
–
2
1
3

3
7
–
2
2
8

a
In
cl
u
d
in
g
v
al
u
es

o
f
b
ra
n
ch
es
,
b
ar
k
,
w
o
o
d
an
d
co
ar
se

ro
o
ts

128 P. Rademacher et al.



T
a
b
le
8
.1
0

A
n
n
u
al
v
al
u
es

o
f
ca
rb
o
n
(M

g
h
a�

1
)
an
d
el
em

en
t
co
n
te
n
ts
(k
g
h
a�

1
)
re
ta
in
ed

b
y
v
ar
io
u
s
tr
ee

co
m
p
o
n
en
ts
fo
r
th
e
S
o
ll
in
g
(S
O
)
an
d
G
ö
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which were twice as large as those measured at Solling (Table 8.10). The amount of

N retained by the woody components was three times more at Göttinger Wald. The

value of 30 kg ha�1 Ca at Göttinger Wald was about seven times higher than at

Solling. The distinct differences in annual rates of nutrients retained at different

sites may primarily be the result of a reduction in growth and nutrient accumulation

in recent years at Solling, and the ongoing high nutrient uptake and biomass

production at Göttinger Wald.

Low values of nutrients retained annually in woody biomass components com-

pared to those turned over through leaves and fine root production indicated the

presence of highly efficient systems of element uptake and element re-translocation

in these trees. However, the two sites differed in the annual amount required for the

production of fine roots which was higher for N, P, K and Mg at the Solling site.

8.7 Stand Harvesting and Nutrient Export

Continuous growth of woody components in beech trees of more than 120 years old

at these sites indicates the continuing removal of nutrients from the turnover

components and soil to those which do not turnover (woody components), which

would have implications for the current and future sustainability of a forest site,

especially that relating to its nutrient levels. This would thus depend upon the

amount of nutrients withdrawn annually from the turnover fraction and that

exported in future harvesting operations in relation to the amount replenished

through soil weathering and atmospheric inputs (Ulrich 1972; Weetman et al.

1979; Federer et al. 1989; Adams et al. 2000; Scarascia-Mugnozza et al. 2000).

For two of the beech stands investigated in this study, the following harvesting

options involving the removal of different tree components can be considered:

merchantable wood >7 cm diameter without bark, merchantable wood with bark,

aboveground tree components and total tree (above- and belowground stand).

There are two approaches which can be used to consider the effects of nutrient

withdrawal from the turnover fractions and of the amount of nutrients removed

during harvesting operations. The first approach is the annual nutrient input/output

analysis where input refers to nutrient supply (atmospheric inputs plus mineral

weathering rate) and the output refers to the amount retained by woody non-

turnover plant components. The implicit assumption in this analysis is that the

rest of the amount taken up by the vegetation is cycled through the soil plant system

in due course of the considered time period. For any element where input is lower

than output, a continuous decrease in soil supply is expected indicating a possible

effect on tree growth and sustainability of nutrient supply for future.

The annual amounts of nutrients retained presently by woody biomass if

continued until the harvest would be 6 and 18 kg N, 0.5 and 0.9 kg P, 3 and 9 kg

K, 4 and 30 kg Ca and 1 and 2 kg Mg ha�1 per year on the Solling and Göttinger

Wald sites, respectively (Table 8.10). These output values fall within the ranges

reported for comparable beech stands by Rennie (1955), Kreutzer (1976) and other
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literature studies (Khanna and Ulrich 1991; Nihlgård 1972; Weiner and Grodzinski

1984; Horn et al. 1989). The atmospheric input values for N of 20–23 kg ha�1 per

year at the two sites fall within the distribution range reported by Persson et al.

(2000) for Central Europe. Thus, the N balance on the two sites is positive and some

of it may be accumulated in the soil. The atmospheric inputs of K (2–3 kg ha�1 per

year), Ca (4–5 kg) and Mg (1 kg) differ only slightly between the two study sites

(Meesenburg et al. see Chap. 15, this volume). However, the two sites differed in

the amount of cations released on mineral weathering. Values of K released through

weathering at the Solling site was notably high as compared with Göttinger Wald

(20 kg vs 8 kg ha�1 per year) whereas those of Ca (1.6 kg and 235 kg ha�1 per year)

were high at the Göttinger Wald site, whereas the values for Mg were similar (3.5

kg ha�1 per year) on both the sites (Brumme et al. see Chap. 16, this volume).

However, the interpretation will change when the leaching losses and soil and litter

retention processes are considered as discussed in other chapters of this volume.

The second approach is to compare the total amount of nutrients removed with

the tree harvest with those present in the available forms in the soil where two

options can be considered: (1) final harvest only and (2) final harvest plus all the

commercial thinnings (removal of biomass) carried out until final harvest. Here, the

issue is to assess the nutrient cost of biomass harvest for future management and

sustainability. For example, total tree harvest where maximum amount of nutrients

would be removed (Table 8.8) may not affect the supply of K, Ca and Mg by the

soil at the Göttinger Wald site. This soil contains many times higher amounts

than that exported in the harvest (amounts available in the soil are given as: about

1,200 kg K ha�1, 50,000 kg Ca ha�1 and 500 kg Mg ha�1, when calculated as

exchangeable elements in mineral soil, 0–100 cm, plus the total amount stored in

the forest floor, Chap. 3). However, the amount of exchangeable Ca at the Solling

site lies below the amount removed upon harvest. The Mg available in the Solling

soil is only about 1.3–1.8 times that of the total biomass. The available soil K in the

Solling soil is 1.5–2.3 times the amount in the tree components. When additional

export of the biomass of thinnings is included, there are expected to be significant

losses of cations from the Solling site which would need replenishment for future

stands. Table 8.8 shows that for most nutrients the amount present in the woody

components of the tree would dominate the fraction exported, whereas for some

nutrients, especially N and P, leaving the crown and roots would make a significant

contribution to the total amount removed from the site. Similarly, Boyle and Ek

(1972) showed a decrease of the soil to plant ratio in nutrient supply of 3–1.5 in case

of intensified forest use, e.g. the additional use of crown material.

The range of nutrient accumulation in biomass depends on the site character-

istics, tree age and biomass production. A range of values were found in the

compiled list for beech stands (Table 8.9). When compared with the values of the

two stands studied here, the one at Göttinger Wald had much higher values than

those in the literature for nutrient accumulation in the biomass, which followed its

high growth rates and high biomass accumulation. Nutrient accumulation in tree

biomass also varies with the tree species. Rademacher (2002) compiled such data

for comparison purposes of 100-year-old stands of pine, spruce and beech. Beech
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stands showed high quantities of nutrients accumulated in the aboveground biomass

per hectare indicating a high element demand, whereas pine stands accumulated the

lowest amount of all tree species.

8.8 Summary

For the growth of beech stands and the sustainability of sites, appropriate tree

nutrition is an important factor. In this study, tree growth measurements at three

beech forest sites were recorded for different periods, and biomass and nutrient

inventories were obtained by harvesting individual trees on two of those sites. The

following important conclusions can be drawn from this study:

l The mature beech stands had been subjected to different management options in

the past and represented three highly variable soil conditions (highly acid to less

acid surface mineral soil with Ca-rich to Ca-poor conditions, and from high P to

low P soils).
l The three sites are mature stands of beech and have accumulated huge amounts

of merchantable wood and woody biomass and still continue to grow in height

and stem diameter.
l The three sites show the following order in their annual wood volume incre-

ments: Göttinger Wald > Zierenberg > Solling.
l The differences in the biomass content of different tree components indicated

that the fast turnover fraction (leaves and fine roots) was lower at the Ca-rich

Göttinger Wald site, causing differences in the allocation of biomass to woody

components or the merchantable wood.
l Except for P, elements in different tree components of the Göttinger Wald stand

had higher or equal concentrations compared to those of the Solling stand.
l Harvesting of woody components may export only a fraction of the amounts of

K, Ca and Mg present in the soil at the Göttinger Wald site and thus may not

affect the future supply of these nutrients. However, the amount of these

elements removed with wood harvest may constitute a significant fraction of

the amounts present in the soil at the Solling site, indicating the need for

additional inputs to achieve sustained supply for the growth of future stands.
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Chapter 9

Fine Root Biomass, Turnover and Litter

Production

D. Murach, A. Horn, W. Ke-Hong, and C. Rapp

9.1 Introduction

Fine roots are part of the regenerative system of trees. The annual renewal of fine

roots can represent an important sink for assimilates in forest ecosystems (Agren

et al. 1980). Estimates for the production of fine roots range between 5 and 70% of

the total net primary production of trees (Santantonio 1990). Thus, fine root

turnover may equal or even exceed the amount of carbon that is required for foliar

litter production, making the quantification of fine root turnover an essential

component of carbon budgets in forest ecosystems (Bartelink 1998).

However, only limited data are available on belowground C allocation as it is not

possible to directly measure root growth, mortality and decomposition in an

undisturbed forest soil. Even less is known about the factors controlling fine root

turnover. Because of the insufficient database, reliable hypotheses about the regu-

lation of belowground processes in forest ecosystems have great uncertainty (Vogt

et al. 1996). However, due to their importance in global climate change, more

information on the factors controlling carbon allocation within plants is required to

assess the ability of forest ecosystems to sequester carbon (Kroon and Visser 2003).

The emphasis of the present chapter is to assess if soil acidification affects the

fine root production or turnover of European beech. In addition to the quantification

of carbon cycling via fine root dynamics, the importance of fine root litter produc-

tion in element recycling and thus the soil organic matter pool will be evaluated.

9.2 Methods

The chapter is based on case studies of the main plots and fertilisation experiments

in beech stands at the Solling and Göttinger Wald sites, two experimental sites of

the forest ecosystem research centre at Göttingen with long-term inventories of fine

root biomass and necromass. In addition to the data from untreated plots at the
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Solling and Göttinger Wald sites, data from a fertilised and a limed plot adjacent to

the Solling plot were used in our analysis.

The soils at the Solling sites are acid brown earths derived from sandstone, and at

Göttinger Wald brown earths and rendzinas derived from limestone (for detailed

description of the sites, refer to Chap. 3, this volume). The limed plot at Solling was

limed in 1982 with 30 Mg ha�1 dolomite (Beese and Prenzel 1985). The dolomite

was not worked into the soil but was applied on the surface organic layer and

represented about 6 Mg ha�1 Ca and 3.5 Mg ha�1 Mg. The fertilised plot at the

Solling site had been fertilised annually with ammonium sulphate (ca. 140 kg ha�1

NH4–N) from 1983 until 1993. A detailed description of the treated sites was given

by Rapp (1991) and Meiwes et al. (1998).

Fine root turnover was determined by using data of sequential coring. In the

present investigation, rootlets with a diameter of less than 2 mmwere defined as fine

roots, and those with a diameter between 2 and 5 mm as small roots. The years of

sampling were 1986/1987 for the Solling site and 1995–1997 for Göttinger Wald.

Normally, the samples were taken 6–7 times per year. To determine standing amount

of fine roots, at each sampling date 10–12 soil cores were taken randomly from each

plot with a root auger 8 cm in diameter. For the Solling plots. the aboveground

organic layer was separated from the mineral soil, and the mineral soil was divided

into segments of 5 cm depth for the first 10 cm and of 10 cm depth for the remaining

depths. For the Göttinger Wald plot, where an aboveground organic layer was not

present, the mineral soil was separated into depth segments of 0–5 cm and 5–20 cm.

For the Solling site, the maximum coring depth was 50 cm. Rapp (1991) has shown

that more than 80% of the total fine root biomass can be found within 50 cm depth in

the area between the tree stems at this site. For GöttingerWald, coring was restricted

by the stony bedrock to a depth of about 20 cm.

After sampling, the soil segments were soaked in de-ionized water and placed in

a vacuum chamber at �700 hPa to improve the disintegration of the soil. Next day

the roots were washed free of soil using de-ionised water on 1.5-mm mesh size

nylon net. All root segments longer than 1 cm were collected from the sieve and any

remaining soil particles were removed with a soft brush. Root fragments of the

O layers were separated from the leaf litter manually without using water. However,

this treatment did not recover completely the fine root necromass from the O layer.

The roots were stored at 2–4�C in de-ionized water until they were further sorted.

To distinguish living from dead rootlets, the degree of discolouration, tissue

structure of the central stele and resistance of rootlets against separation of extra-

xylary tissues from the central stele by pulling longitudinally were used as criteria.

The assessment was carried out under a binocular microscope. Further criteria were

included which have been described in detail by Murach (1984) and were similar to

those suggested by Kohmann (1972), Roberts (1976) and Persson (1979).

The compartment model (Fig. 9.1) was used to calculate the temporal changes of

the standing amount of fine root biomass and necromass. Fine root biomass

describes the live root material, and necromass the dead root content.

Relative extreme values during the temporal development of living biomass and

necromass were considered by comparing the rank sums of the sampling dates derived
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from the Kruskal–Wallis-test (H-test) (Lienert 1973). Successive sampling dates

were grouped for the Dunns-test (Lienert 1973), when the rank sums were similar.

Only significant differences between grouped sampling dates were considered as

relative extreme values and were used for the subsequent formation of the time

series providing the fine root standing crops. This series was based on the means of

the starting date and the significant relative extreme values with series values

between the relative extreme values calculated as a linear function of time.

To estimate the fluxes FFRP, FFRLP and FFRD (for definition see Fig. 9.1), the

method of balancing transfers developed by Santantonio (1978) was applied. This

method balances the observed changes in standing crops of fine root biomass and

necromass between two sampling dates by providing flux values from one root

compartment to another. The decision matrix used for balancing transfers is de-

scribed in Table 9.1. The matrix is based on Fairley and Alexander (1985) and

modified by Murach (1991). It describes the equations used to estimate the fluxes in

the standing crop of fine root biomass and necromass between two sampling dates.

An example of calculation of fluxes based on the decision matrix of Table 9.1 is

given in Table 9.2.

The annual fluxes of fine roots (described by the suffix ‘a’ below) for each soil

depth were calculated by adding up the fluxes calculated for the single sampling dates:

ProductionFFRPa ¼
Xi¼n

i¼1

FFRPi ðkg ha�1 per yearÞ; ð9:1Þ

Litter productionFFRLPa ¼
Xi¼n

i¼1

FFRLPi ðkg ha�1 per yearÞ; ð9:2Þ

FRB

FRN

compartments:
FRB = fine root biomass
FRN = fine root necromass
SRB = small root biomass

fluxes:
FFRP = fine root production
FSRP = small root production
FFRLP = fine root litter production
FFRD = fine root decomposition
FFRL = fine root losses

SRB FSRP FFRL

FFRP

FFRLP

FFRD

Fig. 9.1 Compartment model for the calculation of fine root turnover
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DecompositionFFRDa
¼

Xi¼n

i¼1

FFRDi
ðkg ha�1 per yearÞ; ð9:3Þ

TurnoverFFRTa
¼ FFRPa � FRBn � FRB1ð Þ ðkg ha�1 per yearÞ; ð9:4Þ

for (FRBn�FRB1) � 0.

FRBn fine root biomass at the end of the investigation period (here: after 1 year),

FRB1 fine root biomass at the beginning of the investigation period.

By summing up the data for the different soil depths values of the fluxes for the

whole profile were obtained.

According to (equation 9.4), the calculation of fine root turnover is based on two

terms:FFRP that describes the amount of fine roots produced during the investigation

Table 9.2 Example for calculation of fluxes based on the decision matrix of Table 9.1

Given Data of date 1! FRB1 = 2,300 kg ha�1 FRN1 = 1,500 kg ha�1

Data of date 2! FRB2 = 2,100 kg ha�1
FRN2 = 1,800 kg ha�1

Calculated DFRB = �200 kg ha�1 DFRN = 300 kg ha�1

FFRP = 100 kg ha�1

FFRLP = 300 kg ha�1

FFRD = 0 kg ha�1

Table 9.1 Decision matrix for the selection of equations to calculate the fluxes FFRP fine root

production, FFRLP fine root litter production and FFRD fine root decomposition between two

sampling dates

Differences in biomass between two sampling dates

DFRB > 0 DFRB < 0 DFRB = 0

DFRN > DFRB DFRN � DFRB

DFRN > 0 FFRP = DFRB
+DFRN
FFRLP = DFRN
FFRD = 0

FFRP = DFRB
+DFRN
FFRLP = DFRN
FFRD = 0

FFRP = 0

FFRLP = �DFRB
FFRD =

�DFRB�DFRN

FFRP = DFWN

FFRLP = DFWN

FFRD = 0

DFRN < 0 FFRP = DFRB
FFRLP = 0

FFRD =�DFRN

FFRP = 0

FFRLP = �DFRB
FFRD = �DFRB
� DFRN

FFRP = 0

FFRLP = 0

FFRD = �DFRN

DFRN = 0 FFRP = DFRB
FFRLP = 0

FFRD = 0

FFRP = 0

FFRLP = �DFRB
FFRD = �DFRB

FFRP = 0

FFRLP = 0

FFRD = 0D
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period from the first (i ¼ 1) to the last (i ¼ n) sampling, and (2) (FRBn�FRB1) � 0

that describes an increase of the standing crop of fine root biomass at the end of the

investigation period. Such a potential increase of the standing crop of fine root

biomass is not included in the calculation of fine root turnover. Thus, fine root

turnover characterises the flux of assimilates into the fine root system which is

required for the regeneration of the fine roots to maintain a constant amount of fine

root biomass.

FFRLP describes the mortality rate of the fine roots within the investigation

period. This flux is an estimate of the amount of fine roots potentially available

for decomposition.

The calculation of the fine root production (FFRP) neither includes the ingrowth

of fine roots into the small root class (FSRP) nor any kind of loss of fine roots (FFRL),

which for example may be caused by herbivores. These fluxes cannot be easily

quantified using the coring method. Although rarely estimated, consumption of fine

roots by herbivores in general does not seem to be important in temperate forests where

estimates usually do not exceed 10% of the fine root standing crop (Fogel 1985).

Estimation of fine root decomposition (FFRD) requires a differentiation between

dead roots and decomposed roots or other organic matter. In the present investiga-

tion, only rootlets longer than 0.5 cm were included for assessing necromass.

It is not yet possible to define confidence intervals for the calculated fluxes of the

compartment model in Fig. 9.1, as the sources of error are not fully known. One

such error is the differentiation of live roots from dead roots, another one is the

unknown temporal changes of root mass measured in arbitrary time intervals (Singh

et al. 1984), and the third one is the uncertainty in the estimation of fine root

decomposition.

Despite these shortcomings, Vogt et al. (1998) recommended the use of sequential

coring in combination with the decision matrix as a useful approach in estimating

fine root production and turnover. Universally agreed methods for estimating root

biomass, fine root production and turnover do not exist in the literature; there has

been controversial discussion for more than a decade (Grier et al. 1981; Singh

et al. 1984; Lauenroth et al. 1986; Vogt et al. 1986a, 1998; Nadelhoffer and

Raich 1992).

Release of elements from roots into the soil via decomposition and mineralisa-

tion can not be measured directly. Based on the mortality rate of the fine roots

(FFRLP), an estimate of the amount of fine root mass that is potentially available for

decomposition can be calculated. The element flux based on FFRLP may be consid-

ered as input into the plant available element pool in the soil as these elements

belong to the organic matter pool of the soil.

The potential element release via fine root litter production (FFRER) was calcu-

lated by using the element concentrations of the living and dead fine roots:

FFRERL ðkg ha�1 per yearÞ ¼ FFRLP ðkg ha�1 per yearÞ cFRB ðmgg�1Þ 10�3; ð9:5Þ
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FFRERD ðkg ha�1 per yearÞ ¼ FFRLP ðkg ha�1 per yearÞ
� cFRN ðmgg�1Þ 10�3: ð9:6Þ

FFRERL refers to element release via fine root litter production based on element

concentrations in living fine roots, FFRERD element release via fine root litter

production based on element concentrations in dead fine roots, c element concen-

tration, FRB fine root biomass, FRN fine root necromass.

Data for the element concentrations were taken from Murach and Wiedemann

(1988). The equation using the element contents of the living fine roots (FFRERL)

describes the upper limit of the recyclable element pool (FFRER). FFRERD charac-

terises the lower limit by applying the element contents of the dead fine roots. It is

not known whether the difference between (FFRERL) and FFRERD values may be

attributed to the re-translocation of elements during root senescence. In contrast to

leaves, the re-translocation of the elements can not be easily calculated by comparing

living and dead fine roots as the age of the dead fine roots remains unknown, and the

fine root necromass includes dead roots in varying degrees of decomposition.

9.3 Fine Root Production and Turnover

Fine root production and mortality values showed high level of annual fluctuations

in all plots (Table 9.3). This was indicated by the differences of the average and the

maximum values of the annual fine root fluxes. The calculated data corresponded

well with the limited amount of data published from other field studies. For

example, Scarascia-Mugnozza et al. (2000) estimated that fine root production

rates in European beech stands ranged from 1,500 to 3,800 kg ha�1 per year for

different sites in Europe. The Göttinger Wald site showed the lowest values for all

calculated fluxes to a depth of 20 cm (Table 9.4). They were two to three times

higher at Solling than at the Göttinger Wald site. Fluxes below 20 cm could not be

Table 9.3 Annual fine root fluxes (kg ha�1 per year) as mean and maximum values and specific

fine root turnover in the total soil profiles (0–50 cm) (1986–1987)

FFRP FFRLP FFRD FFRT FFRT/

FRB

FFRP

(max)

FFRLP

(max)

FFRD

(max)

FFRT

(max)

Solling,

control

3,300 2,600 1,400 2,000 0.32 5,300 2,700 1,800 2,700

Solling,

fertilised

3,300 2,400 2,000 2,000 0.36 4,500 2,700 2,900 2,100

Solling,

limed

2,700 2,300 1,500 1,500 0.27 3,700 2,700 2,400 1,700

FFRP fine root production; FFRLP fine root litter production; FFRD fine root decomposition; FFRT

fine root turnover; FFRT/ FRB specific fine root turnover
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calculated at the Göttinger Wald site as roots growing between the weathered

limestone could not be sampled with the auger, but one can assume similar relations

between the two sites for the total profile. According to Leuschner et al. (1998) who

determined fine root mass using the profile-wall-method, root mass in a soil depth

of 40–100 cm was 25% of the root mass in 0–40 cm in comparable beech stands at

the Göttinger Wald site. Thus, there is no indication that the soil depth from 20 to 50

cm in Göttinger Wald could balance the calculated differences in fine root fluxes

between the Göttinger Wald and Solling sites (Table 9.3). Even if maximum values

found at the different plots for 20–50 cm soil depth (Table 9.4) were added to the

profile values of Göttinger Wald, the fine root production and the mortality values

would remain about twice as high at Solling as at the Göttinger Wald site.

Fine root turnover was lower at the Göttinger Wald site than at all the Solling

plots, but the specific turnover (for definition see Table 9.3) tended to be higher

indicating a shorter life-span of the fine roots at Göttinger Wald site. The average

life-span of the fine roots can be estimated by the reciprocal of the FFRT/FRB-ratios

(Table 9.3). Thus, the fine root turnover depended more on the standing crop of fine

roots than on their life-span.

The life-span of the fine roots was not influenced by the ammonium or liming

treatment as indicated by similar FFRT/FRB-ratios for all Solling plots. However,

fine roots from the ammonium fertilised plot showed slightly higher values of the

ratios indicating a shorter life-span, and for the limed plot, these values were low

indicating a long life-span for the fine roots.

Different treatments changed the proportion of the annual root turnover fluxes in

the different soil depths of the whole profile (Table 9.4). At the fertilised plot at the

Solling site, the soil depth from 20 to 50 cm had about 50% of the total fine root

production (FFRP) and turnover (FFRT). At the limed and control plots of the Solling

site, the proportions of the sub-soil contributing to total FFRT were low, about 15

and 20%, respectively.

Despite the high values of fine root turnover in the sub-soil of the fertilised

Solling plot, the fine root turnover for the whole soil profile was not significantly

different to that of the control plot (Table 9.3). Thus, the root turnover was at this

site low in the O layer and in the surface mineral soil (Table 9.4). However, in the

liming treatment, the fine root turnover (Table 9.3) of the whole soil profile was

reduced.

Mechanisms controlling the growth and life-span of roots in forest ecosystems

are poorly understood because of the small database available for making an

assessment. The number of investigated stands is about 200 worldwide (Vogt

et al. 1996), comprising more than 40 different species and a wide range of

environmental conditions. There is very little quantitative information available

on the interactions among fine roots, ecto-mycorrhiza and micro-faunal activities to

formulate useful hypotheses about the control mechanisms of fine root turnover

in forests.

Vogt et al. (1996) showed that on the global scale predictive environmental

variables for fine root biomass or turnover change depended on the grouping of

ecosystems, for example, those including species, climatic factors, forest types or
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soil orders. An obvious pattern on the global scale was that sites with the highest

accumulation of soil organic matter had the highest standing crops of fine root

biomass, and showed the highest amount of carbon allocation for belowground

production. Such soils were acid with high levels of Al and Fe. Although some

environmental variables showed significant correlations to fine root biomass and

turnover, they explained a very small part of the variation on a global scale,

illustrating the complexity of interactions of environment factors and species.

Based on the limited amount of available data, the supply of nutrients (Vogt et al.

1986b; Santantonio 1989; Gower et al. 1992), particularly of N and P (Nadelhoffer

et al. 1985; Vogt et al. 1991) and water (Santantonio and Hermann 1985) are the

potential factors determining root turnover. Other important factors are tempera-

ture, soil acidity and Al stress, mycorrhizas, root respiration and C-accumulation in

the soil (Vogt et al. 1986b, 1990, 1991; Vogt and Bloomfield 1991).

In a spruce stand located close to the beech site at Solling, surface applied lime

reduced the fine root turnover from 3,300 to 2,000 kg ha�1 per year especially in the

O layer and 0–10 cm soil depth (Murach 1991). This was related to the higher base

saturation of the soil and the lower H+ -concentration of the soil solution in these

layers than in those of the control plot. At the control plot, the temporal pattern of

the fine root biomass showed a higher variation with minimum values occurring

during acidification pulses. During such acidification pulses, the pH in soil solution

was around 3.0 and Ca/H ratios in solution were less than 0.2 mol mol�1, and they

occurred in soils during periods of rewetting. Murach (1991) assumed that these

short-term H+-induced stresses resulted in an increase of fine root turnover. Fine

root turnover in the sub-soil was low due to low amounts of fine root biomass which

did not change on liming. Even during periods when fine root concentrations

decreased in the surface soil due to acidification pulses, no compensatory root

growth was observed in the sub-soil. Permanent Al stress in acid sub-soils possibly

restricted the growth and turnover of fine roots of spruce in the surface soil where

Al stress was low due to soil organic matter complexation (Murach and Matzner

1987), and H+-induced stress was a short-term duration event.

Deeper soil layers in beech stands at the Solling site contributed significantly to

the total fine root turnover (Table 9.4). This was in contrast to the results obtained

on the adjacent spruce stands. Murach (1991) found no significant fine root fluxes at

soil depths below 20 cm either in the limed or the unlimed spruce plots.

The highest production and turnover rates of fine roots in the sub-soils of all plots

included in this study were observed at the fertilised Solling plot where ammonium

fertilisation reduced the root growth in the O layer and the surface upper mineral

soil layer presumably because of increased acid stress (Rapp 1991; Murach 1994;

Paar 1994). The fine root growth was high in the deeper mineral soil (Table 9.5)

together with the associated higher rates of fine root turnover.

This contrasting fine root growth pattern between beech and spruce was in

accordance with results obtained from hydroponic experiments: The lower sensi-

tivity of beech seedlings towards Al stress, i.e. low Ca/Al ratios in nutrient solution,

and a higher sensitivity towards H+-stress, i.e. low Ca/H ratios, than for spruce was

demonstrated by Rost–Siebert (1985).
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Similar to the results obtained for the whole soil depth (Table 9.3). high fine root

turnover in the sub-soil of the fertilised Solling plot was not related to a shorter life-

span of the roots but to the high fine root concentrations in these soil layers as

compared to those of the control plot. There was no evident correlation between the

life-span of beech fine roots and soil acidification when all plots and soil depths

were considered.

However, liming reduced the fine root turnover of beech (Table 9.3) as was also

observed for spruce stands (Murach 1991). The O layer and the surface mineral soil

of the limed Solling plot were affected most, where the supply of base cations

increased five-fold compared to the control plot (Rapp 1991), indicating that an

increase in base saturation reduced fine root turnover in beech stands.

This pattern of fine root growth at the Solling site was similar to those observed

at other beech stands in Germany. In Fig. 9.2, available data on fine root production

in field studies of beech stands in Germany are pooled. The regression analysis

gives some evidence to the hypothesis that fine root production decreases with

increasing base saturation of the soil. Thus, the pattern described by Vogt et al.

(1996) where the highest accumulation of fine root biomass and the highest carbon

allocation in belowground production occurred in soils with high levels of Al and

Fe at the global scale was supported by the data presented here.

9.4 Element Recycling with Litter of Fine Root

Element release from the fine roots to the soil (FFRERL and FFRERD-values) when

calculated by using the element concentrations either in living fine roots or in the

dead fine roots (Table 9.6) showed no differences for major elements. However,

some differences between FFRERL and FFRERD values were apparent for Al and Fe,

as these elements accumulated in dead fine roots (Murach 1984). The potential

annual return of nutrients to the soil via FFRLP was about 26–40 kg ha
�1 per year for

N and about 1–5 kg ha�1 per year for the other nutrients, except K for the Solling

site where values of about 10 kg ha�1 per year were calculated.

At the Solling site about two to six times more Mg and K were recycled than at

the Göttinger Wald site. This is caused by the higher fine root litter production at

Solling which has higher element concentrations. However, there were major

differences in the depthwise distribution of FFRERL values among the three plots

at the Solling site. Fine root litter production and element concentrations in the sub-

soils of the fertilised and limed Solling plots were high resulting in high elements

inputs through litter. These were comparable in magnitude with those of 0–20 cm

depths and also from the control plot at Solling.

Some literature data is given in Table 9.7 as comparative values of nutrient

transfer via fine roots production in other deciduous forests. Notable differences

were low K value for the northern hardwood forest (Burke and Raynal 1994) and

high Ca value for the Belgian beech forest (Van Praag et al. 1988). The high Ca

value for the Belgian beech forest is site-specific as it is reflected in high Ca
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concentrations of the fine roots (van Praag et al. 1988). The element turnover data

for fine roots in this study were compared with the amounts in the leaf litterfall

(Table 9.8). The belowground plant components contributed in significant amounts

to the total elemental cycling via litterfall, especially those of N, P, K and Mg. For

the cycling of Ca, the fine roots are distinctly less important.

9.5 Summary

The present study had the focus of assessing the role of fine roots in the carbon and

nutrient dynamics on two beech sites. In order to consider changes due to soil

parameters, two additional sites at Solling were included. The sites were an acid soil

at Solling, a limed plot at Solling and an ammonium sulphate fertilised plot at

Solling, and a calcareous soil at Göttinger Wald.

Fine root production (FFRP), fine root litter production (FFRLP), fine root decom-

position (FFRD) and fine root turnover (FFRT) were determined using statistically

significant differences in the temporal development of fine root biomass and

necromass derived from data of sequential coring for which the method of

balancing transfers based on a decision matrix was applied.

* FFRP calculated as in the present study based on published data

FFRP calculated with minimum/maximum method

FFRP calculated with ingrowth core method

**
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Fig. 9.2 Total fine root production in the soil profiles of beech stands in Germany in relation to

increasing base saturation (fraction of exchangeable K, Ca and Mg in effective cation exchange

capacity (CECe)). Asterisk FFRP calculated as in the present study based on published data;

Double asterisk FFRP calculated with minimum/maximum method; Triple asterisk FFRP calculated

with ingrowth core method
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Table 9.6 Potential values of annual element release to the soil via fine root litter production

(FFRLP) (kg ha�1 per year). FFRERL refers to element release via FFRLP based on element

concentrations in living fine roots, FFRERD element release via FFRLP based on element concentra-

tions in dead fine roots

O-layer 0–20 cm 20–50 cm Total profile

FFRERL FFRERD FFRERL FFRERD FFRERL FFRERD FFRERL FFRERD

Solling, control plot

N 15.6 13.7 19.5 19.2 3.5 3.5 38.6 36.4

P 0.7 0.6 1.1 1.0 0.2 0.2 1.9 1.8

K 1.9 2.2 6.3 4.7 0.8 0.8 9.0 7.6

Ca 1.0 0.9 0.9 0.3 0.2 0.1 2.1 1.3

Mg 0.3 0.5 0.9 1.2 0.2 0.2 1.4 1.9

Mn 0.2 0.2 0.3 0.2 0.1 0.0 0.7 0.4

Fe 0.7 3.7 9.6 15.6 0.6 2.5 10.9 21.8

Al 1.5 6.4 12.6 26.1 2.3 6.5 16.5 39.0

C 400 750 150 1,300

Solling, ammonium sulphate fertilised plot

N 3.8 3.6 15.2 13.0 11.8 10.3 30.8 26.9

P nd nd nd nd nd nd nd nd

K 0.2 0.4 4.6 5.3 3.7 3.5 8.6 9.2

Ca 0.2 0.3 0.7 0.3 0.6 0.5 1.6 1.1

Mg 0.1 0.2 1.1 1.4 0.9 1.0 2.1 2.6

Mn 0.1 0.0 0.3 0.2 0.4 0.2 0.7 0.4

Fe 0.1 1.1 8.6 12.1 4.1 5.6 12.8 18.8

Al 0.2 1.8 15.5 22.0 16.6 26.5 32.4 50.3

C 100 550 550 1,200

Solling, limed plot

N 11.5 11.0 10.6 10.5 6.9 8.2 29.0 29.7

P 0.5 0.5 0.5 0.6 0.4 0.4 1.4 1.4

K 1.3 1.1 4.4 3.8 3.0 2.6 8.8 7.4

Ca 5.3 5.8 0.7 0.3 0.6 0.3 6.5 6.4

Mg 2.3 1.7 1.0 1.1 0.8 0.7 4.1 3.6

Mn 0.1 0.1 0.2 0.1 0.2 0.1 0.5 0.3

Fe 0.6 2.6 6.9 11.6 2.6 4.8 10.1 19.1

Al 0.6 4.3 10.8 16.3 11.2 19.2 22.6 39.8

C 300 450 400 1,150

Göttinger Wald, control plot

N 25.6 18.4 25.6 18.4

P 0.9 0.8 0.9 0.8

K 2.4 1.0 2.4 1.0

Ca 3.2 2.4 3.2 2.4

Mg 0.7 0.7 0.7 0.7

Mn 0.5 0.5 0.5 0.5

Fe 3.6 6.5 3.6 6.5

Al 6.0 10.9 6.0 10.9

C 600 600
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For the Solling site, the maximum coring depth was 50 cm. For Göttinger Wald,

coring was restricted by the stony bedrock to a depth of about 20 cm. The following

results were obtained:

l Carbon allocation into the fine roots was distinctly higher for all Solling plots

than for the Göttinger Wald site. Production and turnover of fine roots at Solling

were estimated to be 3,300 kg and 2,000 kg ha�1 per year for a depth of 50 cm.

For the Göttinger Wald site, these values were 1,000 kg for production and

800 kg ha�1 per year for turnover for a depth of 20 cm (Tables 9.3 and 9.4)

indicating that fine root production was low in high base saturation soil

(Fig. 9.2).
l At the Solling site, beech stands had high amounts of fine root biomass in the

highly acid sub-soil layers (Table 9.5), which contributed significantly to the

total fine root production and fine root turnover (Table 9.4). This contrasted with

the fine root distribution at the spruce site, where fine root turnover was restricted

to the O layer and the surface mineral soil. These differences in the fine root

Table 9.8 Mean annual organic matter and element recycling via litterfall (kg ha�1 per year)

(data from Beese et al. 1991)

FLLP
a N P K Ca Mg

Solling, control 3,000 44 3 12 18 1

Solling, fertilised 3,000 45 3 13 17 1

Solling, limed 3,100 38 2 12 28 2

Göttinger Wald 2,800 35 1 14 53 3
aFLLP Leaf litter production; means for years 1981–1985

Table 9.7 Fine root litter production (as organic matter) and potential annual nutrient release to

the soil via FFRLP (kg ha�1 per year)

FFRLP N P K Ca Mg

North Hardwooda 2,300 23 1.4 0.3 5.2 1.3

White oakb 1,100 15 0.7 4.1 10.3 2.0

European Beechc 1,900 32 1.9 1.0 36 3.9

Solling, controld 2,600 39 1.9 9.0 2.1 1.4

Solling, fertilisedd 2,400 31 n.d. 8.6 1.6 2.1

Solling, limedd 2,300 29 1.4 8.8 6.5 4.1

Göttinger Walde 1,200 26 0.9 2.4 3.2 0.7

FFRLP fine root litter production
aBurke and Raynal (1994). Roots <2 mm in diameter; Adirondack State Park, New York, USA.

Mainly Acer and Fagus. Data for FFRP, but FFRP�FFRLP in this study
bJoslin and Henderson (1987), cited in Burke and Raynal (1994). Roots <2 mm in diameter.

Missouri, US
cVan Praag et al. (1988). Roots <1 mm in diameter; Belgian Ardennes
dThis study. Roots <2 mm in diameter, 0–50 cm depth
eThis study. Roots <2 mm in diameter, 0–20 cm depth
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biomass and dynamics were similar to those observed under laboratory experi-

ments, where beech seedlings were found to be less sensitive to Al stress.
l The potential annual return of nutrients to the soil via fine root litter production

contributed about 25–40 kg ha�1 of N and about 1–5 kg ha�1 of most other

nutrients except that of K at the Solling site. In the acid soils of the Solling site

about two to six times the amount of Mg and K were recycled via FFRLP than in

the calcareous soil of the Göttinger Wald site.
l Liming and fertilisation with ammonium sulphate increased fine root litter

production and nutrient return via fine root litter in the sub-soil of the Solling

site indicating the possibility of changing root distribution in highly acid soils by

ameliorative measures.
l The amount of nutrients cycled through fine roots may form a significant fraction

of total litter content including that of foliage, except for Ca.
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Chapter 10

Phytomass, Litter and Net Primary

Production of Herbaceous Layer

I.-M. Schulze, A. Bolte∗, W. Schmidt, and J. Eichhorn

10.1 Introduction

Understorey vegetation may form an important component of mineral cycling

pathways in forest ecosystems. The important cycling processes are: nutrient uptake,

storage, translocation and return by vegetation, litterfall and nutrient release from

residues by mineralisation of litter and soil organic matter for further plant uptake

(Duvigneaud and Denaeyer-DeSmet 1973; Charley and Richards 1983; Ellenberg

et al. 1986; Eichhorn 1995). Although the biomass of herbaceous plants is low

compared to that of the tree layer (Yarie 1980; Muller and Bormann 1976; Ellenberg

et al. 1986; Giese et al. 2003; Peichl and Arain 2006), high element concentrations of

herbaceous plants usually increase their importance in element cycling (Scott 1955;

Turner et al. 1978; Blank et al. 1980; Rodenkirchen 1995; Bolte et al. 2004).

Through short-term changes in species composition, element concentration

and storage (Höhne 1963; Likens and Bormann 1970; Linke and Roloff 1995), the

herbaceous vegetation forms a variable element pool that may reduce nutrient losses

to external sinks of forest ecosystems (Eichhorn 1995; Mellert et al. 1998; Bartsch

2000; Schmidt 2002; Olsson and Falkengren-Grerup 2003; Bolte 2006).

Litter production of herbaceous layer may sometimes equal that of the tree layer

(Höhne 1962). The amount and higher quality (particularly C/N ratio; Wittich 1944,

1961; Wolters 1999) of readily decomposable substrates produced by the herba-

ceous layer may alter the community of decomposers in a soil (Jandl et al. 1997)

changing the element turnover rates (Wise and Schaefer 1994) that may affect C

and N retention by forest soil (Bauhus et al. 2004).

The objective of this chapter is to describe the role of herbaceous vegetation in

the nutrient cycling processes at the three beech forest sites of Göttinger Wald,

Zierenberg and Solling through differences in the mass and quality of annually

produced litter. The internal and external nitrogen balances in relation to the ground

vegetation will be included in the discussion. For a valid assessment of any
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subsequent comparisons among sites involving quantitative parameters of the

biomass and nitrogen, temporal and spatial dynamics in herbaceous biomass and

N-cycling will be included, as well as the different methods used to assess changes

in biomass and N-cycling.

10.2 Definitions and Methods

The biomass is defined as all the above- and belowground parts of live plant

material. The necromass at the time of the inventory is the dead plant material,

which includes the standing dead plant parts. The phytomass describes the com-

bined amounts of biomass and necromass. Plant material shed to the surface organic

layer is termed as litter fall and is not part of the phytomass. All parameters are

expressed as dry matter (kg ha�1, g m�2). These definitions follow the terminology

of the International Biological Program (I.B.P; Newbould 1967; Milner and Hughes

1968).

Two methods were used to assess various components of the herbaceous vege-

tation: (1) biomass harvesting to estimate net primary production (NPP) (Sect.

10.2.1), and (2) models using the mean shoot length and coverage of species or

morphological groups for estimates of aboveground phytomass (Sect. 10.2.2).

10.2.1 Biomass and NPP Estimates using Harvesting Methods

Estimation of biomass by the harvest method is the basic procedure of assessing

production components (Newbould 1967; Lieth and Whittaker 1975). Net primary
productivity (NPP) (Whittaker 1975; Schütt et al. 1992) can be described by the

following equation (Milner and Hughes 1968; Larcher 1994) (all values in weight

per unit area and time):

NPP ¼ DBþ Ldþ Lc;

where

4B: biomass increase

Ld: biomass losses by death (necromass) and shedding (litter fall)

Lc: biomass losses through consumption (e.g. by herbivorous animals or insects)

Increase in biomass (4B) of trees remains positive for a long period and leads to

high storage values whereas for herbaceous plant communities it is usually assumed

that 4B value for a given stand when considered at the same time every year

becomes close to 0 in the long-term (Larcher 1994). Biomass accumulation and

decomposition then approach a ‘quasi-equilibrium’ state. Consequently, the annual

NPP of the herbaceous communities is primarily given by the necromass plus

litterfall values (Ld). However, Ld can only partially be determined by repeated

inventories due to variations in the phenology of plant functional groups and the
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highly dynamic biomass turnover of herbaceous plants, in particular of their root

systems (Eggert 1985).

The proportion of NPP utilised by consumers (Lc) in the investigated stands is

very low (less than 1% of NPP according to estimates by Schaefer 1989, 1996) and

is thus not further considered here. For Allium ursinum in Göttinger Wald, Eggert

(1985) and Hövemeyer (1995) determined an annual loss of 1–3% dry leaf matter

consumed by hoverfly larvae (Cheilosia fasciata). These results were obtained from
set of 120 uniform harvest plots with 1 m2 surface. ForMercurialis perennis, Kothe
(1983) reported a loss of 5% of the leaf area due to insect damage which was

measured in 40 uniform harvest plots of 1 m2 surface in a Mercurialis facies.
For the assessment of the annual NPP, the ‘‘maximum–minimum method’’

(Newbould 1967) is commonly used where the difference between the maximum

and the minimum amount of phytomass is calculated. Usually, this annual NPP

value equals the annual amount of litterfall plus necromass whereas Lc is neglected

and 4B equals zero. The assumption of 4B = 0 is not valid in all cases; therefore,

modified calculation methods which include long-term changes in 4B are used

(Mrotzek 1998; Brünn 1999). The annual amount of nitrogen uptake by herbaceous

vegetation was deduced by using a similar model as for the assessment of the

biomass and litter production where the amounts of nitrogen in the litter fall,

necromass and the storage (4B) were used.
Harvest methods provide good estimates of the standing biomass for a given

plot. However, these assessments are destructive and cannot be repeated at the same

location. Thus, the accuracy of estimates of biomass increase (4B), and conse-

quently net primary production (NPP), depends on the structural homogeneity of

the plots which are selected for the repeated harvesting. For vegetation monitoring

purposes, e.g. within the EU Level II program (De Vries et al. 2002; Bolte et al.

2004), destructive harvest methods are often not applicable (Bolte et al. 2002).

10.2.2 Aboveground Phytomass Estimates
by Dimension Analysis

Maximum aboveground storage of the herbaceous phytomass can be estimated by

models which are based on biomass assessment of 31 widespread species and 13

morphological groups of the ground vegetation in forest stands of North Germany

(Bolte 1999; Bolte et al. 2002; Tables 10.1, 10.2). These models were developed

from ground vegetation structure and biomass data which originated from studies of

1,602 plots in 61 stands on various sites throughout northeast Germany and were

sampled during 1993–1996. The selected plots covered the abundance range (cov-

erage: 1–100%) for all selected species in forests predominantly dominated by

European beech, oak and Scots pine. Based on plant species, shoot length and plant

density, plot area selected for sampling varied from 0.05 m2 (mosses) to 1.28 m2

(tall ferns) which allowed the survey of sufficient number of shoots per plot (Donita

1972). In each plot, percentage coverage and the maximum length of 15 randomly
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Table 10.1 Assessment functions for aboveground phytomass of different plant species accord-

ing to Bolte (1999, modified)

No MG Speciesb Empirical parametersa (eq. 10.1) Cdnlin

A B C

1 sh Adoxa moschatellina 0.2919 1.0535 – 0.94

2 Oxalis acetosella 0.1520 1.1090 – 0.92

3 mh Anemone nemorosa,
A. ranuncoloides

0.1853 1.2731 – 0.92

4 Corydalis cava 0.2027 1.2000 – 0.81

5 Galium odoratum 0.0038 1.0308 1.6429 0.86

6 Lamium galeobdolon 0.1618 1.2832 – 0.87

7 Maianthemum bifolium 0.0800 1.4286 – 0.87

8 Mercurialis perennis 0.0258 1.3338 0.6425 0.92

9 Ranunculus ficaria 0.3930 1.0699 – 0.90

10 Stellaria holostea 0.9375 0.9602 – 0.92

11 th Aegopodium podagraria 0.0050 0.9901 1.4418 0.95

12 Impatiens parviflora 0.0013 1.5500 0.9015 0.88

13 Urtica dioica 0.0130 1.1055 0.9013 0.91

14 sg Deschampsia flexuosa 0.1095 0.8900 0.7698 0.89

15 Melica uniflora 0.0289 0.9317 1.0126 0.89

16 mg Agrostis capillaris,
Poa nemoralis

0.0104 1.0786 1.2639 0.91

17 Brachypodium pinnatum,
B. sylvaticum

0.0076 1.2545 1.0600 0.88

18 Dactylis polygama 0.0001 0.9228 2.5215 0.96

19 tg Calamagrostis epigejos 0.0001 0.9927 2.2550 0.87

20 Milium effusum 0.1096 1.0918 0.4147 0.91

21 Molinia caerulea 0.0045 1.3120 1.1230 0.92

22 f Dryopteris carthusiana 0.0039 1.2887 1.1811 0.85

23 Dryopteris filix-mas 0.0017 1.3997 1.0831 0.93

24 tf Pteridium aquilinum 0.0003 1.2634 1.5391 0.96

25 dsh Calluna vulgaris 0.1620 0.9808 1.0187 0.95

26 Vaccinium myrtillus 0.0373 0.9656 1.4117 0.93

27 Vaccinium vitis-idaea 0.1363 1.1427 0.8627 0.98

28 sh Rubus idaeus 0.0003 0.9658 2.2250 0.92

29 pm Dicranella heteromalla,
Dicranum polysetum
Dicranum scoparium,
Hypnum cupressiforme,
Pohlia nutans

0.8161 1.1543 0.4306 0.90

30 mm Brachythecium spec.,
Pleurozium schreberi,
Scleropodium purum

0.6937 0.8291 0.6726 0.87

31 dm Leucobryum glaucum 1.8028 1.2476 0.4231 0.83

MG refers to morphological groups of species (for further description, refer to Table 10.2), Cdnlin:

non-linear coefficient of determination according to Sachs (1976) and (eq. 10.1)
aValues are rounded from 12 to 4 decimal points
bNomenclature: vascular plants: Wisskirchen and Haeupler (1998), mosses: Koperski et al. (2000)
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selected shoots were recorded separately for all species analysed. Dry weight of

species phytomass was measured after harvesting and drying aboveground shoots

for 48 h at 105�C in the laboratory. Sampling was timed between blooming and

fruiting of each species and ranged from April to September. During this period,

aboveground plant growth of most herbaceous plant species occurred (Höhne and

Fiedler 1963; Persson 1975; Rodenkirchen 1982).

A non-linear regression analysis was performed (Proc Nlin, iteration: Gauss-Newton,

SAS 6.12; SAS Inst. 1989). Allometric functions of the following formula (10.1) were

used to predict aboveground biomass of ground vegetation species or plant mor-

phological groups relative to percentage cover (PC) and mean shoot length (MS):

P ¼ a PCb MSc; ð10:1Þ

P: Aboveground phytomass (dry matter, 105�C, g m�2)

PC: Percentage cover (species, morphological groups)

MS: Mean shoot length (above ground, cm)

a. . .c: Empirical parameters obtained by fitting the measured data

Fitting criteria for the optimal regression models were maximum values of the

non-linear coefficient of determination (Cdnlin, Sachs 1976) and the independence

of the residuals from the dependent variable (Hartung 1989). Model derivation for

both species (SP) and morphological groups (MG) allowed the estimation of those

species that were not sampled by attributing them to morphological groups with

Table 10.2 Assessment functions for above ground phytomass of morphological groups of the

forest understorey vegetation according to Bolte (1999, modified)

No Morphological groups Mean shoot length (cm) Empirical parametersa Cdnlin

A B C

1 Small herb (sh) 5–10–15 0.1187 0.9663 0.4311 0.86

2 Middle herb (mh) 10–15–40 0.0687 1.2594 0.3624 0.81

3 Tall herb (th) 20–55–160 0.0037 1.5158 0.8057 0.80

4 Small grass (sg) 20–35–60 0.0426 0.9779 0.9083 0.88

5 Middle grass (mg) 30–50–80 0.0047 1.0748 1.4185 0.83

6 Tall grass (tg) 30–70–120 0.0001 1.2050 2.0590 0.88

7 Fern (f) 30–55–90 0.0445 1.4812 0.2582 0.81

8 Tall fern (tf) 50–100–215 0.0003 1.2634 1.5391 0.96

9 Dwarf shrub (dsh) 10–20–40 0.1641 1.0080 0.9028 0.86

10 Shrub (sh) 25–55–120 0.0003 0.9658 2.2250 0.92

11 Pad mossb (pm) 1–3–10 0.8161 1.1543 0.4306 0.90

12 Mat mossc (mm) 5–7–10 0.6937 0.8291 0.6726 0.87

13 Dense mossd (dm) 4–5–8 1.8028 1.2476 0.4231 0.83

Mean shoot length refers to the range (min, max) for the 129 plots, the bold value represents the

mean for all plots; Cdnlin: refers to non-linear coefficient of determination according to Sachs

(1976) and (eq. 10.1)
aValues are rounded from 12 to 4 decimals
bMostly acrocarpous moss species, growing in singular pads
cPleurocarpous moss species, growing in more or less extended mats (carpets)
dVery dense pads of Leucobryum glaucum
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regard to morphology (fern, herb, grass, moss, shrub) and shoot length (Table 10.2).

Standard deviation of estimations (standard deviation of the residuals) ranged

between 18.8 and 20.7% of the predicted values for species models (SP) and for

morphological group models (MG). Both model types were successfully validated

comparing phytomass values of predicted (x) and measured (y) values of 50 indepen-
dent samples (y = x, SP: R2 = 0.85, MG: R2 = 0.85; Bolte 1999).

Based on the allometric models in Tables 10.1 and 10.2, aboveground phytomass

of the ground vegetation was calculated with MS Access 2002 using the macro

package PhytoCalc 1.31 (Bolte and Parth 2004).

For the beech stands at Göttinger Wald and Solling, percent coverage and mean

shoot length for each species with coverage of more than 1% were recorded in 2002

during the Level II survey for which four and six square subplots (each of 100 m2)

were measured. At Göttinger Wald, these subplots were not systematically

distributed in the stand, but covered characteristic facies of ground vegetation

(see Chap. 5, Table 5.9). At Zierenberg, percent coverage of all and upper shoot

length (UL: mean length of the dominant shoots, 90th percentile) of the most

abundant species, stinging nettle (Urtica dioica) and dog’s mercury (M. perennis)
were assessed in 2002 in 80 small square subplots (4 m2) that were systematically

distributed using a grid approach within ca. 4-ha area. For the calculation of mean

shoot length ML from upper shoot length values UL (see (10.2)), conversion factors

were deduced for each morphological group by linear regression analyses using the

model samples (n = 1,602; Table 10.3). For less abundant species for which shoot

lengths were not recorded, mean values (displayed bold values in Table 10.2) of the

corresponding morphological species group were used.

ML ¼ aþ bUL; ð10:2Þ

where

ML: Mean shoot length (cm)

UL: Upper shoot length, 90th percentile (cm)

a. . .c: Empirical parameters

Estimation of the above ground herbaceous phytomass was obtained for the

beech stands by calculating: (1) the arithmetic mean of all six subplot values at

Solling with a homogenous herbaceous structure, (2) the frequency weighted mean

phytomass of all 80 subplots stratified according to bedrock type and relative

irradiance intensity at Zierenberg, and (3) the area weighted phytomass mean of

the four subplots attributed to different vegetation facies at Göttinger Wald

(Dierschke 2006).

In contrast to the harvest methods, this non-destructive dimension analysis

enables repeated estimations of plant phytomass for the same plot. Thus, it can be

used for vegetation monitoring without any restriction. However, to date, the

assessment models apply only to the aboveground parts of the understorey vegeta-

tion. The accuracy of the model predictions depends on data quality of the input

parameters and the model errors described (18.8% for species models and 20.7%

for morphological group models).
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10.3 Phytomass Estimates

The maximum phytomass determines the pool for matter and nutrient storage and

turnover of the herbaceous vegetation. Thus, it is an important parameter for

production studies. Biomass and necromass, both phytomass components, provide

the basis for net primary production estimates.

10.3.1 Total Biomass Estimated from Harvest Studies

The maximum biomass values for below- and aboveground components, which

were derived from harvest studies, indicated that markedly high amount of biomass

in the herbaceous layer occurred at the nutrient-rich sites of Göttinger Wald and

Zierenberg (Table 10.4). At each of these sites, high values (peak biomass above-

ground plus belowground; see Table 10.4) between 1,865 kg in Zierenberg and

2,100 kg in Göttinger Wald dry matter per hectare were observed during two

separate studies undertaken in 1981/1982 and 1995.

At the Solling site, the total phytomass of the herbaceous and moss layer ranged

from 27 to 56 kg ha�1 which was only 1–3% of the maximum values obtained at the

Göttinger Wald and Zierenberg sites. The calculated maximum aboveground biomass

values were comparable to the modelled phytomass values shown in Table 10.5. It is,

however, worth noting that necromass of herbaceous plants had already occurred

Table 10.3 Conversion functions for upper shoot length (90-%) to mean shoot length of morpho-

logical groups of the forest understorey vegetation (Bolte and Parth 2004)

No Morphological groups of species Sample number (n) Empirical

parameters (10.2)
R2

A B

1 Small herb (sh) 90 1.0471 0.6767 0.85

2 Middle herb (mh) 455 0.9175 0.6930 0.90

3 Tall herb (th) 149 �0.6697 0.7647 0.95

4 Small grass (sg) 158 7.9168 0.4758 0.83

5 Middle grass (mg) 158 5.3827 0.6557 0.84

6 Tall grass (tg) 173 �3.3267 0.7747 0.89

7 Fern (f) 52 �5.0700 0.8481 0.90

8 Tall fern (tf) 48 0.7862 0.8659 0.96

9 Dwarf shrub (dsh) 138 2.1576 0.6595 0.88

10 Shrub (sh) 50 4.9191 0.5994 0.96

11 Pad mossa (pm) 74 �0.0658 0.8326 0.97

12 Mat mossb (mm) 35 0.4573 0.6966 0.88

13 Dense mossc (dm) 22 �0.1319 0.8625 0.96
aMostly acrocarpous moss species, growing in singular pads
bPleurocarpous moss species, growing in more or less extended mats (carpets)
cVery dense pads of Leucobryum glaucum
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before maximum production of phytomass as shown for A. ursinum (Fig. 10.1,

Eggert 1985).

At the Göttinger Wald site, the beech forest on limestone is characterised by a

wide range of total biomass production according to the different species composi-

tion and small-scale heterogeneity of vegetation density (‘‘patchiness’’, Rodenkirchen

1995). In the Anemone nemorosa facies with 837 kg ha�1, considerably less

biomass occurred compared to the Allium andMercurialis facies. These differences
reflected the morphological and growing properties of the dominant species and the

low surface cover (about 50%) of the herb layer at this site.

At the Zierenberg site, U. dioica and M. perennis occurred in combinations

where Urtica facies were characterised by a high coverage and a high biomass

(2,541 kg dry weight per ha; peak biomass aboveground plus belowground). The

differences in the aboveground biomass between the U. dioica facies and

the M. perennis facies may be explained by the different morphology of the

dominating species. M. perennis reaches a maximum height of 40 cm, whereas

U. dioica can reach a height of up to 240 cm at the Zierenberg site.

In beech forests which are poor in understorey species, as at Solling, the biomass

of the moss layer may be larger than that of the herbaceous layer. This was obvious

in a single inventory of the quantitatively relevant moss Polytrichum formosum at

Solling in 1970 that attained an aboveground biomass dry weigth of 18.5 kg ha�1

Fig. 10.1 Biomass and necromass of the herbaceous layer of Allium facies at Göttinger Wald in

1982 (according to Eggert 1985). x sum of aboveground and belowground biomass, hatched boxes
belowground, blank boxes aboveground biomass
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and a similar value for the belowground biomass (Ellenberg et al. 1986). Total

biomass of the herbaceous and the moss layer was about 62 kg ha�1. Among the

values reported in literature for beech forests throughout central Europe, the herb

layer biomass in the nutrient poor beech forest at Solling (27–56 kg ha�1) repre-

sented the lower end of the range. The mean values for aboveground biomass

ranged from 10 to 460 kg ha�1, and a maximum value of 1,700 kg ha�1 was

reported (Hughes 1975; Leibundgut 1977; Kubiček 1980; Moldenhauer 1998;

Anders et al. 2002; Weckesser 2003).

The nutrient-rich sites of Göttinger Wald and Zierenberg are close to the max-

imum value recorded in closed forests (Hughes 1975; Leibundgut 1977; Kubiček

1980; Moldenhauer 1998; Anders et al. 2002; Weckesser 2003). High amounts of

herbaceous biomass of more than 4,000 kg ha�1 have been reported only for oak-

dominated hardwood forests with geophytes (e.g. A. ursinum, A. nemorosa) in

Southern Sweden (Olsson and Falkengren-Grerup 2003).

10.3.2 Aboveground Phytomass Estimated by Plant
Dimension Analysis

Aboveground phytomass of the herbaceous layer on the three beech sites was

calculated from percentage coverage and average shoot length using the model

PhytoCalc 1.31 (Bolte and Parth 2004). Phytomass values given in Table 10.5 do

not include the contribution of the tree regeneration.

Maximum total aboveground phytomass of the herbaceous layer were highest on

the nutrient-rich soils at Göttinger Wald with 653 kg ha�1 and at Zierenberg with

515 kg ha�1 (Table 10.5). Low values occur at the nutrient-poor Solling beech site.

At Zierenberg, the dominant hemicryptophyte U. dioica accumulates the highest

phytomass in summer. Its growth is stimulated by high irradiance intensity during

the whole growing season. High light conditions were observed at the Zierenberg

site mostly in the area of upper slope of basalt bedrock (Mrotzek 1998, Table 10.6).

In contrast toU. dioica, phytomass ofM. perennis is more evenly distributed within

the different hillside situations and bedrock units on the site. An early increase of

above ground phytomass was observed in spring (see Sect. 10.4) which was maintained

until summer.

10.3.3 Comparison of Methods of Biomass Assessment

The comparison of harvest and plant dimension analysis (modelling) methods

(Tables 10.4, 10.5) showed some differences. Modelled values were lower, 82%

at the Göttinger Wald site and 68–92% at Zierenberg site, but of comparable size.

However, at the Solling site, the modelled value of biomass was more than double
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the value measured by the harvest method. Besides the methodological differences

of assessing the biomass, the different values may have resulted from the temporal

change of the vegetation structure and the different locations of the plots measured

within the stands. At Zierenberg, the abundance of highly productive U. dioica
(Mrotzek 1998) has decreased between 1993 (harvest studies) and 2002 (PhytoCalc

study; Table 5.2). At Solling, a windthrow of one beech tree adjacent to the

monitoring plots in 1990 increased the ground vegetation cover values. The high

small-scale heterogeneity of ground vegetation structure may have caused major

differences at the Göttinger Wald site reflected in the plots used for harvest and

those used for monitoring for modelling purposes. Moreover, the more detailed

description of the vegetation facies in 1981 (Dierschke and Song 1982) was used for

mean biomass calculation from the harvest study made during the same year. For

the following considerations, only values based on the harvest method are used.

10.4 Phenological Patterns of Annual Development

of Herbaceous Biomass

The herbaceous vegetation showed a strong seasonal dynamic of increasing and

decreasing phytomass that allowed the separation of time intervals between bio-

mass and litter production of the aboveground components (Fig. 10.1; Jandl et al.

1997). Through regular measurement of above- and belowground biomass produc-

tion, it was possible to recognise internal translocation processes related to species-

specific patterns and strategies.

The herbaceous layer at Göttinger Wald is dominated by spring geophytes like

A. usinum (Schmidt et al. 1989; Ellenberg 1996; Schmidt, Chap. 5, this volume) that

are most competitive in the shade of forests with closed canopies (Ernst 1979, 1983;

Eggert 1985; Hellmold and Schmidt 1989; Kriebitzsch 1989; Böhling 2003;

Schmidt, Chap. 5, this volume). Aboveground growth of A. ursinum at Göttinger

Wald (Fig. 10.1), started early in the year in March before leaf flushing of the beech

trees and reached its maximum in mid-May (1,253 kg ha�1). Under leafed canopy

from mid-May, the relative irradiance intensity declined to 2–5% compared to open

field conditions (Dierschke and Brünn 1993; Lambertz and Schmidt 1999). During

this time, Allium’s biomass decreased and at the beginning of June aboveground

biomass was only 1/3 (418 kg ha�1) of the amount measured in May. Root growth

started later than growth of the aboveground parts in mid-April, but lasted for about

14 days longer, leading to an increase in the biomass proportion belowground

during the second half of the year. This specific temporal course of aboveground

biomass also reflected the phenological adaptation of other geophytes like

A. nemorosa to changes in light and soil temperature conditions under beech stands

(Hellmold and Schmidt 1989; Heine-Koch 1993; Dierschke 2000). An extended

period of belowground development, when compared to the shoot growth, pointed

to processes of element mobilisation in the geophytes, which survive through

belowground storage components (Eggert 1985; Demars and Boerner 1997).
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At the Zierenberg site, with higher below-canopy irradiance intensity compared

to Göttinger Wald site (Perona 1995; Mrotzek 1998), the dominant species were

U. dioica andM. perennis of which firstM. perennis and then U. dioica became the

dominating fraction of the understorey. The shoot biomass of the nettle U. dioica,
e.g., reached high values during June to October with a median value of about 650

kg ha�1 (Fig. 10.2). During these months, the aboveground biomass showed a large

spatial variability and, for some areas with high and densely growing nettle, shoot

biomass of up to 1,520 kg ha�1 was calculated for October (Eichhorn 1995).

U. dioica may prolong its photosynthetic activity during summer when above-

ground parts of the geophytes dominating at the Göttinger Wald site have already

died (Teckelmann 1987). There is an annual course of the aboveground and

belowground biomass with low amounts of shoot biomass and high values of the

root biomass occurring after the growing period. In February, the highest value of

510 kg ha�1 (median value) of root biomass was determined at Zierenberg.

The shoot/root ratios are indications of the ecological adaptation of the species

to different resources including water, light and nutrients. In the Allium facies of

Göttinger Wald, the dominating spring and summer geophytes A. ursinum,M. perennis
and A. nemorosa showed a shoot/root ratio < 1 over the entire year (Table 10.7).

Their belowground components acted as storage for survival and therefore dominated

over the aboveground plant parts most of the year with peak in May. However, the

shoot/root ratios of U. dioica at Zierenberg ranged from 2.37 to 3.07 during periods

when aboveground values peaked (Table 10.7) pointing to a strategy of above-

ground competitive advantage (Mrotzek 1998).

At the Solling site, Luzula luzuloides and Avenella flexuosa were the dominant

species, besides tree seedlings of Fagus sylvatica, and showed a distinct seasonal

development with increasing biomass until summer and decreasing towards autumn

(Ellenberg et al. 1986). At the Solling site, the total biomass ranged from 11 to 27

kg (1969) and 14 to 25 kg (1970) per hectare (mosses excluded). The biomass in

1969 did not peak until early July and in 1970 until the beginning of August. The

Fig. 10.2 Aboveground and belowground biomass of U. dioica at Zierenberg 1992/1993 (Eich-

horn 1995). Box-whisker-plots with range (points), 10/90th percentiles (whisker plot), 25/75th

percentiles (box plot), median (middle line)

168 I.‐M. Schulze et al.



reason for these annual fluctuations may be related to climatic conditions, masting

and competitive effects of tree seedlings, herbivory and the influence of fungal

infections on the herbaceous vegetation (Ellenberg et al. 1986; Schmidt 1988).

10.5 Annual Production of Biomass and Litterfall

of the Herbaceous Layer

Mean annual biomass production (NPP) was high at Göttinger Wald with a mean

value of 1,035 and at Zierenberg with 1,069 kg ha�1 (Table 10.8). However, the

herbaceous layer at the Solling site produced per year only 1–3% of the biomass

produced annually at both other beech forests. Depending on the model used

(Eggert 1985; Mrotzek 1998), the annual maximum litter production at Göttinger

Wald was only half of the amount at Zierenberg.

At the Göttinger Wald site, the amount of biomass produced annually by

different facies showed that Allium facies was the most productive (1,907 kg

ha�1) followed by the Mercurialis facies (1,139 kg ha�1) and the A. nemorosa
facies (256 kg ha�1). At Zierenberg, high annual NPP values of 2,117 kg dry matter

per ha were determined for U. dioica in the Urtica facies. These exceeded the

values for the Allium facies at Göttinger Wald.

TheMercurialis facies at Zierenberg and at Göttinger Wald showed comparable

biomass production values. The Anemone facies, however, produced at Göttinger

Wald very low biomass during the same phenological period (Hellmold and

Schmidt 1989). A lower base saturation (Schmidt et al. 1989) and reduced light

conditions (Dierschke and Brünn 1993) in the Anemone facies may result in

differences in NPP values.

Net primary production was markedly lower than the maximum biomass accu-

mulated (compare Table 10.6), especially in the belowground components (Mrot-

zek 1998). Belowground values underestimate the actual production, because it was

not possible to accurately determine the fine root turnover (Eggert 1985; Mrotzek

1998).

The highest annual litter production was observed under U. dioica in the Urtica
facies at Zierenberg with a mean value of 1,950 kg ha�1, and under M. perennis in
theMercurialis facies, 853 kg ha�1 was observed (Table 10.8). In Urtica facies, the
mean litter production of the dominating U. dioica slightly exceeded the biomass

Table 10.7 Annual course of shoot/root ratio of the Allium facies at Göttinger Walda and of

Urtica dioica at Zierenbergb

Harvest month Feb Mar Apr May Jun Jul Aug Sep Oct Nov

Allium-faciesa 0.06 0.13 0.40 0.82 0.18 – 0.04 – – 0.04

Urtica dioicab 0.10 0.09 0.54 1.84 2.48 2.74 2.52 3.07 2.37 0.57
aEggert (1985)
bEichhorn (1995)
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ö
tt
in
g
er

W
al
d
a

Z
ie
re
n
b
er
g
b

S
o
ll
in
g
c

1
9
8
2

1
9
8
1

1
9
8
1

1
9
8
1

1
9
9
5

1
9
9
5

1
9
9
5

1
9
6
8
–
1
9
7
2

A
ll
iu
m
-
fa
ci
es

M
er
cu
ri
a
li
s-

fa
ci
es

A
ne
m
on

e-
fa
ci
es

W
ei
g
h
te
d

m
ea
n

U
rt
ic
a-
fa
ci
es

e
M
er
cu
ri
al
is
-
fa
ci
es

f
W

ei
g
h
te
d

m
ea
n

B
1
,
m
ea
n

M
ax
.
b
io
m
as
s

p
ro
d
u
ct
io
n
(N

P
P
)

1
,9
0
7

1
,1
3
9

2
5
6

1
,0
3
5

1
,9
1
5
(1
,7
1
3
–
2
,1
1
7
)

9
3
8
(7
0
3
–
1
,1
7
2
)

1
,0
6
9

1
4
–
3
0

M
ax
.
li
tt
er

p
ro
d
u
ct
io
n
(=
L
d
)

9
7
0
(3
7
0
–
1
,5
7
0
)

4
7
9
d

9
4

4
8
1

1
,9
5
0
(1
,7
4
8
–
2
,1
5
2
)

8
5
3
(6
1
8
–
1
,0
8
7
)

1
,0
0
1

1
6

a
H
ar
tm

an
n
1
9
8
2
;
S
ch
u
lt
z
1
9
8
2
;
E
g
g
er
t
1
9
8
5
;
K
o
th
e
1
9
8
8
;
S
ch
m
id
t
et
al
.1
9
8
9
.M

ea
n
b
io
m
as
s
v
al
u
es

ar
e
th
e
ar
ea
-w

ei
g
h
te
d
m
ea
n
s
o
f
b
io
m
as
s
v
al
u
es

re
fe
rr
ed

to

th
e
ar
ea

p
ro
p
o
rt
io
n
o
f
fo
ll
o
w
in
g
fa
ci
es

ac
co
rd
in
g
to

S
ch
m
id
t,
C
h
ap
.
5
,
T
ab
le

5
.9
:
A
ne
m
on

e-
fa
ci
es
:
6
.3
%
,
A
ne
m
on

e-
M
er
cu
ri
al
is

fa
ci
es

(m
ea
n
):

3
3
.4
%
,

M
er
cu
ri
a
li
s
fa
ci
es
:
6
.3
%
,
A
ll
iu
m
-M

er
cu
ri
al
is
fa
ci
es

(m
ea
n
):
9
.1
%
,
A
ne
m
on

e-
A
ll
iu
m
-M

er
cu
ri
al
is
fa
ci
es

(m
ea
n
):
2
1
.3
%
,
A
ll
iu
m
fa
ci
es
:
5
.1
%
,
A
ne
m
on

e-
A
ll
iu
m

fa
ci
es

(m
ea
n
):
8
,7
%
,
o
th
er

fa
ci
es

(m
ix
tu
re

o
f
p
re
v
io
u
s
fa
ci
es

ac
co
rd
in
g
to

th
ei
r
ar
ea

p
ro
p
o
rt
io
n
):
9
.8
%

b
M
ro
tz
ek

(1
9
9
8
).
M
ea
n
b
io
m
as
se
s
ar
e
th
e
ar
ea
-w

ei
g
h
te
d
m
ea
n
s
o
f
b
io
m
as
s
v
al
u
es

co
n
si
d
er
in
g
th
e
p
lo
t
p
ro
p
o
rt
io
n
w
it
h
m
o
re

th
an

7
%

o
p
en

fi
el
d
ir
ra
d
ia
n
ce

(U
rt
ic
a
fa
ci
es
,a
re
a
p
ro
p
o
rt
io
n
:
1
3
.5
%
)
an
d
le
ss
th
an

7
%

o
p
en

fi
el
d
ir
ra
d
ia
n
ce

(M
er
cu
ri
al
is
fa
ci
es
,a
re
a
p
ro
p
o
rt
io
n
:
8
6
.5
%
).
T
h
e
p
ro
p
o
rt
io
n
w
as

ca
lc
u
la
te
d
fr
o
m

d
at
a
in

T
ab
le
5
.4

(S
ch
m
id
t,
th
is
v
o
lu
m
e,
C
h
ap
.
5
)
th
at
in
cl
u
d
es

th
e
cl
as
si
fi
ca
ti
o
n
o
f
1
9
2
p
lo
ts
b
as
ed

o
n
ir
ra
d
ia
n
ce

in
te
n
si
ty

cl
as
se
s
ac
co
rd
in
g
to

P
er
o
n
a
(1
9
9
5
)

an
d
M
ro
tz
ek

(1
9
9
8
)

c
E
b
er

(1
9
7
2
,
1
9
8
2
),
B
en
n
er
t
(1
9
7
3
,
1
9
8
0
),
E
ll
en
b
er
g
et

al
.
(1
9
8
6
).
V
eg
et
at
io
n
ty
p
e
L
uz
ul
o-
F
ag

et
um

ty
pi
cu
m
,
O
xa
li
s
ac
et
os
el
la

fa
ci
es

(r
el
ev
é
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production (Table 10.8). These results supported the observations carried out on

permanent plots at Zierenberg over several years. The cover and growth of U. dioica
has reduced in some parts of the site during the last few years. This was mainly

caused by reduced light conditions after closing of the beech forest canopy. This

process became more obvious in those parts of the research areas where nettle

growth was poor and was less evident where it was vigorous. In the formation

dominated by the shade tolerant plant M. perennis, a continuous increase was

observed (Mrotzek 1998; Schulze et al. 2000).

10.6 N-storage, Dynamic and Internal N-Cycling

Herbaceous vegetation in forests may constitute a sink for nitrogen when annual net

balance is considered. However, ground vegetation may also be a source for nitrogen

when herbaceous phytomass decreases due to a shortage of growth resources as may

occur in summer droughts (Bolte et al. 2004). Once a stable amount of understorey

has been established which is in balance with the conditions of the stand, no further

annual biomass increment is expected. However, the seasonal changes in herbaceous

growth may influence the internal element budget. Olssen and Falkengren-Grerup

(2003) found that, in spring, excessive nitrate (more than 90%) was assimilated by the

understorey which was dominated by geophytes in an oak forest, when tree canopy

showed little activity and nitrogen availability was high. During the growing period,

the uptake of nitrate and ammonium by the ground vegetation may contribute to a

decrease in the N-concentration in the soil solution (Eichhorn 1995).

The amount of N retained by the herbaceous vegetation (Table 10.9) was

determined by the biomass and the high N concentrations of the dominant species

A. nemorosa, M. perennis, A. ursinum and U. dioica. A comparison of the three

stands showed that the highest mean N storages occurred at Zierenberg with 52 kg

N ha�1. Similar values of 48 kg N ha�1 were determined for the Allium facies in

Göttinger Wald and 51 kg N ha�1 for the Mercurialis facies at Zierenberg. These
amounts are high compared to the value of 11 kg N ha�1 that was recorded by

Moldenhauer (1998) at a 131-year-old beech stand on a comparable nutrient-rich

site at Knüll (Hessia). The nitrogen retained by the herbaceous vegetation at Solling

was comparatively low with 1.2 kg N ha�1. For a mature beech stand on Pleistocene

sandy sediments of lower nutrition, Anders et al. (2002) reported 4.6 kg N ha�1 in

aerial parts of the ground vegetation. In different deciduous forests, maximum

values of nitrogen in the herbaceous layer ranged from 1 to 55 kg ha�1 (Höhne

1962; Eggert 1985; Ellenberg et al. 1986; Anders et al. 2002). Thus, the Zierenberg

site and the Solling site represented the upper and the lower ends of the range.

In the Allium facies of Göttinger Wald (Table 10.9), the annual nitrogen returned

via the litter fall and decomposition ranged between 21 and 31 kg ha�1. In

comparison, the nitrogen in all facies of the Zierenberg site is higher. The highest

amounts of N-uptake by U. dioica at Zierenberg was a maximum of 77 kg ha�1 per

year. The stinging nettle contributed 65 kg ha�1per year andM. perennis 12 kg ha�1

10 Phytomass, Litter and Net Primary Production of Herbaceous Layer 171



per year to the total amount. The annual amount of N-uptake of 30 kg ha�1was

determined for the facies dominated by M. perennis. On average, similar amounts

of 36 kg ha�1 per year are taken up as released with the litterfall in the annual

course. This is lower than those values between 48 and 55 kg ha�1 per year reported

by Höhne (1962) for comparable stands. With an annual N-uptake of only 0.4 kg

ha�1 by the herbaceous vegetation, the Solling site represents a base-poor site with

low turnover rates for N.

The low values of nitrogen storage and uptake at the Solling site are supported

by Anders et al. (2002) who estimated 3.3 kg ha�1 annual nitrogen uptake by the

herbaceous plants aboveground of a closed beech forest on a base-poor sandy site in

northeastern Germany. This is contrasted by Höhne (1962) who reported 19 kg ha�1

nitrogen uptake for the ground vegetation under the canopy of a mixed beech-pine

stand on a site with comparably poorer nutrition.

10.7 Annual Changes in N-Contents

The N-contents in the shoots and leaves of stinging nettles at the Zierenberg site

were about 70 g kg�1 at the time of bud break in March (Fig. 10.3, Eichhorn 1995;

Mrotzek 1998). During the growing period from April to September, the N-content

decreased to 60 g kg�1 and showed markedly lower N-content in the shoots than in

the leaves. This phenological variance of element concentration in herbaceous

Table 10.9 Maximum N-storage (kg ha�1), amount of N-uptake (kg ha�1 a�1), and amount of N-

flux with the litterfall (kg ha�1 a�1) of the herbaceous vegetation at the Göttinger Wald, Zieren-

berg, and Solling sites

Göttinger Walda Zierenbergb Sollingc

1982 1982 1995 1995 1995 1968–1972

Allium-
facies

Weighted

mean

Urtica-
facies

Mercurialis-
facies

Weighted

mean

B 1, mean

N-storage 48 42 68 51 52 1.2

N-uptake – 21 77 30 36 0.4

N-litterfall – 21–31 78 30 36 –
aHartmann (1982), Schultz (1982), Eggert (1985; 1989), Kothe (1988), Schmidt et al. (1989,

unpublished data) and Sah (1990). Mean values are calculated from biomass shown in Table 10.4

or production values of Table 10.8 and nitrogen concentrations of the dominating species

A. nemorosa, M. perennis and A. ursinum (living plant material and shed dead material, compare

also Sah 1990)
bMrotzek (1998). Mean values are the area-weighted means considering the plot proportion with

more than 7% relative light intensity (Urtica facies, proportion of area: 13.5%) and less than 7%

relative light intensity (Mercurialis facies, proportion of area: 86.5%) according to Perona (1995)

and Mrotzek (1998)
cEber (1972, 1982), Bennert (1973, 1980), Ellenberg et al. (1986). Vegetation type Luzulo-
Fagetum typicum, Oxalis acetosella facies (Table 5.1)
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plants is also described by Höhne and Fiedler (1963), Bennert (1973) and Chapin

(1980). Plant tissue is diluted for N due to fast spreading of leaves at the beginning

of the growing period (Eggert 1985). From October onwards, the N-content

decreased below 40 g kg�1. Due to a parallel accumulation of N in the throughfall

below the densely growing nettles and very little increase in the N-concentration in

the roots, it was assumed that the shoots of the nettles release nitrogen (Eichhorn

1995). N-content of roots varied very little from March to November (median

values around 30–40 g N kg�1). The highest N-content of roots occurred in

February and reached 60 g N kg�1. Fine roots were always richer in nitrogen

than the coarse roots and rhizomes. This result leads to concepts of whole plant

perspectives as proposed by Givnish (1988).

In the Allium facies at Göttinger Wald (Fig. 10.4; Eggert 1985), total N-content

of 48 kg ha�1 was determined during May and June. In November, there was still

found 27 kg N ha�1. Re-translocation and mobilisation of nitrogen become obvious

as development of the above- and belowground components takes place. From

Fig. 10.3 N-contents in the above and belowground biomass of U. diocia expressed as % dry

matter (Eichhorn 1995)

Fig. 10.4 Nitrogen storages (kg ha�1) of the herbaceous layer at Göttinger Wald, Allium facies

1982 (Eggert 1985). Star N in aboveground biomass, line N in belowground biomass, box total N
in biomass
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February to May, nitrogen was transported from the belowground organs into the

aboveground ones. In mid-May, after a sudden reduction of the aboveground

biomass, N increased in roots and continued until August when it began to decrease

again.

The extent of N translocation usually depends on the plant species and may be

considered an adaptation to the nitrogen supply, especially when nitrogen is

limiting growth. Species growing at nutrient poor sites often show a higher internal

N re-translocation than plants at nutrient-rich sites. The amount of internal N-

mobilisation depends on plant parts (Werner 1983) and can constitute up to two-

thirds of the total N required by the plant (Eggert 1985). For A. ursinum, transloca-
tion of 25 kg N ha�1 was observed (Fig. 10.4) indicating high translocation ability.

Eichhorn (1995) calculated for U. dioica an annual re-translocation of nitrogen at

the end of the growing period from the aboveground to the belowground organs of

10–45 kg N ha�1, and Mrotzek (1998) reported for M. perennis 2–5 kg N ha�1.

Compilation of data on element re-translocation by Aerts (1996) indicates values

between 25 and 80% (mean: 41%) for most herbaceous species. A comparably low

re-translocation of nitrogen is typical for species on nutrient-rich sites (Chapin 1980;

Chapin et al. 1990).

10.8 C/N Ratios

The C/N ratio is used as a measure of litter quality determining decomposition (Wittich

1961); and herbaceous plants usually have low C/N ratios. They ranged between 8.1

(M. perennis) and 18.8 (A. ursinum) in the leaf components of understorey plants on

these three sites (Table 10.10). Aboveground litter of almost all species had higher

C/N ratios. A comparison of these values suggests that Re-translocation of nitrogen

occur at the time of leaf senescence to varying extents in plants.

The C/N ratio in the leaf litter of beech is about 40 (Rademacher et al., Chap. 8,

this volume). The C/N ratios of the herbaceous vegetation may be related to the

humus form. Bolte (1999) showed that with an improvement of the humus form the

Table 10.10 C/N-ratios of the leaf biomass at the time of maximum aboveground biomass and the

aboveground leaf litter of herbaceous species

C/N leaf biomass C/N leaf litterfall

Allium ursinuma 18.8 19

Anemone nemorosaa 10.1–12.8 24.3

Arum maculatuma 13.2 27

Mercurialis perennisa 8.1 6.9

Asarum europaeuma 10.7 15.5

Lamiastrum galeobdolona 8.7 27.3

Urtica dioicab 11.2–14.6 –
aEggert (1985): Göttinger Wald
bTeckelmann (1987)
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C/N ratios of the Oh/Ah-horizon decreased whereas the N-contents of herbaceous

plants growing on these sites increased and the C/N ratio in the aboveground plant

material was reduced from 31 (raw humus) to 12 (mull). Plant litter on nutrient-rich

sites provides readily decomposable substrates and thus more favourable conditions

for the activity of decomposers.

10.9 Ground Vegetation as a Part of Internal

N-Cycling in Beech Stands

Contribution of the herbaceous vegetation to the annual nitrogen turnover may be

significant in some cases (Alriksson and Eriksson 1996; Buchmann et al. 1996). For

example, herbaceous vegetation at Göttinger Wald contribute with 25% and at

Solling with less than 1% to the total annual N-uptake by vegetation (Table 10.11).

The herbaceous layer in forest ecosystems thus forms an intermediate nutrient store

for cycling (Muller and Bormann 1976; Eichhorn 1995; Bolte 1996; Olsson 2002).

This was of particular significance at the beginning of the growing period or after

tree removals when the element uptake of the actively growing herbaceous vegeta-

tion may reduce nutrient losses and nitrate leaching from forests (Mellert et al.

1998; Olsson and Falkengren-Grerup 2003). However, due to the seasonal nature of

the understorey growth, the release of N during mineralisation in autumn or early

spring may not always synchronise with the demand for element uptake by trees

(Jandl et al. 1997) and may cause significant N losses in drainage water during

Table 10.11 Component of vegetation in the nitrogen balance of beech stands at Göttinger Wald

and Solling (storage and uptake by trees adopted from Chap. 8, belowground N-litter from Chap. 9

and aboveground litter from Chap. 11)

Göttinger Wald Solling

N-storage [kg ha
�1
]

Tree layer

Abovegrounda 941 894

Belowground 397 173

Total tree layer 1,338 1,067

Herb layer 42 1.2

N-uptake [kg ha�1 a�1]

Tree layer

Abovegroundb 81 74

Herb layer 21 0.4

N-litter [kg ha
�1

a
�1
]

Tree layer

Aboveground 63 68

Belowground 18–26 36–39

Herb layer 21–31 –
aLeaf biomass not considered
bLitter fall plus increment
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winter and early spring (Eichhorn 1995). High nitrate uptake by vegetation domi-

nated by geophytes during summer may reduce nitrate losses from the ecosystem

even when their biomass is low due to a high nitrate reductase activity (NRA) per

unit biomass (Olsson and Falkengren-Grerup 2003).

Differences in the quality of litter between herbaceous and woody vegetation are

important for the supply of readily decomposable substrates for mineralisation

(Wittich 1944; Scott 1955; Wise and Schaefer 1994). For example, at the Zieren-

berg site, the N-content in the herbaceous litter for decomposition was as high as

N-content in the beech leaf litter. Moreover, the litter of the herbaceous vegetation

has lower C/N ratios than that of beech trees indicating better litter quality (Jandl

et al. 1997). Positive effects of A. ursinum ground cover on the soil fauna, particu-

larly collembolans and earthworms, have been reported for a beech forest which

may enhance decomposition processes (Kopeszki and Jandl 1994; Wolters 1999).

Herbaceous species likeMelica uniflora and Epilobium angustifoliummay facilitate

decomposition (Ponge and Delhaye 1995; Bauhus et al. 2004). Wise and Schaefer

(1994) hypothesised that for an accelerated decomposition of beech litter the

contribution of high quality herbaceous litter is required. For the biotic incorporation

by earthworms, high quality herbaceous litter plays an important role by triggering

decomposition processes after liming (Bauhus et al. 2004). Thus, the retention of C and

N by mineral soil may be positively affected by species-rich and highly productive

herbaceous vegetation.

10.10 Conclusion

Important issues and implications of the study are:

l The three beech stands have a similar age, but differ in site conditions, forest

history and management. Herb layer vegetation is mainly affected by the

chemical soil site conditions and irradiance intensity which may vary in time

and space.
l The Solling site has a poorly developed herbaceous layer, while the Göttinger

Wald site is rich in number of species with high variability at a small spatial

scale. The dominant species at the Zierenberg site include U. dioica and

M. perennis.
l Two methods were used to assess the maximum aboveground biomass of the

herbaceous layer at the three sites. The first method involved biomass harvests

conducted in different years from 1968 to 1995. With this method, the total

above- and belowground biomass was 56 kg ha�1 at Solling, 2,100 kg ha�1 at

Göttinger Wald and 1,865 kg ha�1 at Zierenberg. The amount of mean biomass

production (NPP: ‘‘maximum–minimum’’) was 1,035 kg ha�1 per year at

Göttinger Wald, 1,069 kg ha�1 per year at Zierenberg and 30 kg ha�1 per year

at Solling. The second method made use of the PhytoCalc 1.31 model which

involved percent coverage and average shoot length. The calculated maximum
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aboveground phytomass of the herbaceous layer from relevés in 2002 were

653 kg ha�1 at Göttinger Wald and 515 kg ha�1 at Zierenberg, and 52 kg ha�1

at the nutrient-poor Solling site.
l Amount of N retained by the understorey vegetation depends on the biomass and

N concentrations in the plant parts. The herbaceous vegetation at Zierenberg

(U. dioica and M. perennis) stored a significant amount (mean: 52 kg ha�1,

Urtica-facies: 68 kg ha�1) when compared to Göttinger Wald (mean: 42 kg ha�1,

Allium facies: 48 kg ha�1) and particularly the Solling site (1.2 kg ha�1).

Different values were recorded also for mean annual N-uptake (Göttingen

Wald: 21 kg ha�1 per year, Zierenberg: 36 kg ha�1 per year, Solling: 0.4 kg

ha�1 per year) and mean annual N-losses with the litterfall (Göttingen Wald 21–

31 kg ha�1 per year, Zierenberg: 36 kg ha�1 per year) of the understorey

vegetation indicating high proportion of total turnover of N at the Zierenberg

and Göttingen Wald sites.
l Intermediate store of nutrients is probably the most important function of the

herbaceous layer in forest ecosystems. At times of low tree uptake at the

beginning of the growing period or after tree removals, the element uptake by

the ground vegetation may reduce leaching losses. However, due to the season-

ality in the growth of understorey plants, the release of N during mineralisation

of herbaceous litter may not always synchronise with the demand for plant

uptake and may cause significant N losses in drainage water.
l High quality litter of the understorey vegetation plays an important role in the

decomposition processes of overstorey components by enhancing the activity of

the soil fauna (collembolans, earthworms) and triggering litter decomposition.
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Frühjahrserwärmung in Laubwäldern bei Göttingen. Dipl Arb Univ Göttingen

Hellmold C, Schmidt W (1989) Energiegehalt und Energiebilanz der Krautschicht eines Kalkbu-

chenwaldes. Verh Ges Ökol 17:177–188
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Chapter 11

Biomass and Element Content of Foliage

and Aboveground Litterfall on the Three

Long-Term Experimental Beech Sites:

Dynamics and Significance

P.K. Khanna, H. Fortmann, H. Meesenburg, J. Eichhorn, and K.J. Meiwes

11.1 Introduction

The amount and dynamics of litterfall in a forest stand is recognised as an integrated

response, reflecting biologically (hereditary defined) controlled processes of shed-

ding of leaves, roots, bark, fruits and other plant components and the physiologically

controlled factors of environmental nature (climate, water availability, nutritional

supply and toxicity parameters). Changes in the dynamics of litterfall components

(leaves, fruits, florescence, seeds, twigs, etc.), in the short-term, is primarily a

reflection of climatic perturbations affecting water and nutrient supply. For example,

drought conditions in the early summer preceding mast year (mast year�1) were

found to be a very strong predictor of mast production in beech stands of Europe

and eastern North America (Piovesan and Adams 2001). An unusually moist, cool

summer the year before the drought (mast year�2) increased the predictability of

mast production which was associated with carbohydrate build up within the trees

which might prime them for floral induction the following year (mast year�1).

There is, however, very little known of the accumulation and redistribution of

nutrients in association with masting in beech.

Litterfall constitutes the transfer of energy between different trophic levels,

where energy-rich plant materials are transferred for use by microbial and faunal

populations in and on the soil. Despite the significance of litterfall in many

ecosystem processes, the main emphasis on litterfall studies during the earlier

periods had been to describe the fluctuations, distribution and composition of

litterfall (Viro 1955; Kittredge 1948). Emphasis has now shifted to study the role

of litterfall in ecosystem functioning especially its role in nutrient cycling processes

in forest ecosystems (Khanna and Ulrich 1991). The aim of many studies in forest

ecosystems is to develop management options where sustainability of ecosystem

productivity and ecological functioning have been appropriately achieved, and

for that purpose litterfall can act as a useful indicator. One such parameter is

leaf biomass that is related to the health of forest ecosystems, which can be

directly deduced from leaf litter, especially in deciduous stands. Another one is
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the decomposition rate of litterfall components which depends on the quality of

litter fall and is thus closely related to the functionality and activity of microbial and

faunal populations in soils (Chaps. 12, 20, this volume). Thus, litter fall quality of

overstorey and understorey vegetation is closely related to the biodiversity on a

forest site. Some essential components of the multi-functions of a forest ecosystem

that are closely related to the amount and quality of litterfall are: C source for

microbial activity, food for animals (biodiversity) and the use of nutrients for the

growth and activity of flora and fauna.

Due to continually changing input conditions and climatic factors, site factors

and stand parameters strongly and differently affect forest productivity and nutrient

cycling processes. Leuschner et al. (2006) evaluated 50 beech stands in Central

Europe to assess the important soil factors which describe the niche breadth of their

growth. The stands could be delineated into three main groups depending upon the

exchangeable base cations, C/N ratio in the mineral soil and C/P of the surface

organic layer. In order to manage such ecosystems in a landscape context, it is

essential to develop suitable knowledge based on such interactions, e.g. on the role

of litter fall parameters which may enable one to extend site-specific information to

landscape level.

In this chapter, the relative amounts of leaf and fruiting bodies will be considered

in relation to climatic and other variables which may affect their production. The

question will be addressed as to how does the annual leaf litter relate to the

productivity on these sites?

Mast production in beech is a significant event involving the transfer of huge

amounts of C and nutrients. Both high plant productivity and high amount of

atmospheric nutrient inputs may cause the high frequency and amount of mast

produced (Gruber 2006). This has further consequences for the amount of nutrients

retained by the trees for mast production, leading to low values of Mg, K, and P as

cycling fractions in these stands. Mast production may also affect the production of

foliage and/or wood. Thus, the consequences of changes in mast production (in-

crease in the frequency of mast years has been observed during recent decades; Paar

et al. 2000) for the growth and functioning of beech stands will be specifically

discussed in this chapter.

All the three stands studied have been receiving high amounts of atmospheric

inputs of elements and acidity (Chap. 15), which may have a long-term effect on

their foliage chemistry either through direct effects on the amount of leaf nutrients

leached from the leaves or indirectly through nutrient uptake. Foliage chemistry

and leaf litter chemistry are intimately related, thus affecting the nutrient turnover

processes in the soil and litter layer. There are many other factors which affect the

concentration of nutrients in the total litterfall. For example, season of litterfall,

moisture and other stress factors, relationships with other elements and nutrient

withdrawal patterns during leaf senescence will determine the concentration and

amount of nutrients transferred through litterfall. Some of these factors will be

described in this chapter.

The patterns of element withdrawal at the time of leaf senescence form an

important process which affects the nutrient status of the stand and may depend
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upon the absolute and annual variation in the element concentrations in the foliage.

The following questions will be addressed. What types of annual patterns of

element withdrawal are observed on different sites? How do they relate to the

supply of nutrients by soils and to the stand productivity?

The amount of leaf litter and foliar mass are related; however, this relationship

depends upon a number of factors (Stachurski and Zimka 1975). Usually, the

amount of leaf litter collected at the surface organic layer does not equal the amount

of leaf produced because of the unaccountable losses of leaf material. There are

direct losses of leaf material where it is consumed by insects and undergoes

microbial decomposition and indirect losses where leaf material is transferred to

other plant components prior to or at the time of senescence. Is it possible to make

an assessment of these losses, for example by using marker element such as Ca and

then assess the foliar mass from the amount of leaf litter? As it is hard to directly

measure changes in the amount of foliar mass, the possibility of assessing the

amount through leaf litter will be tested in this chapter.

11.2 Site Description and Collection and Measurements

of Aboveground Litterfall Components and Green Foliage

The three experimental sites at Solling, Göttinger Wald and Zierenberg differ in

their stand, climatic and soil characteristics, which are expected to affect the

amount and chemistry of litterfall. Some of the relevant stand and site parameters

are given in Table 11.1. The stands contained mostly beech with very small

fractions of other trees in the overstorey, but differed in their understorey which

was a reflection of stand and soil parameters (Chaps. 5, 10). The stands were aged

Table 11.1 Some relevant parameters for site description of the three beech stands in relation

to the amount and chemistry of litter fall. Range of soil properties are given for 0–50 cm soil

depth

Site Solling Göttinger Wald Zierenberg

Age (years) (2003) 165 120–130 160

Density (trees ha�1) 199 245 132

Mean tree height (m) 29.6 33.7 36.7

Mean tree diameter (cm) 46.8 45.7 59.9

Basal area (m2) 34.2 39.5 32.0

Mean annual temp. �C
(rainfall mm)

6.9 (1,193) 7.4 (709) 6.9 (754)

Understorey components Luzulu-

Fagetum

Hordelymo-

Fagetum

Hordelymo-

Fagetum

Soil pH (H2O) 3.5–4.5 5.5–7.9 5.3–5.8

N (g kg�1) 0.8–3.2 1.4–6.1 1.4–4.1

P (g kg�1) 0.30–0.51 0.35–0.70 1.1–1.2
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more than 130 years but differed in their stand density and basal area due to

different management history. Amounts of annual rainfall and minimum and

maximum temperatures varied among the sites with highest rainfall and lowest

temperature values on the Solling site. Forest sites vary in their soil properties due

to differences in parent materials (Solling – loess overlying Triassic red sandstone,

Göttinger Wald – Triassic limestone, Zierenberg – basalt). They show differences

in chemical characteristics and proton buffering, and in biological processes and

climatic conditions (altitude, annual precipitation) (see Chaps. 1–7, this volume, for

more information on the three beech sites).

Litterfall was collected periodically by using litter traps, the number of which

varied on different sites, but they were commonly 12–16 on each site, which were

usually combined into four replicates for chemical analysis. The period of collec-

tion was mostly after long intervals of one or more months during winter and the

initial periods of foliage production. During the active leaf litter period, it was

collected at fortnightly or shorter periods. Litter was dried, sorted into various

components, weighed, ground and analysed for different elements. Leaves and

other components were always analysed. The other components included floral or

leaf buds, twigs, flower buds, seeds, seed capsules and small bark. The seeds were

analysed separately, while all other components were merged together and analysed

as residue. Any non-plant component was discarded.

The period ofmeasurements of litterfall on the various sites were periodically prior

to 1991 starting in the 1960s on the Solling site, in the 1980s on theGöttingerWald site

and in 1990 on the Zierenberg site. However, since 1991, measurements were made

regularly on all three sites, so that this period provided the possibility of making a

comparison among the three sites. Most years, the amount of leaf litter on all the three

sites showed a narrow range with values lying between 2.5 and 3.5 Mg ha�1.

Fully expanded leaves were collected periodically once a year from the upper

third of the tree canopy of the beech stands. They were dried, ground and analysed

for element contents. Since 1995, concentrations of elements have been followed

on all three sites allowing a comparison among the sites. As the weight of leaves

was not known, it was not possible to calculate the amount of nutrients in the green

foliage. However, an attempt was made by using Ca as an indicator of constancy in

the values to calculate the weights of leaves prior to their shedding.

For assessing the total litterfall on the forest site together with the above ground

litter components, the belowground component of fine root litter should be consid-

ered. Estimated values of fine root litter production is provided by Murach et al.

(Chap. 9, this volume) for the Göttinger Wald and Solling sites. A value of 2,600 kg

ha�1 per year for the Solling site was assessed where data for 50 cm soil depth were

available, and 1,200 kg ha�1 per year for the Göttinger Wald site for 20 cm soil

depth. In terms of nutrients, fine root litter contained (kg ha�1 per year) for the two

sites Göttinger Wald and Solling, respectively: N (26 and 39), P (0.9, 1.9), K (2.4,

9.0), Ca (3.2, 2.1) and Mg (0.7, 1.4). These are significant and comparable values

with those of aboveground litterfall which should be considered appropriately when

nutrient budgets are developed. The rest of the chapter will only consider the

aboveground components of the litterfall.
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11.3 Components and Annual Patterns

of Aboveground Litterfall

Total aboveground litterfall under beech stands has a number of components which

include leaf, as the main component, and other components of twigs, discarded

buds, small pieces of woody components and pieces of bark. Periodically, a

significant proportion of litterfall may contain inflorescence and fruit components

during mast years.

The three sites varied in the annual total aboveground litterfall. The highest

values were observed on the Zierenberg site (Table 11.2). As a mean for the

measurement period, the amount of litter fall followed the decreasing order of

sites – Zierenberg site (5,763 kg ha�1 per year) < Göttinger Wald (5,032 kg ha�1

per year) < Solling (4,894 kg ha�1 per year). These mean values of total litterfall

Table 11.2 Annual weights and N contents of total litterfall and leaf litter at the three experimen-

tal sites Solling (SO), Göttinger Wald (GW ) and Zierenberg (ZB). Mean, minimum and maximum

values (kg ha�1) are given for different periods and single years respectively

Site Mean Period SD Min Year Max Yeara

Aboveground litterfall – weights

SO 4,894 1991–2003 1,287 3,569 1993 7,657 2000

GW 5,032 1990–2003 1,572 3,519 1993 8,517 2000

ZB 5,763 1990–2002 2,065 3,817 1991 9,363 2000

Leaf litter – weights

SO 2,772 1991–2003 253 2,423 1992 3,160 2001

GW 2,902 1990–2003 279 2,506 1992 3,450 2000

ZB 3,080 1990–2002 436 2,254 1990 3,882 1994

N in aboveground litterfall

SO 67.5 1991–2003 32.5 39.0 1993 128 2000

GW 63.3 1990–2003 31.5 29.5 1993 139 1995

ZB 74.9 1990–2002 33.9 43.6 1993 131 2000

N in leaf litter

SO 34.1 1991–2003 4.0 27.8 2001 40.2 1991

GW 32.7 1990–2003 4.6 23.5 1993 40.4 2000

ZB 39.6 1990–2002 5.4 31.1 1990 48.2 1991

C in the aboveground total litter

SO 2,581 1991–2003 705 1,871 1993 4,132 2000

GW 2,586 1990–2003 835 1,775 1993 4,450 2000

ZBb 2,651 1990–2002 950 1,775 1997 4,207 2003

C in the leaf litter

SO 1,456 1991–2003 132 1,262 1992 1,662 2001

GW 1,482 1990–2003 154 1,243 1992 1,783 2000

ZB 1,431 1990–2002 191 1,048 1990 1,773 1994
aYears of heavy mast were: 1992, 1995, 1998(?), 2000, 2002
bValues for ZB site were calculated by using average values of 46% C content. These values may

be underestimated
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depended on the frequency and the amount of mast produced on each site.

For example, in the heavy mast year of 2000, the total amount of litterfall was

1,700 kg ha�1 more on the Zierenberg site than on the Solling site (9,363 kg ha�1 on

the Zierenberg site and 7,657 kg ha�1 on the Solling site). Temporal patterns of

various components of total litterfall are shown in Fig. 11.1 as an example for the

Zierenberg site. In the common years, the leaf litter component of the litterfall is

the major fraction (more than 70%) of aboveground litterfall. Leaf litter values of

60–70% of the total litter have been commonly reported in the literature, which

amount to 1.8–4.7 Mg ha�1 (Santa-Regina and Tarazona 1999; Pedersen and Bille-

Hansen 1999). Meentemeyer et al. (1982) calculated that leaf litter contributed 70%

of the total litterfall in forests around the world. Lebret et al. (2001) reported that

leaves represented 90% of the total litterfall in the young stand and 70% in the

oldest stand, thus age and basal area provided a good prediction of leaf litter in the

beech stands. But, as shown in Fig. 11.1, during mast years the fruiting components

of litterfall were high, ranging for a year from 1.7 to 5.1 Mg ha�1; the high value

was even more than the total leaf litter in some cases. In the mast years, amount of

leaf litter constituted less than 40% of the total litterfall. On average over the

measuring period of 12 years, leaf litter formed about 53–57% of the total above-

ground litterfall.

The mean annual weights of leaf litter measured for more than 10 years ranged

from 2,254 to 3,882 kg ha�1 with similar overall means for different sites where a

difference of about 150–300 kg ha�1 among the various sites (Table 11.2) was

observed. This small difference in the leaf litter on different sites during the

measurement period of 1990–2002 indicates that these stands had a stabilised

canopy with very small variation in the amount of foliage. As the mass of leaves

would depend on the number and size of leaves, and the size of leaves would be

determined by the current year weather conditions at the time of leaf expansion
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Fig. 11.1 Different components of litterfall measured at Zierenberg site from 1990 to 2002
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(intensity and pattern of rainfall, sun light conditions and period of sunshine), the

similarity in the leaf fall on the three sites indicates that these and other factors

determining foliage mass were similar on the three sites. In a recent study of 36 old

growth stands of Fagus sylvatica across a broad gradient of soil fertility covering

nine mesozoic and kaenozoic parent material types (three limestones, two sand-

stones, two clay stones, one sand and one loess substrate), Meier et al. (2005)

reported similar annual leaf litter masses irrespective of soil fertility or acidity of

the sites.

When the minimum and maximum values of annual leaf litter are considered, the

inter-annual variation, given as the difference in percentage of the mean, on each of

the three sites is quite high, 26% on Solling, 33% on Göttinger Wald and 53% on

Zierenberg. This is, however, not strictly related to the mast years (Table 11.2). As

is evident from Fig. 11.1, the amount of mast did not affect the leaf litter in any

significant way though a small trend was observed in the year following the mast

years when low amounts of leaf litter were recorded. However, in some of the mast

years or the year following the mast year, the highest value of annual leaf litter was

recorded. It is expected that any diversion of resources for the production of mast

will have only a limited effect on the weight of leaf litter. There are other

retranslocation processes which may affect the weight occurring at or prior to the

shedding of leaf, suggesting that the mast production and the leaf weights are not

related. Due to lack of additional data it was not possible to further explain and

evaluate the small differences in the leaf litter at the three beech stands (Fig. 11.2).

Despite the small differences among the three sites in the annual amount of leaf

litter, the three sites differed in their tree density and BA values (Table 11.1), and

these were also reflected in their annual productivity values. Average annual

volume increments (m3 ha�1 per year) on the three sites were reported in Chap. 8

(this volume) as 7.7 (Solling), 14.3 (Göttinger Wald) and 9.3 (Zierenberg). These

differences in productivity were not reflected by the leaf litter values indicating that

there are other factors which determine the productivities.

No long-term trend was observed in the amount of leaf litter during the period of

measurement in this study (Fig. 11.2). However, at Göttinger Wald where longer

term measurements extending over the last 20 years were taken, a slight increase in

leaf litter over time was recorded, though it was only a weak trend (Schmidt 2006).

It is possible that high amount of atmospheric N inputs has prolonged the growing

period, causing higher plant productivity including an overall increase in the

frequency of mast production.

11.4 Amount of Nutrients in Litterfall

The amount of N transfer through litterfall varied among the three sites but more

significantly from year to year, which was related to the periodical occurrence of

mast years (Table 11.2). In the mast year of 2000, 128, 139 and 131 kg N ha�1 were

transferred through litterfall at the Solling, Göttinger Wald and Zierenberg sites,
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respectively. As a 10-year average, the amount of N in the litterfall ranged between

63 and 75 kg N ha�1. For the nitrogen budgets, it is customary to take the leaf litter

data, usually measured on a short-term basis. Nitrogen content in leaf litter ranged

from 24 to 48 kg ha�1annually depending mostly on the site and N content of the

leaves shed, but as long-term means for the three sites, the values of leaf litter were

34, 33 and 40 kg ha�1for Solling, Göttinger Wald and Zierenberg sites, respectively

(Table 11.2). For the 36 old growth beech forests Meier et al. (2005) reported an

annual N transfer through leaf litter of 25–38 kg ha�1, which were not related to any

of the soil parameters measured (soil N pool, available P, exchangeable Ca, K and

Mg, soil acidity or exchangeable Al). A similar mean value of 45 kg N ha�1 (range

31–69 kg ha�1) was reported for 13 IBP sites by Cole and Rapp (1981). When

annual leaf litter data are used to define N status, disregarding the other litter
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components, they underestimate the amount of N taken up, transferred through

litterfall and added to soils. However, to assess the real amount of N transfer on a

site, long-term measurements of litterfall are needed. In order to understand the

functioning of ecosystems, it is important that events such as production of mast

should be appropriately included in the measurement period. For example, the

amount of N taken up for mast production would increase many fold over that of

a normal year. This poses the question of physiological changes required in the tree

to cope with a very high (Table 11.3) requirement of N and other elements for the

production of mast.

Amounts of P and other elements in the litterfall are given for the three sites in Table

11.3 where the years with clear mast production are separated from those of normal

years. The long-term mean values of P in the litterfall were 4.3, 3.4 and 6.9 kg ha�1

on the Solling, GW and Zierenberg sites, respectively, indicating clearly the high P

levels on the site with basaltic soil parent material, and the low values on soil

developed from calcareous material. P inputs are similar to N (in pattern as well as

in relative amounts in leaf litter and in fruiting components). Leaves contribute

3.1 kg of P (range 2.4–3.7 kg) annually to the litter on all three sites.

The fruiting components have higher P contents than the leaf litter (2.7–3.2

times). P contribution of the twigs and buds, etc. to the total litter is small, less than

Table 11.3 Mean and SD values of nutrients in the litterfall for the mast years (mast years were

based on the information in literature and the relative amount of fruiting components to leaves)

1992, 1995, 2000, 2002 for all sites, plus, for the Zierenberg site, 1998, and for the Göttinger Wald

site, 1990, and normal years on the three beech sites. All values are given in kg ha�1

N P S Ca K Mg

Solling

Mast years (n = 4) 111.1 8.1 8.0 33.5 25.9 4.9

SD 21.8 2.1 1.8 4.8 7.4 1.0

Normal years (n = 9) 48.1 2.7 4.0 24.6 10.8 2.0

SD 5.7 0.6 0.5 3.6 2.6 0.4

Overall mean 67.5 4.3 5.2 27.4 15.5 2.9

SD 37.0 3.2 2.5 5.7 9.0 1.6

Göttinger Wald

Mast years (n = 5) 97.9 6.0 7.9 98.9 26.6 7.1

SD 28.6 1.9 2.1 17.7 5.1 2.0

Normal years (n = 9) 44.0 1.9 3.8 70.3 13.6 3.9

SD 6.4 0.4 0.5 9.7 3.1 0.7

Overall mean 63.3 3.4 5.3 82.5 18.9 4.9

SD 31.5 2.3 2.3 17.8 7.0 2.1

Zierenberg

Mast years (n = 5) 112.7 11.2 8.5 67.3 nd 16.2

SD 21.6 2.7 1.5 6.8 nd 3.4

Normal years (n = 8) 51.3 4.1 4.4 50.0 nd 9.0

SD 7.2 0.8 0.6 8.1 nd 1.6

Overall mean 74.9 6.9 5.9 56.6 nd 11.8

SD 33.9 3.9 2.4 11.4 nd 4.3
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1 kg ha�1 (mean 0.6 kg ha�1), whereas total P input can vary between 3.3 and

12.9 kg depending upon the amount of mast produced. It is very hard to assign an

annual P transfer value from litter to the soil because the final fate and the

decomposition constants for fruiting bodies are not precisely known. Fruit shell

will decompose much more slowly than the fruits with high nutrient levels.

Differences among the three sites were small for the overall mean amount of S in

the litterfall, (5.2–5.9 kgha�1) and the mean difference between mast years and non-

mast years was similar (about 4 kg S) on all sites. Litterfall at Göttinger Wald site is

richer in Ca whereas that at Zierenberg showed much higher values of Mg in the

total litterfall. However, the amount of Ca in the fruiting components was relatively

low, contrasting with that of P, and therefore fruiting components of litter had a

relatively small effect on the long-term total transfer of Ca through litterfall. Ca

levels in the leaves are much higher than in the fruit components. The leaves

therefore determine the Ca inputs to the soil through litterfall. This is probably an

indication of the lower mobility of Ca from the cell walls. Zierenberg site has a

higher amount of Mg than the Solling and Göttinger Wald sites, Solling being the

lowest of the three. Differences in Mg amounts on the three sites are also reflected

in the mast components. Data on K was only available for the Solling and Göttinger

Wald sites with Göttinger Wald showing slightly higher values than Solling.

The data on the amount of nutrient show the importance of long-term measure-

ments of litterfall to include the mast years in assessing the overall mean of

nutrients involved in the nutrient cycling processes.

11.5 Nutrient Concentrations in the Total Litterfall and Leaf

Litter Components of the Different Sites

Annual weighted mean values of concentration of nutrients in the litterfall and leaf

litter are given in Table 11.4 and the changes in time are shown in Fig. 11.3.

Differences between the nutrient concentrations of litterfall and leaf litter point

mostly to the composition of fruiting components. The mean values of nitrogen,

sulphur, potassium and magnesium did not differ much in the total litterfall and the

leaf components at the individual sites, whereas Ca was low but P was high in the

fruiting components. Therefore, N/P ratios were relatively lower in the total litter

fall than in the leaf litter (Table 11.4).

Of the three sites, leaf litter at the Göttinger Wald site showed continuously low

values of N and P but higher values of Ca (Ca-rich soil at Göttinger Wald site)

(Fig. 11.3), though there was no evident continuous trend in the concentration of

these elements in the leaf litter during the course of these measurements. However,

concentrations of S decreased in all cases with time which was the reflection of

a decrease in atmospheric S inputs in these systems (Chap. 15, this volume).

This decrease in S concentrations increased the N/S ratios on all sites, especially

on the Göttinger Wald sites where N/S ratio of 8.3 in 1990 increased to 12.0 in

2001. Usually, a constant N to S ratio of 16 is expected in the plant tissue and values
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lower than that indicate excessive amounts of sulphate present in the senescent leaf.

An increase in that ratio indicates that the amount of free sulphate is decreasing

slowly over the period as the atmospheric depositions of S are decreasing.

These differences in the element composition of the leaf litter reflected in

general the differences in composition of the three soils suggesting the composition

of the cell wall components (Ca and P) and the nutrient withdrawal patterns in

association with plant sinks are the major factors affecting the element composition

on the three beech sites. Khanna and Ulrich (1991) and Meier et al. (2005) have

provided evidence of the role of soil composition on the levels of Ca and other

elements in the leaf litter.

11.6 Foliar Chemistry

Mean values of N concentration were quite high on all sites (22.3–24.6 mg g�1)

with very little differences among them. This is related to high atmospheric N

inputs. Most of the N concentrations lie between high and very high diagnostic

Table 11.4 Weighted mean and standard deviation (SD) values of concentration (g kg�1) and

ratios of different elements in the leaf litter and total litterfall on the three beech sites

Solling Göttinger Wald Zierenberg

Mean SD Mean SD mean SD

Leaf litter

C 525.2 4.07 510.3 6.18 465.0 9.59

N 12.4 1.63 11.3 1.40 12.9 1.44

P 0.79 0.12 0.50 0.13 1.02 0.13

S 1.06 0.19 1.07 0.20 1.14 0.11

Ca 7.10 0.79 19.5 1.98 14.0 1.22

K 3.13 0.68 4.03 0.63 nd nd

Mg 0.52 0.07 1.09 0.19 2.63 0.38

C/N 43.2 5.38 46.0 6.36 36.4 3.65

N/P 18.2 2.14 23.6 3.67 12.8 1.13

N/S 11.7 1.06 10.7 1.74 11.0 1.15

Total litterfall

C 526.5 6.09 512.6 5.59 nd nd

N 13.2 2.85 12.1 2.31 12.7 1.74

P 0.82 0.31 0.62 0.23 1.12 0.27

S 1.04 0.18 1.03 0.17 1.02 0.09

Ca 5.69 0.80 16.9 2.37 10.4 2.03

K 3.01 0.89 3.71 0.59 nd 0.00

Mg 0.57 0.13 0.95 0.15 2.06 0.29

C/N 41.3 7.82 43.8 7.59 nd nd

N/P 17.1 3.74 20.7 4.01 11.7 1.51

N/S 12.7 1.32 11.8 1.61 12.1 1.52
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values (Hüttl 1992). However, the concentrations of Ca, Mg, P and Mn in the

foliage varied on different sites depending upon the chemical soil characteristics

(Table 11.5).

Concentrations of P in the green foliage of the Göttinger Wald and Solling sites

were<1.3 mg g�1, ranging from 0.98 to 1.18 mg P g�1 in Göttinger Wald and from

1.14 to 1.37 mg P g�1 for Solling. Foliar concentrations of P at the Zierenberg site

were high, ranging from 1.14 to 1.69 mg g�1. Different values are given in literature

to define the critical values of P in beech stands. For example Krauß and Heinsdorf

(2005) suggested that the values of 1.14–1.52 mg P g�1 are in the optimum range

and values less than 1.14 should be considered low. Hüttl (1992) gives much lower

values as critical values (<1.3 mg g�1 will be considered low). Considering these
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criteria, one can safely say that the foliar P indicates adequate to high levels at the

Zierenberg site and probably at the borderline to deficient range for the Göttinger

Wald site. For the Solling site, the foliar levels cannot be assigned to a definite

group of low or adequate levels. As the foliage data represented a short period of

measurements (1995–2002), it is very hard to assess any long-term trends in these

values. However, it seems certain that at present the productivity values are not

related to foliar P values. Beech is considered to have a high level of physiological

plasticity, and whether it can also adjust to low content of P is a possibility which

has not received sufficient attention (Meier et al. 2005). Due to the short period of

measurements it is hard to study the retranslocation patterns of P on each site and if

the patterns have undergone any changes.

If the critical values (Hüttl 1992) for K, Ca and Mg in the beech leaves are

compared with the measured concentrations (Table 11.5), all the three elements are

in the very low range on the Solling site whereas their values for the other two sites

Table 11.5 Annual mean and SD values of concentrations of a number of elements in the live

foliage of beech from three sites (data for the period 1995–2002)

Solling Göttinger Wald Zierenberg

Mean SD Mean SD Mean SD

Nutrient and other elements (mg g�1)

C 526 6.20 514 8.04 469 16.0

N 24.6 1.14 24.14 1.76 22.30 1.22

P 1.26 0.07 1.06 0.08 1.33 0.18

S 1.52 0.14 1.58 0.11 1.44 0.13

K 5.01 0.58 7.42 1.06 6.05 0.62

Ca 3.65 0.44 10.80 0.79 8.75 0.71

Mg 0.71 0.10 0.98 0.22 2.84 0.39

Mn 1.88 0.24 0.55 0.10 nd nd

Fe 0.09 0.04 0.09 0.03 nd nd

Al 0.06 0.04 0.04 0.04 nd nd

Heavy metals (mg kg�1)

Zn 27.02 4.23 26.19 4.87 nd nd

Cu 7.18 0.57 6.84 0.74 nd nd

Cr 0.31 0.10 0.31 0.07 nd nd

Co 0.03 0.04 0.04 0.04 nd nd

Ni 0.60 0.16 0.73 0.24 nd nd

Cd 0.04 0.03 0.05 0.04 nd nd

Pb 0.52 0.27 0.76 0.35 nd nd

Element ratios

C/N 21.42 0.97 21.40 1.59 21.08 1.32

N/P 19.50 0.86 22.92 1.51 16.97 1.92

N/Ca 6.82 0.83 2.24 0.22 2.56 0.23

P/Ca 0.35 0.03 0.10 0.01 0.15 0.02

Mg/Ca 5.24 0.79 11.52 2.61 3.11 0.27

N/S 16.29 1.29 15.31 0.67 15.53 0.93
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lie in the adequate to high levels. Again, the low values of these elements on the

Solling site are associated with the highly acid soil.

No change in the concentration of most of the elements was measured in the

foliage samples during 1995–2002 on all sites except that the concentration of S on

the Zierenberg site, and that of K on the Solling and Zierenberg sites, has decreased

continuously during the last 10 years (Fig. 11.4). However, when long-term mea-

surements were considered on the Solling site, decreasing trends in P and K con-

centrations with time were observed (Fig. 11.5). Prior to 1975, the values of K

concentrations in the foliage ranged from 8 to 12 mg g�1 which had dropped to
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4–6 mg g�1 after 1995. For the same periods, the values of P concentrations ranged

from 1.5–2 mg g�1 (prior to 1995) to 1.0–1.5 mg g�1 (after 1995).

In a study on changes in foliar nutrient levels in northeastern France, Duquesnay

et al. (2000) sampled 118 beech stands in 1996–1997 and compared the analysed

values with those obtained in 1969–1971. Between the two sampling periods, the

concentration of foliar N increased (+12%), whereas that of others decreased by

23% (P), 38% (Mg) and 16% (K). Ratios of N/P and N/Mg increased by 42 and

77%. This decrease in concentrations of P and cations was particularly marked for

trees growing on acidic soils. They assigned this decrease in P concentration in the

foliage of beech trees to increasing atmospheric CO2 concentrations and acidifica-

tion of forest soils. In a parallel study where the foliage concentrations of beech

stands were monitored continuously for 5 years, a decrease in P levels was

observed, which resulted in an increase in N/P ratios. Similarly, Flückiger and

Braun (1998, 1999) reported an increase in nitrogen concentration and a continuous

decrease in phosphorus concentration measured every 3–4 years in the beech

foliage. The values of P decreased from 1.25 mg P g�1 in 1984 to 1.08 mg P g�1

in 1995 in 51 beech stands in northwestern Switzerland, with an accompanying

increase in the N to P ratios from 18.6 to 25.0.
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In a study of 49 stands European beech (60-or more years-old) in the Werden-

felser Land region, Ewald (2000) analysed foliage and soil samples from eight sites

for nutrient composition. High crown transparency and slow tree growth were

related to low availability of P, Mn and N in soils. Sites could be divided into

two groups. Moderate P levels were found in trees from well-developed mineral

soils, and extremely low P levels (0.6–1.0 mg g�1) in immature carbonate soils

where total P levels in soils were low and Ca saturation very high. Very high N/P

ratios of 30 or more were associated with low P level. P was a critical element in the

nutrition of beech in the calcareous Alps, which may be partly responsible for the

poor vitality of this species in mixed mountain forests. In their study of 50 European

beech stands, Leuschner et al. (2006) observed that N/P values of the surface

organic layers were higher on acid soils under beech stands than on the calcareous

soils, indicating the possibility of P limitation on acid soils, probably in association

with high atmospheric N inputs. Composition of surface organic layer for N and P is

expected to relate strongly with their litterfall values.

Of 17 beech forests, which are part of the German contribution to the Forest

Focus initiative of the EU (Level II sites), those with inadequate levels of nutrients

were seven sites for Ca, four for Mg, three for P and two for K. None of the sites

showed deficiency of N in the foliage (Chap. 23, Table 23.3). On a wide ranging

dataset from beech stands (n = 75) in Lower Saxony, Brandenburg and Bavaria,

Wolff and Riek (1997) reported that about 54% of the sites would show P deficiency

using the commonly used critical values for beech foliage.

On the three sites under investigation N/P ratios of the live foliage was always

>20 on the Göttinger Wald site and<18 on the Zierenberg site though the ratios did

not change in time during 1991–2002 reflecting the P status of the sites. However, a

decrease in P/Ca ratios were observed during this period on the Solling and Zieren-

berg sites (Fig. 11.4). As the value of Ca concentration was not expected to vary

much on each site, a decrease in P/Ca ratio indicated a decrease in P concentration

on the Solling and Zierenberg sites. Similarly, K/Ca ratio in the foliage decreased

indicating a decrease in K concentrations on the Solling site (data not shown).

However, as discussed above, only longer term measurements indicate a decrease

in P and K foliar levels on the Solling site. Usually, a constant N/S ratio of 16 is

expected in the plant tissue when no protein-free S and N are stored. Foliage

samples prior to 1998 showed values of <16 on all the three sites, but after 1998

the ratio has slowly increased towards 16 (Fig. 11.4). A value of <16 would

indicate a high amount of free sulphate in the tissue (excessive amount of sulphate)

which would have occurred due to high amounts of atmospheric inputs of S.

11.7 Nutrients and Heavy Metals in Green Foliage

and Litterfall in Relation to Atmospheric Inputs

The atmospheric inputs of nutrients and heavy metals have changed during the last

30 years (low acidity, low S, low Ca and other cations, low content of heavy metals)

(Chap. 15). For example, at the Solling site, atmospheric inputs of S were around
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60 kg ha�1 in 1968 which have decreased to 10 kg ha�1 in 2002. However,

atmospheric inputs of N, which were about 20 kg ha�1 in the early 1970s had

increased to 28 kg ha�1 in the 1980s, but have since decreased to 20 kg ha�1 and

have remained constant for the last 13 years (Chap. 15). During the last 20 years,

atmospheric inputs of heavy metals have also decreased (low Pb, Cd and other

heavy metals). This decrease in atmospheric depositions is reflected in the concen-

tration of S (Fig. 11.4), and a number of heavy metals in the leaf litter (Fig. 11.6).

For example, the concentration of Pb in the leaf litter decreased from 7.5 mg kg�1 in

1991 to 1.7 mg kg�1 in 2001.

There is very little known of the consequences of changes in heavy metal

concentrations of the litter on the decomposition and mineralisation processes.

Some of the factors related to litter decomposition processes would be the content

and solubilities of heavy metals, the interactions of heavy metals with other

elements, the formation of stable complexes with organic matter, and the toxicity

effects on soil fauna and microbial populations.
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Dynamics of heavy metals in decomposing litter are particularly poorly known,

with only a few studies on decomposition processes involving heavy metals as

pollutants (Coughtrey et al. 1979; Killham and Wainwright 1981; Bengtsson et al.

1988; Grodzinski et al. 1990; Laskowski et al. 1994). During litter decomposition,

the concentrations of heavy metals increase (Ruhling and Tyler 1973; Berg et al.

1991). Staaf (1980) and McBrayer and Cromack (1980) found significant accumu-

lations of Fe, Zn, Pb, Cu and Cd in the litter of beech, oak, Scots pine and oak–

hornbeam forests.

11.8 Autumn Withdrawal of Nutrients at the Time

of Leaf Senescence

The amount of nutrients measured in the leaf litter is the net amount present after

their withdrawal into the old tissue and any subsequent losses that may have

occurred due to leaching during the period when the leaf is shed and when it is

collected and measured. The leaching component could be quite significant for a

number of elements such as K, Mg, P and N. Chapin and Moilanen (1991) reported

that leaching by autumn rains accounted for 25% of the N disappearance and 55%

of the P disappearance from senescing leaves of birch in a high-fertility field. From

our presently available data, it is not possible to assess the amount or the fraction of

nutrients which will be leached. This creates some uncertainty in the interpretation

of the results by describing the whole amount as the withdrawal fraction, especially

for K which is most mobile element and is easily lost.

Retranslocation of nutrients from senescing tissues, often referred to as ‘resorp-

tion’ (Killingbeck 1986), is an important plant strategy to economically use the

accumulated nutrients. For example, Aerts (1996) suggested that 40–65% of nitro-

gen and phosphorus from leaves may be resorbed by plants before leaf abscission.

Resorption of nutrients thus acts as an important feed-back mechanism in the

nutrient cycling and litter decomposition processes in forests (Staaf 1982;

Killingbeck 1996; Cherbuy et al. 2001; Cote et al. 2002). A higher rate of nutrient

resorption would cause a low amount of nutrient uptake for the next growing

season, but at the same time would produce litter of low quality affecting its

decomposition.

Another unknown factor in the calculation of the nutrient withdrawal amount is

the concentration of nutrients at the time of leaf senescence. Usually, the leaf

samples are collected from a specific part of the canopy to assess the nutritional

levels through critical amounts or balance of elements in the fully grown leaves.

Some nutrients are constantly transferred in and out of leaves, probably affecting

the value for the nutrients used as the amount in the live foliage at the time of leaf

senescence (Nambiar and Fife 1991).

Another error involved is the assessment of foliage biomass from the litter

biomass measured on the surface organic layer, even of deciduous foliage. It is
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well known that some components of the leaf are retranslocated to the living tissue

for future use. This involves nutrients and also organic components. There are

additional losses of organic components through decomposition and respiration of

C during leaf shedding and prior to leaf shedding through consumption by insects.

This has been estimated to be about 15% as a mean value for beech forests, though

this value can be quite high in some cases.

By assuming no losses of organic components from the leaf litter following leaf

senescence, i.e. foliage mass equals the measured leaf litter weights, one can

calculate the minimum amount of nutrients which may have been withdrawn at

leaf senescence. The values of nutrient withdrawal will thus be approximate as it is

hard to define the amount present in the foliage sample prior to its becoming leaf

litter. The time of sampling is crucial in such studies which have not been actually

taken into consideration in most studies.

The results obtained from this study are presented in Table 11.6 where mean

values of nutrient withdrawal for the three sites during the period of study are given.

It also gives the fraction of nutrients removed or lost from the initial amount in the

foliage. The results are approximate values due to deficiency of related data on

different processes during leaf senescence as described above:

(a) All nutrients, except Ca and in some individual years Mg, were withdrawn in

significant amounts.

(b) The amount of N withdrawn was high (31–37 kg ha�1) despite high atmospheric

N inputs in these systems. As a mean, the fraction of N withdrawn was 51% on

the Solling, 53% on the Göttinger Wald and 44% on the Zierenberg sites.

(c) The amount of P withdrawn was similar on the Solling and Göttinger Wald

sites (1.5 kg ha�1) but was low (1.1 kg ha�1) on the Zierenberg site. As the P

Table 11.6 Mean and SD values of amount of nutrients withdrawn at leaf senescence (kg ha�1)

and the amount withdrawn as a percentage of the amount in the live foliage. Live foliage mass was

assumed to be equal to the measured leaf litter

Site N P S Ca K Mg

kg ha�1

Solling Mean 34.6 1.6 1.3 �10.0 4.9 0.4

SD 4.19 0.35 0.38 1.87 2.16 0.35

Göttinger Wald Mean 36.6 1.5 1.6 �23.8 9.7 �0.2

SD 3.47 0.46 0.50 4.53 2.92 0.29

Zierenberg Mean 30.6 1.1 1.0 �15.1 nd 0.5

SD 3.86 0.47 0.28 3.56 nd 0.81

Percentage of amount in live foliage

Solling Mean 51.1 47.4 31.5 �102 36.4 19.7

SD 4.72 9.52 8.57 15.51 14.48 16.06

Göttinger Wald Mean 53.2 51.3 34.7 �77.3 45.3 �9.8

SD 5.26 15.06 11.28 21.66 9.06 15.09

Zierenberg Mean 43.9 25.1 23.0 �55.3 nd 5.9

SD 3.82 9.17 6.38 12.14 nd 9.54
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concentration in the foliage of the three sites differed significantly, the propor-

tion of P withdrawn was low on the Zierenberg site (25%) but high (47–51%)

on the other two sites. The high values lay in the same magnitude as the amount

present in the leaf litter, indicating that the tree has the capacity to develop half

of its foliage with similar element concentrations without depending upon any

uptake during the next growing season.

(d) Values for Ca withdrawal were negative, pointing to the error involved in asses-

sing the mass of the foliage or the concentration of Ca in the leaves prior to

senescence.

(e) The Göttinger Wald and Zierenberg sites have Mg-rich soils showing very

little withdrawal of Mg or the withdrawal is of the same proportions as the

organic substances removed or lost during the leaf litter. The fraction of Mg

withdrawn at the Solling site was high (20%).

(f) Nutrient withdrawal in autumn during leaf senescence was related to the

nutrient status of the three sites either in relation to nutrient inputs (N and S)

or chemical soil properties influencing the concentration of nutrients in the live

foliage.

An attempt was made to determine the weight of the live foliage by assuming the

conservation of Ca in the leaf litter. This method was tested by using the total

amount of Ca in the leaf litter collected a number of times during autumn. For leaf

analysis, only one sample was taken. This produced two to three times higher

values of foliage mass than measured at litterfall suggesting that these values

were far too high to be plausible. It seems that Ca content in the leaves goes on

increasing until they are shed, and conservation of Ca can only be valid and useful if

the live leaves prior to leaf senescent are taken. In the present scheme of sampling,

live leaves were collected a few months in advance of when the leaves were shed.

There are two common hypotheses pertaining to the fraction and amount of

nutrients re-absorbed from leaves.

(a) The first one considers that the amount of nutrient resorption increases as an

inverse function of soil nutrient availability (Grime 1979; Chapin 1980;

Berendse and Aerts 1987). Nutrient resorption from senescing leaves is there-

fore expected to be more highly developed on sites of low fertility. For

example, Cote et al. (2002) reported 56–71% N re-absorption efficiency for

eight hardwood species on two sites of contrasting fertility. However, Staaf

(1982) did not find any relationship between translocation efficiency of N and P

and soil factors for beech trees on 24 sites. The retranslocation for N and P was

always more than 55% of the amount present in the leaf prior to its senescence.

For elements N, P, K, and S, the amount withdrawn at leaf senescence was

related to the concentration of respective element in the leaf prior to its

senescence. This was not the case with Ca and Mg where site factors such as

soil pH and site index were also important. From a literature review, Aerts

(1996) concluded that trees and shrubs showed poor intra-specific responses to

soil nutrient availability with 63% of experiments reporting no response by 60

plant species.
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(b) The second hypothesis considers that resorption is influenced by sink strength

within the plant (Nambiar and Fife 1991) so that resorption efficiency is

positively correlated with plant growth rates, because the production of new

tissues constitutes a strong nutrient sink. Thus, one can consider the signifi-

cance of nutrient withdrawal in terms of growth phases as suggested by Oron

and Schulze (1989) which act as strong sinks for an element and can thus lead

to nutritional disharmony when the demand of an element for the new growth is

higher than its supply either through resorption or through uptake. However,

Chapin and Moilanen (1991) noted that sink strength was unlikely to explain

the strong resorption shown by many deciduous trees in autumn and concluded

that nutrient resorption efficiency was influenced more strongly by carbohy-

drate flux from leaves (i.e. source-sink interactions) than by factors governing

hydrolysis of nutrient-containing fractions in leaves. In our study, relationships

between nutrient concentrations and nutrient withdrawal for some elements

depended on nutrient status of the sites.

11.9 Conclusions

1. Leaf litter constituted about 70% of the total litterfall in normal years and about

40% in mast years with absolute values showing only small differences among

the three sites and during 12 years of measurements. This was despite the major

differences observed in the productivity on the three beech sites.

2. There was no clear evidence of any change in the amount of nutrients in litterfall

in time over the measuring period. However, the amount of nutrients differed

among the sites depending upon the soil bedrock material. Litterfall was high in

P and Mg at the basaltic sites and in Ca in the calcareous Göttinger Wald soil.

3. Frequency and the amount of fructification were the most important factors

affecting the amount of nutrients transferred in litterfall to the surface organic

layer, due to very high amount of nutrient (especially P) contained in the fruit

components (except Ca) and doubling of the frequency of masting. However,

due to the periodicity and irregular nature of mast production, long-term mea-

surements of litterfall are required to make an useful assessment of nutrient

transfer that would include mast production.

4. Foliar concentration indicated that, different from the Zierenberg site, the

Solling and Göttinger Wald sites were low to very low in P, and Solling also

in K, Ca, Mg.

5. Following the Clean Air policies, atmospheric inputs of S and heavy metals have

decreased during the course of the measurements, which reduced the amount of

these elements in the litterfall, especially those of some heavy metals. For

example, concentration of Pb in the leaf litter decreased from 7.5 mg kg�1 in

1991 to 1.7 mg kg�1 in 2001.
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6. Nutrient withdrawal during leaf senescence in autumn was related to the nutrient

status of the three sites either in relation to nutrient inputs (N and S) or chemical

soil properties influencing the concentration of nutrients in the live foliage. A

significant amount of N (44–53%) was withdrawn on the three sites whereas that

of P varied according to the P status of the sites, low withdrawal on the

Zierenberg site (25%), but high (47–51%) on the Solling and Göttinger Wald

sites. Similarly, Mg was withdrawn mostly on the Solling site. The amount of

nutrient withdrawn will provide the nutrients for the growth of at least half the

amount of canopy without any further uptake.
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Gruber F (2006) Über die Vitalität der Rotbuche (Fagus sylvatica L.). Schriftreihe Dendrologie,

Baumpflege und Waldbotanik. Shaker Verlag, Aachen, Germany

204 P.K. Khanna et al.
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Chapter 12

The Role of Soil Fauna for Decomposition of

Plant Residues

M. Schaefer, S. Migge-Kleian, and S. Scheu

12.1 Introduction

The organic remains of plants and animals on the soil surface or in the soil are

termed litter. This includes leaves, twigs, fruits, fructescences, bracts, scales of

buds, bark flakes and even whole trees, dead roots, carrion and other resource types.

Dead materials still attached to the living plants are distinguished from litter as

‘standing dead’. Comprehensive reviews of plant litter decomposition are given by

Swift et al. (1979), Cadisch and Giller (1997), Lavelle and Spain (2001) and

Laskowski et al. (2006).

A special – mainly fungal – flora associated with living or senescent plant tissue

initiates decomposition before plant litter originates and enters the soil subsystem.

On the soil, leaching of low molecular weight compounds takes place; this material

is fairly rapidly mineralised by bacteria and ‘‘sugar fungi’’. The remaining organic

matter is degraded by further saprotrophic organisms – fungi, bacteria and sapro-

phagous animals. Fungi, in particular Basidiomycetes, are generally believed to be

the most important decomposers of structural plant compounds, e.g. cellulose and

especially lignin. The decomposition subsystem performs two major functions: the

mineralisation of essential plant nutrients and the formation of soil organic matter

(Swift et al. 1979; Lavelle and Spain 2001).

Decomposition may be viewed as a cascade process whereby primary dead

organic material experiences a succession of physical and chemical transformations

in the soil leading to mineralisation of part of the resource and storage of resistant

compounds as ‘humus’ (Wolters 1991a; Lavelle et al. 1997; Wardle and Lavelle

1997). Mechanisms within the process of decomposition are leaching of litter

material, catabolism by the soil biota (evolution of carbon dioxide and the excretion

of nitrogenous compounds), comminution by animals (transformation of primary

resources to ‘faecal material’ which may be transferred to the soil via ‘bioturba-

tion’) and humification (Swift et al. 1979).

An important analytical tool is the use of decomposition constant, k, describing
the decay rates of individual litter substrates. Often, a negative exponential model is
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a useful descriptor to define the rate of decomposition (Heal et al. 1997). However,

the loss rate declines with time, because more readily decomposed substrates are

successively lost, leaving the more resistant fractions, and possibly because resis-

tant polymeric compounds are formed.

Decomposition of litter is controlled by a number of variables, including the

intrinsic factors described by the physical and chemical properties (‘resource

quality’) of the litter, and the extrinsic factors such as climate, soil chemistry,

macro-, meso- and microfaunal responses, and activity of micro-organisms (Swift

et al. 1979; Heal et al. 1997; Lavelle and Spain 2001) (Fig. 12.1). Though the decay

process is very complex, the two most important controllers of litter decomposition

rates are prevailing climatic environment and substrate quality, i.e. the susceptibility

of the substrate to attack by specialised decomposers.

One of the aims of our analysis is the comparison between the decomposition

subsystems in the three beech forests near Göttingen with a gradient from mull to

moder soil (Göttinger Wald, Kleiner Gudenberg (Zierenberg) and Solling; see

Chap. 7). Faunal influences will differ in the three forests because of their different

soil animal communities (Fig. 12.7, Tables 7.1 and 7.2 in Chap. 7). Litterfall data

for the three experimental sites are given by Khanna et al. (Chap. 11, this volume).

We intend to take an innovative approach by basing tentative generalisations

upon a comparison of forests within one region and the synthesis of different

descriptive and experimental analyses within one forest. The partly long-term

studies can be sorted into three approaches (Fig. 12.2): (1) a resource-based

approach studying the process of decomposition of plant material with its inherent

intrinsic and extrinsic controlling factors, (2) a food web-based approach focusing

Fig. 12.1 Decomposition as a process – influence of intrinsic and extrinsic factors

208 M. Schaefer et al.



Fig. 12.2 The resource-

based approach (a), the food

web-based approach (b), and

the engineer-based approach

(c) in decomposition studies
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on interactions in the soil food web, and (3) an engineer-based approach analysing

the central role of earthworms in the soil–litter system.

Important insights will be:

l Beech leaf litter is less rapidly decomposed in acid sites as compared to litter in

base-rich sites.
l Rate of litter decomposition increases in the sequence: coarse roots – wood –

leaves.
l Rate of leaf litter decomposition increases in the sequence: canopy – herb

material.
l Anthropogenic acidification leads to a decrease of the rate of mass loss in the

litter layer. Soil fauna may partially buffer the effects of acid rain.
l Macro- and mesofauna tend to accelerate decomposition rate, but inhibitory

effects may occur in a later phase of decay.
l There are key faunal interactions in the soil food web, e.g. between earthworms

and saprophagous macroarthropods.
l Soil food webs are mainly donor-controlled. Resources and microflora are a

bottom-up force.
l Bioturbation is a key factor in decomposition pathways.
l Earthworms are soil engineers.

12.2 Influence of Soil Fauna on Decomposition

of Canopy Leaf Litter

Leaf litter of beech (Fagus sylvatica) trees decomposes slowly because, among

other factors, the leaf is tough and contains polyphenols as secondary plant sub-

stances. However, the rate of mass loss of beech leaf litter is higher in forests with

high faunal activity in the mineral soil. Litterbag studies demonstrated that beech

leaf litter mass decreased by about 20% annually in the base-rich sites (Göttinger

Wald, Zierenberg) in comparison to the base-poor forest, Solling with a mass loss of

10–15% (Schauermann, unpublished results). The decomposition rate k as the ratio
of the annual input of canopy leaf litter to the mean annual standing crop of canopy

leaf litter is about 0.6–0.8 for Göttinger Wald and 0.25 for Solling (Schaefer and

Schauermann 1990). These results are not surprising and concur with theoretical

expectations. Leaves from different origin may decompose at a different rate.

Nicolai (1988) found that decay of beech leaves from base-poor sites was slower

as compared to leaves from forests on base-rich soil. However, Herlitzius and

Herlitzius (1977) demonstrated that, in the beech forests of Solling and Göttinger

Wald, native shade leaves and leaves introduced from the other forest were decom-

posed at an equal rate.

Litter of canopy species of the beech forest Göttinger Wald decomposed with

a different rate depending on species. Fifty percent of a mixture of ash (Fraxinus
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excelsior) and maple (Acer spp.) litter disappeared within 280 days from 45-mm
mesh bags (a treatment that excluded the fauna) and in 60 days from 3.5-mm mesh

bags (a treatment that permitted access to both meso- and macrofauna) (Fig. 12.3)

(Wise and Schaefer 1994). Freshly fallen leaves of beech and year-old beech leaf

litter decomposed much more slowly than litter of herbs (see below) or ash–maple

mixture. Over 50% of both categories of beech leaf litter remained after 1.4 years,

even in the 3.5-mm mesh bags. The fauna had no significant impact on the rate of

disappearance of fresh beech leaves, and only the macrofauna accelerated the

disappearance of aged beech leaf litter.

12.3 Influence of Soil Fauna on Decomposition

of Herb Litter

Generally, herb litter is a resource of high quality and is readily utilised by micro-

floral and/or animal populations. In experiments with litterbags in the beech forest

Göttinger Wald, herb litter was decomposed rapidly. For the two herbaceous

species, Anemone nemorosa and Mercurialis perennis, half the litter disappeared

within 48 days from 45-mm mesh litterbags (Wise and Schaefer 1994) (Fig. 12.4).

Fig. 12.3 Change in amount

of canopy litter (beech forest

Göttinger Wald), expressed as

proportion of initial dry mass,

in litter bags of fine (45 mm),

medium (1 mm) and coarse

mesh (3.5 mm). (after Wise

and Schaefer 1994, values for

SE are given in this paper)
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Both meso- and macrofauna accelerated decomposition of herb litter. Within 10

days, 50% of herb litter had disappeared from the 3.5-mm bags. There were no

experiments with Allium ursinum, a very dominant herb in many places. However,

it can be observed in the field that decay of aboveground material of Allium is

extremely rapid. ForM. perennis litter in the beech forest Zierenberg, decomposition

rates were similarly high (Pawellek et al. 1993). The authors differentiated between

the qualities leaf, stem and rhizome litter. After 1 month, the loss of ash-free dry

mass was 50–90% for leaf, 30–60% for stem and 40–50% for rhizome litter. Macro-

fauna influence was pronounced; the presence of mesofauna led to an increase of

decomposition only for leaf litter. For the stinging nettle Urtica dioica in the

Zierenberg site, leaves were decomposed most rapidly, while coarse roots and stems

were decomposed slowly (Göbel et al. 1993; Judas et al. 1995). The macrofauna

accelerated the mass loss of leaves and fine roots, the mesofauna contributed to a

more rapid decay of leaves. In microcosm experiments, earthworms rapidly removed

nettle litter from the soil surface; after 4–6 weeks it disappeared entirely (Scheu 1997).

Fig. 12.4 Change in amount of herbaceous litter (beech forest Göttinger Wald), expressed as

proportion of initial mass, in bags of fine, medium and coarse mesh. For further explanation see

Fig. 12.3. (after Wise and Schaefer 1994, values for SE are given in this paper)
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Litter of herbaceaous species decomposes much more rapidly than canopy litter

(Wise and Schaefer 1994). One reason is that the fauna readily consumes herb litter

(Schaefer 1991a, b). There are indications that herbaceous litter plays an important

role in maintaining high densities of the macrofauna in beech forests with mull-

structured soils.

12.4 Decomposition of Roots and Woody Material

The decomposition of woody materials is slow; important influencing factors are:

the size of the woody debris, its N and lignin content and the composition of the

microbial community.

Carbon loss in beech and ash roots and beech twigs of 0–3, 3–10 and 10–40 mm

diameter was studied during 36 months of exposure in litter bags of 1- and 4-mm

mesh (Scheu and Schauermann 1994). Beech and ash roots (3 size classes) were

placed in a soil depth of about 5cm in the beech stand of Göttinger Wald; beech

twigs (3 size classes) and beech roots (3–10 mm) were placed on the soil surface of

the beech stand. From beech twigs, carbon loss was in the order: large twigs >
medium twigs> small twigs (Fig. 12.5). Ash roots generally lost more C than beech

roots (Fig. 12.6). Loss in C of ash roots was similar for each of the size classes,

whereas for beech roots, C loss was in the order: large roots > medium roots >
small roots. Beech roots (3–10 mm) placed on the soil surface lost considerably less

C than beech twigs (3–10 mm). Generally, mesh size affected C-loss only slightly,

which is attributed to the comparatively short exposure time. Presumably, soil

animals will contribute to wood decomposition during later stages. However, the

fungal flora was important as the degree of colonisation of wood materials by white

rot fungi significantly affected C mineralisation. During exposure of the beech

twigs (and partly the roots) N accumulated (N storage); afterwards a net loss of N

(N mineralisation) occurred (cf. Fig. 12.5).

12.5 Faunal Control of Litter Decay

Two principal approaches allow the analysis of faunal effects on litter decomposi-

tion: (1) the measurement of mass loss of organic matter after the exposure of litter

in the field using litterbags of different mesh sizes; (2) the measurement of litter

mass loss or carbon dioxide production or nutrient mineralisation in microcosms

under defined conditions in the laboratory. As demonstrated above, faunal influence

in general on decomposition measured as mass loss in litterbags may be high. In

microcosm studies in the laboratory, the fauna may lead to an increase of CO2

production or nutrient mineralisation thus indicating acceleration of decomposition.

However, in many cases, both stimulatory and inhibitory effects can be observed

depending on substrate quality, milieu factors, composition of the microflora and

the type of the fauna.
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In the context of the resource-based approach, two further questions were

studied: the effect of specific life forms of the fauna on decomposition of organic

substrates and the influence of stress factors (acid rain and liming).

12.5.1 Microfauna, Mesofauna, and Macrofauna

Soil animal populations can either directly participate in the degradation of dead

organic material or indirectly control the mineralising microflora, presumably a

much more important contribution. For the decomposing soil fauna, three trophic

Fig. 12.5 Carbon loss (a), C/N ratio (b) and changes in the amount of N (c) of beech twigs of

diameters of <3 mm, 3–10 mm and >10 mm in 1-mm and 4-mm mesh bags during 36 months of

exposure on the soil surface of the beechwood Göttinger Wald. HSD = Tukey’s Honest significant

difference. (after Scheu and Schauermann 1994)
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systems can be distinguished on three different scales: the microtrophic, the meso-

trophic and the macrotrophic system (Wolters 1991a). The microtrophs inhabit the

water film around soil particles and mainly comprise Protozoa and Nematoda. To a

large extent, they are bacterial feeders (bacteriophages). The mesotrophic groups,

Collembola, oribatid mites and Enchytraeidae, are predominantly fungal feeders

(mycetophages), but may also ingest decomposed plant material and mineral

particles. The nutrition of the macrotrophs (earthworms, gastropods and sapropha-

gous macroarthropods) is based on substrate use as well as on the utilisation of

associated microflora and microfauna. In a similar approach, Wardle and Lavelle

(1997) define interactions at three levels of resolution as a ‘micro-food-web’, a

‘litter-transforming system’ and ‘ecosystem engineers’.

A fourth category are predators. Data for the influence of predacious micro-

fauna, mesofauna and macrofauna on decomposition are scarce. It is well esta-

blished that the influence of predators may lead to a retardation of decomposition.

Lawrence and Wise (2000) reported that reducing spider predation in the leaf litter

of a deciduous forest increased the rate of disappearance of a test straw litter from

litterbags by 25% over a 6-week period. However, spiders may also enhance the

Fig. 12.6 Carbon loss of

roots of beech and ash of

diameters of <3 mm (a), 3–

10 mm (b) and>10 mm (c) in

1-mm and 4-mm mesh bags

during 36 months of exposure

in the soil of the beechwood

Göttinger Wald (after Scheu

and Schauermann 1994)
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decomposition of canopy litter under certain environmental conditions (Lawrence

and Wise 2004), indicating the specificity and peculiarity of faunal effects.

Schaefer (1990a) calculated the relative contributions of microtrophic, meso-

trophic and macrotrophic components to carbon flow in the beech forest of Göttin-

ger Wald. Consumption of organic material by macrotrophs (mainly earthworms)

amounted to about 9,000 kJ m�2 per year, of mesotrophs (mainly enchytraeids and

collembolans) to about 1,000 kJ m�2 per year, and of microtrophs (mainly amoe-

bae) to about 3,000 kJ m�2 per year. Animal production values were 200, 100 and

600 kJ m�2 per year, respectively. Total annual consumption by the soil fauna

almost equals annual litterfall (Schaefer 1996), a fact that demonstrates the impor-

tance of the macrofauna for the carbon budget of the beech ecosystem. However,

precise and detailed estimates of faunal effects for parts of the system and for the

whole ecosystem do not exist. For the three forests, some groups of the mesofauna

and macrofauna had been studied in more detail. Often their effect on decomposi-

tion is stimulatory; however, idiosyncratic effects depending on resource type and

other system properties also occur and are documented in the following paragraphs.

12.5.2 Carbon and Nitrogen Mineralisation

Mesofaunal influence on decomposition is mainly exerted by feeding on fungal

hyphae which normally has a stimulatory effect on decay, but may also cause a

retardation of the decay process. Schulz and Scheu (1994) studied the effect of

oribatid mites on decomposition of 14C-labelled holocellulose mixed with brown-

rotted or white-rotted beech wood. The effect of oribatid mites on 14CO2–C release

from holocellulose depended on the mite species. Generally, phytosaprophagous

mite species (Steganacarus magnus and Phthiracarus piger) caused an increase in

cumulative 14CO2–C release from holocellulose; however, for the latter species it

depended on feeding intensity (number of specimens per chamber). Presumably,

the effects of mites were caused by inoculation with microbial propagules and

increased mineralisation of nutrients (Scheu and Schulz 1994).

In microcosms with 14C-labelled fresh beech litter, increasing the density of the

collembolan Isotoma tigrina had an increasing effect on C mineralisation. The

effect was positive in mull-structured soil but negative under moder conditions

(Wolters, unpublished results, in Schaefer 1996).

The main macrofaunal influences on decomposition concern feeding on litter by

primary consumers, comminution and fragmentation of litter by the production of

faeces, transfer of organic material between the strata and carbon and nutrient

mineralisation. These activities are accompanied by a diverse array of effects on

the state of the litter resource and on soil microflora.

The effect of the earthworm Aporrectodes caliginosa depended on the recalci-

trance of the substrate. In microcosm systems with old beech litter and 14C-labelled

beech litter, the worms stimulated 14CO2–C release from 188 to 243 nCi (22.4%

� 11.0 SD) in systems with a resistant fraction of litter and depressed 14CO2–C
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release for an easily degradable fraction of litter from 147 to 128 nCi (13% � 8.1

SD) (Scheu, unpublished results, in Schaefer 1996).

Scheu (1993a) tested the effect of the endogeic earthworm species Octolasion
lacteum on mineralisation of 14C-labelled holocellulose and 14C-labelled lignin in

laboratory experiments. Earthworm processing caused a two-phase alteration in

holocellulose and lignin mineralisation: mineralisation rates were increased for 6–15

weeks (holocellulose) or about 10 weeks (lignin), but decreased later in the experi-

ment in both cases. In another experiment, Scheu (1993b) analysed the influence of

the earthworms O. lacteum and Lumbricus castaneus on decomposition of 14C-

labelled (lignin) lignocellulose mixed with brown-rotted or white-rotted beech leaf

litter. 14CO2–C release from lignin mixed in brown-rotted beech leaf litter exceeded

that of lignin mixed in white-rotted beech leaf litter due to excessive nutrient supply

in the latter treatment. Earthworm activity increased the cumulative N mineralisa-

tion and 14CO2–C release from lignin, but did not affect total CO2 production by the

systems during the experiment. The presence of Glomeris marginata enhanced

cumulative N mineralisation and total CO2 production by the systems but did not

affect overall 14CO2–C release from lignin.

Thus, it appears that there is a tendency for an idiosyncratic response of the

system. At least in the laboratory, a two-phase sequence in macrofauna-mediated

decomposition can often be observed. In the above-mentioned experiments with

earthworms, holocellulose and lignin mineralisation was increased for the first

weeks and decreased afterwards (Scheu 1993a). In fresh faeces, mineralisation

rates are high, due to additional nutrients being available, and decrease with age.

Microbial carbon turnover in soils freshly worked by the earthworm A. caliginosa
were significantly different from the microbial C turnover in aged casts (Wolters

and Joergensen 1992). Generally, aged faecal pellets tend to be resistant to

decomposition, as is also the case for the millipede Glomeris (Scheu and Wolters

1991b).

The soil fauna affects nitrogen mineralisation by modifying the soil microflora

directly (by grazing) or indirectly (by modifying the microbial environment)

(Wardle and Lavelle 1997; Wardle 2002; Scheu and Setälä 2002; Paul 2007). In

general, animals enhance the microflora-mediated net mineralisation rate by about

30% (Verhoef and Brussaard 1990). However, the role of the fauna in nitrogen

dynamics is difficult to quantify for the whole system.

The additional mineralisation of nitrogen caused by the burrowing activity of the

substrate feeding earthworm A. caliginosa was measured by Scheu (1987b) in

microcosm experiments. At 15�C, the additional N mineralisation in comparison

to controls without earthworms was 250 mgN g�1 fresh body wt per day and was cal-

culated to be 4.2 kg ha�1 per year, which compared to about 160 kg N ha�1 per year

net mineralisation in the whole beech forest Göttinger Wald. The whole earthworm

fauna may contribute about 23 kg N ha�1 per year, which corresponds to about 15%

of annual N net mineralisation (154 N ha�1 per year) or 25% of annual nitrogen

uptake of the trees (93 N ha�1 per year) (Scheu 1994). It should be emphasised that

the main effect of earthworms is not excretion of N but stimulation of microbially-

mediated ammonification and nitrification.
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Nitrogen mobilisation during the gut passage significantly exceeds the amount of

nitrogen excreted especially in endogeic earthworm species (Scheu 1993c). The

presence of O. lacteum in microcosms caused an increase in cumulative N mine-

ralisation by factors of 2.7 and CO2 production by a factor of 2.5. Obviously, these

earthworms mobilise a physically protected nitrogen and carbon pool by breaking

up soil aggregates.

12.5.3 Acid Rain and Liming

Human impact on decay of organic material is manifold. Man influences the

processes in the soil system by immission inputs of acidity, N and other elements,

by logging and by liming. It is well established that addition of protons depresses

decomposition of organic matter (Wolters and Schaefer 1994), and that logging and

liming enhance decomposition. Berg et al. (1998) analysed the effects of high

deposition of inorganic nitrogen on long-term decomposition of organic matter in

a pine forest soil. They found that in the long-term enhanced atmospheric-N

depositions aggravate C-limitation for microbial degradation.

The input of protons (‘acid rain’) leads to acidification of freshwater and terrestrial

habitats. Chemical changes in the soil and water can be measured. The effect of acid

rain on the fauna is less clear-cut (Schaefer 1990b; Wolters 1991b; Wolters and

Schaefer 1994). In an analysis of a 30-year time series in the moder-structured beech

forest Solling, no effect of a further decrease in soil pH of already acid soil on the fauna

was observed (Schauermann, unpublished results; Schaefer and Scheu 1996). However,

small-scale acidification experiments in the laboratory and in the field demonstrated

changes in the soil faunal community and/or decomposition rate. For instance, in a

laboratory system with 4-month-old 14C-labelled beech leaf litter, acid rain caused a

strong decrease in Cmineralisation of intact litter situated on the surface of a carbonate-

rich mineral soil (to 0.43 of control) (Scheu and Wolters 1991a). A large portion of the

protons is transferred to the ground by stemflow. In the mull-structured forest at the

GöttingerWald site, the density of endogeic earthworms is drastically reduced near tree

trunks (Scheu and Poser 1996), which certainly has effects on decay processes.

Anthropogenic acidification of forests may ultimately result in more moder-like

conditions with decreased macrofauna abundance and biomass. This trend can be

monitored by comparing forest soils of different acidity (Fig. 12.7) (Schaefer and

Scheu 1996). However, the comparison of a spatial series allows conclusions on

temporal trends only with a certain degree of certainty.

Liming may compensate for acidification and lead to an increase of faunal

biomass (Ammer and Makeschin 1994; Rundgren 1994) and of litter mass loss

(Bauhus and Barthel 1995). Application of lime to counteract soil acidification

leads to long-term changes of the soil animal community. Heiligenstadt and

Schauermann (1993) observed an increase in earthworm biomass and a decrease

in mesofauna numbers in a moder-structured spruce forest (Solling). Earthworms

and dipterous larvae of the families Sciaridae, Scatopsidae and Tipulidae were most
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abundant on limed plots of the Solling site (Theenhaus and Schaefer 1995). The

humus form moder developed some characteristics of mull (‘mull-like moder’)

(Heiligenstadt and Schauermann 1993; Theenhaus and Schaefer 1995). Earthworms

(Lumbricus terrestris) were artificially introduced into the moder soil of a spruce

stand near the beech forest at Solling and were able to build up permanent popula-

tions (Judas et al. 1991, 1997). The population started in 1986 with 10,000 individuals

on an area of 400 m2 (=25 individuals m�2) and exhibited a density in 1990 of

12 adults and 18 juveniles per m2.

12.6 The Decomposer Web

Soil organisms are interconnected by a complex web of trophic relationships

(Scheu and Falca 2000; Scheu and Setälä 2002; Wardle 2002; De Ruiter et al.

2005; Brussaard et al. 2007). Important trophic groups are litter feeders (sapro-

phages), fungal and bacterial feeders (microphytophages) and predators and

Fig. 12.7 pH, microbial

biomass and density of some

soil fauna groups in three

different beech forests (GW
Göttinger Wald, ZB Kleiner

Gudenberg (Zierenberg), SO
Solling). Values refer to litter

plus Ah soil layer up to a

depth of 6 cm (Göttinger

Wald, Zierenberg) or 3 cm

(Solling). (from Schaefer and

Scheu 1996)
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parasites (zoophages) (Schaefer 1996). This decomposer web is not easy to de-

scribe. It is ‘opaque’ and contains many generalists. Specific soils are inhabited by

specific soil communities. Interactions can be of different types (Scheu and Setälä

2002) and comprise predation, inhibition, facilitation, stimulation and mutualism.

12.6.1 Important Interactions Between Decomposer Groups

In terms of biomass, Protozoa, Nematoda, Lumbricidae and saprophagous macro-

arthropods are among the most dominant soil animal groups in the beech forests at

Göttinger Wald and Zierenberg. It can be presumed that interactions between

populations of these groups are pronounced. However, not much is known about

such specific interrelationships. We discuss some evidence of closer links between

nematodes and Protozoa, between earthworms and Protozoa and between earth-

worms and macroarthropods.

Nematodes and Protozoa can interact by direct feeding or by stimulating the

development of bacterial populations. Alphei et al. (1996) studied the interaction

between nematodes, Protozoa and earthworms in the rhizosphere of the grass

Hordelymus europaeus in microcosm experiments. Nematodes (Pellioditis pellio)
strongly increased the number of flagellates in the rhizosphere and non-rhizosphere

compartment, while the number of ciliates remained unaffected. Whereas nema-

todes decreased the number of amoebae in non-rhizosphere soil, they increased

their number in rhizosphere soil. The positive effect of nematodes on soil amoebae

was more pronounced in the presence of earthworms (A. caliginosa). It is possible
that probiotic effects of nematodes on Protozoa in earthworm treatments may be an

outcome of the tunnelling of nematodes in faecal material produced by earthworms,

facilitating access to microorganisms in these aggregates.

Protozoa can be food for earthworms and earthworms may modify the substrates

and thus protozoan populations. A multiple choice feeding experiment demon-

strated that the distribution of A. caliginosa was correlated with number of amoebae

in soil (Bonkowski and Schaefer 1997). A. caliginosa is actively searching for

places with high protozoan densities; thus Protozoa may play a significant role in

earthworm nutrition. In this experiment, weight gain of young A. caliginosa in soil

with amoebae was twice to that in soil without Protozoa. The earthworms digested

active Protozoa; however, most of the encysted Protozoa survived the gut passage,

an indication that earthworms may be important in distributing Protozoa in the soil.

Interactions between earthworms and macroarthropods might be a key process

in the soil-litter system. The faeces of litter-feeding arthropods can form food for all

those secondary decomposers who ingest only fragmented litter. This metabiotic

relationship may be an important functional sequence of faunal activity in the soil-

litter system. In microcosm systems, the earthworm O. lacteum did not feed on

intact beech leaf litter, but removed the faecal material of G. marginata from

the soil surface (Bonkowski et al. 1998). Thus, the combined action of faeces-

producing saprophagous macroarthropods and endogeic earthworms is assumed to
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be of crucial importance for the formation and maintenance of the mull soil in the

beech forests of Zierenberg and Göttinger Wald. The intimate mixing of ingested

diplopod faeces with mineral soil by endogeic earthworms lead to a decrease in C

mineralisation and consequently to the stabilisation of organic material in the

mineral soil (Scheu and Wolters 1991b).

Amainstreammetabiotic interaction is the continuum from primary to secondary
decomposers. Scheu and Falca (2000) studied the structure of the soil food web of

the beech forests at Göttinger Wald and Solling using variations in tissue 15N

concentrations of animal species or taxa. The delta15N values indicated that most

of the studied saprophagous taxa (Lumbricidae, Diplopoda, Isopoda) or micro-

phytophagous taxa (Collembola, Oribatida) consisted of primary and secondary

decomposers. The high variations of delta15N values of species within these groups

demonstrated that the species formed a continuum from primary to secondary

decomposers (‘microbi-saprophages’). It can be hypothesised that the facilitation

of secondary decomposers by primary decomposers is an organising principle of the

soil system. Interestingly, in a wood-web analysis with stable isotopes, the cluster

of predatory groups is distinctly separated from the cluster of microbi-saprophagous

taxa (Scheu and Falca 2000).

12.6.2 Bottom-up and Top-down Effects

The populations of the primary consumers in the beech forests are more or less

persistent in time (Schaefer 1996), whereas litter does not accumulate. Therefore,

theoretically (Hairston et al. 1960; Halaj and Wise 2001; Scheu and Setälä 2002;

Wardle 2002), this observation leads to the hypothesis that these populations are

regulated by the availability of food resources. If litter-utilising populations were

top-down controlled by predators, decomposition processes would proceed more

erratically with varying depths of the litter layer.

A long-term experiment was set up in the Göttinger Wald site where litter inputs
were manipulated. In 1981 and 1982, litter fall was excluded on plots of 10�10 m

in the beech forest; and on other plots, litter inputs were increased to fivefold of the

normal value for these 2 years. Earthworms and dipterans were studied in detail. In

the following years, earthworms (Judas 1990) and dipterans (Hövemeyer 1992)

decreased on the litter-exclusion plots. Contrary to expectation, on the plots with

higher litter inputs, earthworms declined in number (Judas 1990), indicating unfa-

vourable conditions in the thick litter layer for most of the earthworm populations.

However, among dipterans, microhumiphagous species and ‘surface scrapers’

strongly increased in numbers on the plots with high litter input (Hövemeyer 1992).

Experimental fertilisation was a second approach where a 15-month fertilisation

experiment on plots of 1 m2 in the mull-structured forest at Göttinger Wald was

conducted. It supported the bottom-up hypothesis for earthworms (Scheu and

Schaefer 1998). Addition of nitrogen (as NH4NO3), phosphorus (as NaH2PO4)

and carbon (as glucose) in different combinations led to an increase in microbial
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biomass and changes in the animal community. The microorganisms in the litter

layer were primarily limited by nitrogen, whereas soil microorganisms were pri-

marily limited by phosphorus. None of the animal groups studied (Lumbricidae,

Diplopoda, Isopoda and Chilopoda) exhibited a response that was parallel to that of

microorganisms. The additional availability of carbon alone (or in combination

with phosphorus) resulted in an increase of earthworm numbers and biomass (Fig.

12.8). Increased earthworm densities were always associated with an increase in

soil moisture.

Small microbi-saprophagous soil invertebrates like collembolans or oribatid

mites are not directly linked to litter input because they predominantly feed on

fungi, bacteria or faeces. This may weaken bottom-up forces. In the above-mentioned

fertilisation experiment, soil meso- and microfauna responded differentially to the

addition of C and nutrients. Collembolans and oribatid and uropodid mites tended to

decline, whereas nematodes and protozoans increased in density (Maraun et al.

2001). Obviously, the responses were indirect effects of increased number and

biomass of earthworms in additional carbon and carbon + phosphorus treatments

Fig. 12.8 Response of

earthworms (excluding

Lumbricus terrestris),
millipedes and centipedes to

addition of carbon (C),

nitrogen (N), and phosphorus

(P) (means + SD) (after Scheu

and Schaefer 1998)

222 M. Schaefer et al.



(cf. Fig. 12.8). Earthworms detrimentally affected soil mesofauna, whereas proto-

zoans and nematodes benefited from higher soil moisture combined with increased

microbial biomass.

Thus, the effects of additional litter input or of fertilisation are not clear-cut and

depend on the system. In general, there is a differential response of soil animal

groups to an increased supply of food resources.

Important predatory groups in the beech forest at Göttinger Wald are chilopods,

spiders, carabid and staphylinid beetles and gamasid mites. Chilopods consume a

high proportion of collembolan populations and of other saprophagous groups

(Poser 1988, 1991). However, Judas (1989) found no evidence for high predation

rates on earthworms, a group with two-thirds of total faunal biomass. It can be

presumed that top-down forces are less pronounced than bottom-up forces in the

soil food web of this forest. On the other hand, recent analyses found cascading

effects of predators that may also affect the rate of decomposition at the base of

detrital food webs (Scheu and Setälä 2002; Wardle 2002; Moya-Larano and Wise

2007). It emerges that the relative contributions of bottom-up and top-down forces

in soil food webs are not predictable, and are one of the key issues of future studies

in soil biology (Halaj and Wise 2002).

12.7 Earthworms as Ecosystem Engineers

Ecosystem engineering is the physical modification, maintenance or creation of

habitats, and the organisms involved. The physical ecosystem engineers are species

that directly or indirectly control the availability of resources to other organisms by

causing physical state changes in biotic or abiotic materials (Lawton 2000).

Effects of engineers on soil organic matter dynamics occur at four different

scales of space and time (Lavelle 1997; Lavelle et al. 1997): (1) the transit of the

material through intestine (hours); (2) the enhancement of microbial activity in, and

the release of labile nutrients from, fresh faecal material (days); (3) the sequestra-

tion and protection of undegraded organic matter in ageing casts and construction

(weeks); and (4) the distribution and turnover of soil organic matter (bioturbation)

in whole profiles (years to decades).

Macrofaunal species are assumed to be the major agents responsible for the

formation of mull humus. In particular, anecic earthworms are known to feed on

litter materials and incorporate them into the mineral soil (Lee 1985; Edwards and

Bohlen 1996). Hence, lumbricids are candidates for being ecosystem or soil engi-

neers (Lavelle et al. 1997; Edwards 2000, 2004; Parkinson et al. 2004). Their

possible influence on the soil and litter environment is manifold: they may select

high quality food as hot spots, they modify the food substrate during the gut

passage, they produce mucus, they transform the soil matrix into macro-aggregates,

they create burrows, they produce casts and middens, they feed in the rhizosphere.

Thus, they influence soil aggregate stability, water flow, microbial activity (see

Chap. 6), nutrient mineralisation (see Chap. 13) and plant growth (see Chap. 8).
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12.7.1 Food Ingestion, Gut Passage, Production
of Casts and Mucus

The results presented here mainly relate to earthworms of the forest at Göttinger

Wald. L. terrestris (the only anecic species) was the only earthworm with high

amounts of particulate plant remains in the gut (median 38% dry wt) (Judas 1992).

The worms preferred non-beech litter: only 25% of all particles in L. terrestris crops
and gizzards were beech leaf litter; 41% were non-beech tree leaf litter and

herbaceous litter. For L. terrestris, Wolter and Scheu (1999) found that the number

of bacteria changed in a very uniform pattern during the gut passage irrespective of

food materials (leaf litter of F. sylvatica or M. perennis) and season. Bacterial

numbers increased from the crop/gizzard to the foregut and then declined or

remained constant in the hindgut and decreased further in the faeces. When fed

with soil or beech litter, the length of fungal hyphae was generally at a maximum in

the crop/gizzard and tended to decline during the gut passage to the faeces.

Bacterial numbers and hyphal lengths in the crop/gizzard generally exceeded

those found in the soil, indicating the selective feeding nature of L. terrestris in
microsites rich in microorganisms. However, the authors concluded that micro-

organisms were not a major component of the diet of L. terrestris and other

earthworms.

Microbial biomass in soil is only slightly affected by the gut transit in earth-

worms (Scheu 1993d; Tiunov and Scheu 2000). However, during gut passage of

soil, microbial nutrient status changes. This effect depends on the nutrient deficien-

cies of the microflora and is assumed to vary among soil types and ecosystems. For

instance, in the beech forest at Zierenberg, the gut passage through O. lacteum
eliminated microbial P limitation in limestone soil, and increased microbial N

supply in soil from the basalt and intermediate site (Scheu 1993d).

Microbial activity in casts is a two-phase process: in most cases, stimulation is

followed by inhibition (Scheu 1987c, 1993a; Tiunov and Scheu 2000). Stimulation

in mineralisation of litter processed by earthworms into casts is most likely caused

by increasing the ability of the microflora to attack soluble and easily degradable

components (e.g. starch, proteins). Long-term alterations in litter decomposition are

presumably caused by modifications in cellulose and lignin mineralisation (Scheu

1993a).

12.7.2 Bioturbation

Earthworms mix soil layers by feeding on substrates and depositing faeces (Lavelle

et al. 1997). Scheu (1987a) measured the cast production of the earthworm

A. caliginosa in microcosm experiments in relation to temperature and moisture.

For the forest at Göttinger Wald, the A. caliginosa population produced 3 kg faeces
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per m2 per year (which corresponds to a soil layer of 4.3 mm). All endogeic species

produce faeces with a mass of 6 kg m�2 per year, corresponding to a soil layer of

9 mm. If the anecic species L. terrestris is included, the total amount of egesta

produced by the lumbricids should exceed 10 kg m�2 per year, a value equal to a

soil layer of 14 mm. The actual transport might be high, because comminuted litter

on the surface of the mineral soil layer (mainly faeces of macroarthropods and

gastropods) is consumed by endogeic earthworms (Bonkowski et al. 1998) and thus

transferred into the soil.

Generally, bioturbation stimulates the development of the microflora; however,

effects on the fauna may be of positive (facilitation) or negative (inhibition)

(Maraun et al. 2001) nature.

12.7.3 Earthworm Burrows and Middens

The burrows of earthworms consist of faeces, litter material and mucus. They are

hot spots of biological activity caused by the stimulative effects of earthworms on

microbial activity and nutrient dynamics. Mucus is considered to affect soil micro-

flora and soil structure. Scheu (1987c) observed an increase of microbial activity in

burrow walls of A. caliginosa by 22% for 2 weeks. Tiunov and Scheu (1999) found

that the microbial community in the burrow walls of L. terrestris contained a larger
fraction of metabolically-active microorganisms, adapted to continuous resource

addition by earthworm faeces and mucus. Burrow walls were strongly enriched

with mineral nitrogen and phosphorus. The number and biomass of naked amoebae

and flagellates were significantly greater in burrow walls than in the control soil,

whereas total nematode density was not affected (Tiunov et al. 2001). The walls

are very stable microhabitats inhabited by a specific community of micro-

phytophagous soil animals grazing on the wall microflora, strongly affecting

nutrient dynamics.

Anecic earthworms produce high numbers of casts on the soil surface, which are

intensively mixed with decomposing litter material. These conspicuous structures

are termed middens. In middens of the earthworm species L. terrestris in the forest

at Göttinger Wald, C and N content, C/N ratio, microbial biomass, basal respiration

and specific respiration were significantly higher than in non-midden soil (Maraun

et al. 1999). The abundance of Gamasina, Uropodina and (less pronounced) Col-

lembola and the biomass of Nematoda was increased. However, most oribatid taxa

preferred the non-midden soil. Obviously, the increased biomass of bacterial

feeding nematodes and euryoecious Collembola was caused by an increased micro-

bial biomass in the middens, and predacious Gamasina and Uropodina benefited

from this increased prey density. Earthworm middens are beneficial for most soil

animals, in contrast to the actual mixing of soil layers by bioturbation. In the

Göttinger Wald stand, up to 35 middens may occur per square metre. Thus, this

relationship between trophic levels in a microhabitat with microbial biomass as a

key resource is a further case of an important bottom-up process in the soil food web.
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12.7.4 Earthworms in the Rhizosphere

Earthworms can be active in the rhizosphere and influence plant growth. In the

microcosm experiment by Alphei et al. (1996), earthworms (A. caliginosa) reduced
the root biomass (and the total biomass) of H. europaeus; however, shoot/root ratio
drastically increased from 3.4 to 5.6. Thus, H. europaeus could sustain a high shoot
biomass with a strongly reduced root system. The effects of earthworms were

caused by an increase in nutrient supply to the plants. High amounts of extractable

mineral nitrogen and increased concentrations of nitrogen in plant tissue in the

earthworm treatments are evidence for this interpretation.

12.8 Conclusions

As expected, decomposition of litter material is strongly influenced by litter quality.

Rates of litter disappearance increase in the order: beech roots – beech twigs –

beech leaf litter – canopy litter of other tree species – herbs (Mercurialis, Anemo-
ne). Soil fauna, especially the macrofauna, is an important controlling factor of

litter decomposition. In many cases, decomposition rate is enhanced; however,

under certain conditions, faunal influence may result in a decrease of litter decay

rate, for instance by the production of stable faeces particles.

The decomposition rate of beech leaf litter decreases from the base-rich forest to

the acid forest site. This gradient from mull to moder of the litter layer is accom-

panied by a decrease in macrofauna abundance and faunal biomass (Schaefer and

Schauermann 1990) (see Chap. 7). Soil engineering is responsible for mull-

structured soils. Comminution of organic substrates and the modification of the

soil environment by the fauna appears to be an important causal factor for rapid

decay in these mull soils.

The functional interactions between faunal groups in soil and litter and their

combined action on microfloral activity and carbon and nutrient dynamics are

scarcely understood (Wolters 1991a; Schaefer 1995; Scheu 1995; Scheu and Setälä

2002; Bardgett et al. 2005; Brussaard et al. 2007). The decomposition web is a

network of faunal–faunal and faunal–microfloral interactions, with a continuum

from primary to secondary decomposers, with more pronounced bottom-up control

and less developed top-down control, and with partly idiosyncratic responses to

environmental influences. Thus, it is difficult to relate single processes in the soil

web to total material dynamics.

Differences in litter decay arise due to differences in resource quality and

activity of the biota which may contribute to the resilience of the decomposition

subsystem with its large pools of soil carbon which is variably distributed on the

surface organic layer.

226 M. Schaefer et al.



Acknowledgement We thank David H. Wise (Chicago, Illinois) for reading and commenting on

the manuscript.

References

Alphei J, Bonkowski M, Scheu S (1996) Protozoa, Nematoda und Lumbricidae in the rhizosphere

of Hordelymus europaeus (Poaceae): faunal interactions, response of microorganisms and

effects on plant growth. Oecologia 106:111–126

Ammer S, Makeschin F (1994) Effects of simulated acid precipitation and liming on earthworm

fauna (Lumbricidae, Oligochaeta) and humus type in a mature stand of Norway spruce

(Hogwald Experiment). Forstwissenschaftliches Centralblatt 113:70–85

Bardgett R, Usher M, Hopkins D (2005) Biological diversity and function in soils. Cambridge

University Press, Cambridge

Bauhus J, Barthel R (1995) Mechanismen for carbon and nutrient release and retention in beech

forest gaps. 2. The role of soil microbial biomass. Plant Soil 169:585–592

Berg MP, Kniese JP, Zoomer R, Verhoef HA (1998) Long-term decomposition of successive

organic strata in a nitrogen saturated Scots pine forest soil. For Ecol Manage 107:159–172

Bonkowski M, Schaefer M (1997) Interactions between earthworms and soil protozoa: a trophic

component in the soil food web. Soil Biol Biochem 29:499–502

Bonkowski M, Scheu S, Schaefer M (1998) Effects of endogeic earthworms (Octolasion lacteum),
diplopods (Glomeris marginata) and plants (Hordelymus europaeus) on the decomposition of

litter in a beechwood on a basalt hill. Appl Soil Ecol 9:161–166

Brussaard L, Pulleman MM, Ouedraogo E, Mando A, Six J (2007) Soil fauna and soil function in

the fabric of the food web. Pedobiologia 50:447–462

Cadisch G, Giller KE (eds) (1997) Driven by nature: plant litter quality and decomposition. CABI,

Wallingford

De Ruiter PC, Neutel A-M, Moore J (2005) The balance between productivity and food web

structure in soil ecosystems. In: Bardgett R, Usher M, Hopkins D (eds) Biological diversity and

function in soils. Cambridge University Press, Cambridge, pp 139–153

Edwards CA (2000) Soil invertebrate controls and microbial interactions in nutrient and organic

matter dynamics in natural and agroecosystems. In: Coleman DC, Hendrix PF (eds) Inverte-

brates as webmasters in ecosystems. CABI, Wallingford, New York, pp 141–159

Edwards CA (2004) Earthworm ecology, 2nd edn. CRC, Boca Raton

Edwards CA, Bohlen PJ (1996) Biology and ecology of earthworms. Chapman and Hall, London
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Chapter 13

Nitrogen and Carbon Transformations

R. Brumme, J. Priess, C.P. Wang, M. Raubuch, G. Steinmetz, and H. Meyer

13.1 Introduction

Carbon and nitrogen are quantitatively important elements in forest ecosystems.

Most of the carbon and nitrogen are stored in the soil and have a long turnover time.

Only a small fraction of the N-pool is cycled every year through growth and litter

fall and mineralisation of litter. Industrialisation has caused high acid and nitrogen

inputs to ecosystems which have affected carbon and nitrogen stocks and minera-

lisation processes in forest ecosystems. In addition, global change of temperature

and precipitation will also have a direct influence on carbon and nitrogen cycles in

the short-term and on their stocks in the long-term.

In order to detect measurable changes in the carbon and nitrogen stocks of forest

soils, several decades and sometimes centuries may be needed because they have by

nature high spatial variability and occur in large stocks. Therefore, it is very difficult

to obtain information on fluxes of these elements by measuring changes in the bulk

stocks. Direct measurements of input and output fluxes may provide useful informa-

tion to assess any changes of the bulk stocks, and on understanding of human-

induced changes in the mineralisation processes, as long as the values of input and

output fluxes can be accurately measured.

Net carbon mineralisation is usually measured as heterotrophic respiration in

trenched, root-free plots in the field or in laboratory studies. Net nitrogen mineralisa-

tion and net nitrification are often studied by the in situ buried-bagmethod (Eno 1960;

Runge 1971; Nadelhoffer et al. 1983), or the in situ tube method (Raison et al. 1987;

Rapp et al. 1979).We used the leaching method in the field and laboratory experiment

where the mineralised nitrogen was leached out of undisturbed soil cores through

irrigation with artificial rainfall (Stanford and Smith 1972, modified byMochoge and

Beese 1983; Brumme and Aden 1995) in order to simulate close to field conditions.

The objectives of this study were: (1) to quantify the net N-mineralisation and

net C-mineralisation in soils of three beech forest ecosystems which differed in

their soil acidity, (2) to quantify the contribution of different soil depths to total net

N-mineralisation and net C-mineralisation, (3) to include the C/N ratios of soil
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organic matter, the microbial biomass, and mineralisation products in gaining

a better understanding of their interactions, (4) to discuss the relative nitrification

in the context of autotrophic versus heterotrophic nitrification processes, and (5) to

describe the temperature sensitivity of net N-mineralisation, net C-mineralisation,

and nitrification processes.

13.2 Experimental Details

Two experiments, one field-based study and the laboratory-based, were conducted

to study nitrogen and carbon transformations in the forest soils of the Solling,

Göttinger Wald and Zierenberg sites. In the field study, eight undisturbed soil cores
(15 cm diameter, 20 cm length) from each of the sites were collected and placed at

the Solling site in such a way that the surface of the soil cores was in level with the

surrounding soil (Raubuch 1997). The cores were kept covered at the surface to

prevent natural rainfall but were open between the soil cores and the lid to enable

gas exchange. Every 2 weeks, all soil cores were irrigated with 486 mL of an

artificial throughfall each (equal to an irrigation of 2.1 mm per day). Ammonium in

the irrigation solution was applied at a rate of 10 kg N ha�1 per year as (NH4)2SO4.

Ceramic suction cups were installed at the bottom of sealed soil cores to collect

leached water twice a month, which was combined to a monthly sample and

analysed for nitrate and ammonium. The net nitrification, net ammonification and the

sum of both, defined as the net nitrogen mineralisation, were calculated by sub-

tracting the amount of N-input from that of the N-output in the leachate. Net carbon

mineralisation was measured every 2 weeks by closing the top of the soil cores to

take gas samples after 0 and 30 min of closure with evacuated glass bottles, which

were then analysed for CO2 concentration in the laboratory (Loftfield et al. 1997).

In the laboratory study, undisturbed soil cores (15 cm diameter) from different

soil layers were used to study the vertical distribution of C- and N-transformations

at different temperatures and for different form of N applied: at 3�4�C (Solling: n = 4)

(Göttinger Wald: n = 6), at 7�8�C (Solling: NH4
+, n = 8; NO3

�, n = 4) (Göttinger

Wald: n = 3), and at 16�C (Solling: n = 4) (Göttinger Wald: n = 9) (Wang 1998).

From the Solling site, soil cores of the surface organic layer, 0–10 cm and 10–20 cm

soil depth were collected, and from the Göttinger Wald site mineral soil layers were

used (L–10 cm, 10–20 cm, and 20–30 cm soil depth). The L layer was included in

the L–10 cm layer at Göttinger Wald. The soil cores were installed in a microcosm

system (Hantschel et al. 1994) and automatically irrigated six times per day (Solling:

4 mm per day; Göttinger Wald: 6 mm per day) with an artificially prepared through-

fall solution over a 6-month period. Nitrogen was applied at the rate of 20 kg N ha�1

per year either as ammonium or nitrate. CO2 emissions were measured continu-

ously in the automatic set up and were used to calculate net C-mineralisation.

Soil solutions were sampled from the bottom of the soil cores, where a 0.45 mm
nylon membrane (Hybond-N, Amersham, England) was placed, and analysed for

ammonium and nitrate to calculate the net mineralisation and nitrification rates.
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13.3 Nitrogen Mineralisation in Soil Cores

The amount of nitrogen leached from soil cores was primarily related to changes in

soil temperature and water content. The water content in the field leaching study

remained more or less constant near field capacity because of fortnightly irrigations,

no transpiration and low soil evaporation. Soil temperature was therefore the

primary factor affecting nitrate production and leaching (Fig. 13.1). The high rate

of nitrate leaching at the beginning of the experiment was due to the experimental

setup. An increase in temperature increased the nitrate leaching resulting in higher

values at the beginning of September. There was a delayed response to nitrates

measured due to the time required for the leaching of the nitrates produced in the

surface layers of soil columns. Transport processes required about 1 month to move
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nitrate through the soil cores of 20 cm length and explained some of the observed

delay. Ammonium leaching was low from the Göttinger Wald and Zierenberg cores

(respective values of 1% and 2% of the total mineral nitrogen leached) whereas it

was high from Solling cores (7%).

Net N-mineralisation was calculated from the amount of nitrate and ammonium

leached (Table 13.1). The high amount of nitrate leaching at the beginning of the

experiment until March, which were assumed to be influenced by the experimental

set up, were corrected assuming a linear decline of N-leaching between December

and April. Since the soil cores were incubated at the Solling site, the net

N-mineralisation was calculated for the higher soil temperatures of 7.4�C at

Göttinger Wald and 8.1�C at Zierenberg, by using the Q10 values developed for

net C-mineralisation (Chap. 17). The use of these Q10 values was justified on the

basis that the differences in the temperature dependence between net C-mineralisation

and net N-mineralisation seem to be small (Kirschbaum 1995). The estimated

values of net N-mineralisation increased from 62 to 80 kg N ha�1 per year for

Zierenberg soil and from 86 to 99 kg N ha�1 per year for Göttinger Wald soil

(Table13.1). Thus, there is a trend of increasing net N-mineralisation rates with

decreasing acidity from Solling and Zierenberg to Göttinger Wald.

Several methods have been used in the past to study the net N-mineralisation at

the three beech sites. At the Solling site, plastic bags were used for in situ incuba-

tion of homogenised soils which were placed back at the same depth in the soil to

which the sample belonged to (in situ buried-bag method; Runge 1971). The net

mineralisation was calculated as the difference between the initial and final amount

of ammonium and nitrate in the soil during 6 weeks of placement of bags in the

field. Runge (1974a) calculated a mineralisation rate of 112 kg N ha�1 per year

(Table 13.1) which was considered to be an overestimation due to high microbial

activity in homogenised samples resulting from a better aeration after disturbance,

Table 13.1 Net nitrogen mineralisation rates (kg N ha�1 per year, L – 20 soil depth) from

different studies (standard deviation in parenthesis) at the Göttinger Wald, Zierenberg, and Solling

sites conducted with the in situ tube method, the in situ buried-bag method and the field leaching

method

Method Year of study Göttinger Wald Zierenberg Solling References

Buried bag 1967–1969 – – 112 Runge (1974a)

Buried bag 1981 190 – – Reichardt (1982)

Tube 1991–1992 – – 90 (17) Bauhus and Barthel

(1995)

Tube 1995–1996 – 128–167c – Mrotzek (1998)

Leaching 1991 86 (14) 62 (12) 74 (14) this studya

Leaching 1991 99 (16) 80 (15) – this studyb

a‘This study’ refer to the field leaching study where undisturbed soil cores were incubated at the

Solling site over 1 year at a mean annual soil temperature of 6.2�C
bNet N-mineralisation for Göttinger Wald and Zierenberg were calculated for the annual soil

temperatures at the sites, 7.4�C for Göttinger Wald, 8.1�C for Zierenberg
cRange of mean values of three subplots
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a better access of organic matter by micro-organisms, and from decomposition of

fine plant roots. The samemethodwas used again by Ibrom and Runge (1989) to study

the effect of liming and fertilisation from April to November 1986 at Solling. The

mineralisation rate at the control site was 113 kg N ha�1 (L-12 cm) during 39 weeks.

Another method to study in situ mineralisation rates was developed by Raison

et al. (1987). Steel or plastic tubes are hammered into the soil and the net miner-

alisation is calculated by the differences in the amount of ammonium and nitrate in

the soil during the time of incubation, which was kept short enough to avoid any

effect of disturbance and any decay of roots (in situ tube method). Bauhus and

Barthel (1995) used this method to study the mineralisation rates of a beech forest

gap and a control site at Solling. They found a mineralisation rate of 90 kg N ha�1

per year at the control site (Table 13.1).

Buried bags were also used at the Göttinger Wald site over 1 year by Reichardt

(1982) who estimated a mineralisation rate of 190 kg N ha�1 per year (Table 13.1),

which is about twice as high as our result. At Zierenberg, the in situ tube method

was used by Mrotzek (1998) on three subplots. At one plot, Mercuralis perennis
dominated the ground vegetation, another was dominated by Urtica dioica, and at

the third plot, both plants were present. Similar mineralisation rates of about 128 kg

N ha�1 per year were measured at the Mericuralis and Urtica plots, and 167 kg

N ha�1 per year at the mixed plot (Table 13.1). The differences could not be

explained and the expected higher mineralisation at the Urtica plot was not

found. Compared to the leaching method, the mean net N-mineralisation rate of

Mrotzek (1998) (136 kg N ha�1 per year) was 41% higher.

Nitrogen mineralisation has been shown to be very variable in space and time

and the values obtained by different methods indicate that they are not always

comparable. The comparison suggests that our field leaching method delivered

the lowest net N-mineralisation followed by the in situ tube and in situ buried-bag

method. There are probably three factors responsible for these differences.

Adsorbed ammonium and litter production by herbs during the year is not covered

in the leaching method in contrast to the buried-bag and tube method and may have

lead to an underestimation of N-mineralisation in our experiment. By the use of the

buried bag and the tube methods mycorrhizal fine roots were cut and additional

nitrogen from mineralisation of dying mycorrhizal fine roots might increase net

N-mineralisation. A monthly repeated incubation would add exudates and respira-

tion of mycorrhizal fine root shortly after cutting and their subsequent decomposi-

tion 12 times per year in contrast to leaching method where root mineralisation is

included only once. However, decomposition of root is a slow process (Chap. 12)

and N-mineralisation of mycorrhizal fungi is not known and prevents a conclusive

evaluation of the three methods. Another factor is related to changes in soil density,

which will influence the accessibility of physically protected soil organic matter by

microorganisms through the aeration of the soil. Comparing disturbed and undis-

turbed soil samples from Solling and Göttinger Wald indicated an increase or

decrease of net N-mineralisation depending on the availability of C to drive the

process and that of excess C to immobilise the mineralised amount. A positive effect
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between 35–140% at Solling and 4–41% at Göttinger Wald was observed in the

surface 5 cm of the mineral soil (Beese 1986). In soil from 5 to 20 cm depth,

mineralisation rates either increased or decreased. Any marked effect on net

N-mineralisation was not found by comparing sieved and intact soil cores after

adjusting for differences in soil moisture (Persson et al. 2000b). Effect of distur-

bance is evident in the in situ buried-bag method, but a recent study (Vor and

Brumme 2002) indicated that even the in situ tube method, which is expected to

create less disturbances, is affected by the experimental design. Comparing CO2

respiration in the in situ tube method and the closed chamber technique indicated an

increase in microbial activity (80–260% at different plots). A simultaneously large

increase in N2O emissions reduced the net N-mineralisation by between zero and

80%. A comparison with the in situ buried-bag method in the same study showed

that net N-mineralisation was on an average higher by using buried bags (+25 �
+ 104%). It was concluded that soil disturbance reduced denitrification losses and/

or enhanced mineralisation in the buried bags. To avoid soil disturbances in the tube

method, it was recommended to increase the inner diameter of the incubation tubes

to reduce edge effects.

Comparing the net N-mineralisation of the leaching (74 kg N ha�1 per year) and

tube method (90 kg N ha�1 per year) at 8.1�C at Solling site with N-input by tree

litterfall (68 kg N ha�1 per year, Chap. 11), fine-root litter (36–39 kg N ha�1 per

year, Chap. 9) and by herb litter (0.4 kg N ha�1 per year, Chap. 10), in total about

106 kg N ha�1 per year, would indicate that nitrogen is accumulated in the soil.

N-accumulation was confirmed by long-term observations of the C- and N-stocks at

Solling where 21 kg N ha�1 per year accumulated in the surface organic layer

(Chap. 4). The higher value for N-mineralisation by the buried-bag method in

comparison to the N-input by litter indicates that this method may overestimate

the N-mineralisation.

The net N-mineralisation derived from the field leaching method at Göttinger

Wald of 99 kg N ha�1 per year is about 12% lower compared to litter N-input by

trees, fine-roots and herbs litter (in total about 112 kg N ha�1 per year). This would

suggest that the soil is accumulating nitrogen. The two times higher N-mineralisation

analysed with the buried-bag method suggest a stimulation of mineralisation which is

not evident from the input/output measurements (Chap. 16).

For the Zierenberg site the leaching method calculated 80 kg N ha�1 per year and

the tube method 128–167 kg N ha�1 per year of which the value of the tube method

is comparable to litter N-input by trees, fine-roots, and herbs (in total about 133 kg

N ha�1 per year assuming a similar value for fine roots as observed at Göttinger

Wald). Eichhorn and Hüttermann (1994) observed a high N-leaching and concluded

that the Zierenberg forest is saturated with nitrogen and loses nitrogen by humus

disintegration. N-mineralisation in excess of litter N-input may be present at

Zierenberg site since the deeper soil layers have not been considered in the miner-

alisation study. The leaching method underestimated the N-mineralisation in part

because litter from nettle plants was excluded.
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13.3.1 Depthwise Distributions of Net N-Mineralisation

The depthwise distributions of nitrogen mineralisation in the soil cores at Göttinger

Wald and Solling were studied in the laboratory experiment using undisturbed soil

cores. At the Solling site, 77% of the total net N-mineralisation (L-20 cm) was

measured at 8�C in the surface organic layer, 16% in 0–10 cm and 7% in 10–20 cm

depth (Fig. 13.2). These values are in the upper range of forest soils with a FH layer

within a European gradient (34–79% in LFH from L–20 cm, n = 8; Persson et al.

2000b). Most active in mineralisation is the F horizon as observed by a study with

the in situ buried-bag method (Ibrom and Runge 1989). The net N-mineralisation in

the F1 and F2 horizons was 240 mg N 100 g�1 which was four and six times higher

than in the H and L horizons, respectively. The relative contribution of the L

horizon to the total net N-mineralisation in the surface organic layer with a C/N

ratio of 29 was low, but increased to 16% and 39% in the F1 and F2 horizons with a

C/N ratio of 22 and 21, respectively (Fig. 13.3). A C/N ratio between 20 and 25 has

been found to be necessary for a substrate to cause a net release of nitrogen

(Killham 1994; Swift et al. 1979). Further narrowing of the C/N ratio to 19 did

not increase but decreased the net N-mineralisation in the H horizon which might

indicate that nitrogen was chemically stabilised by the formation of humic sub-

stances in this layer. A similar result was found by Bauhus (1994) and Bauhus and

Barthel (1995) at an adjacent beech stand at Solling using the in situ tube method of

Raison et al. (1987).

For the Göttinger Wald soil, the thin L layer was not studied separately but

included in the L–10 cm layer in the laboratory study. This L–10 cm layer

contributed to 59% of the net N-mineralisation in the surface 30 cm at 7�C
(Fig. 13.2) and indicated the importance of the surface mineral soil for N-transfor-

mation at Göttinger Wald. This is in contrast to the acid mineral soil at Solling

where only 16% of the net N-mineralisation occurred in 0–10 cm mineral soil
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depth. Even the 10–20 cm and the 20–30 cm soil layers at Göttinger Wald

contributed significant amounts of 26% and 15% to the net N-mineralisation, and

may probably result from litter incorporation by earthworms.

13.3.2 Temperature Sensitivity of Net N-Mineralisation

The net N-mineralisation values in the laboratory study increased with incubation

temperatures, and were 75 (�25) kgN (3�C), 100 (�32) kgN (7�C) and 300 (�55) kg

N (16�C) ha�1 per year for L–30 cm soil depth from Göttinger Wald (Fig. 13.2). The

rate at 7�C is comparable to the value found with the field leaching method (Table

13.1). In another incubation study with the same method, net N-mineralisation rates

of 137 (�23) (8�C) and 370 (�26) (23�C) kg N ha�1 per year were calculated for

the surface 30 cm of the Göttinger Wald soil (Brumme and Beese 1991).

For the Solling soil, net N-mineralisation rates increased from 180 (�57) kg N

ha�1 per year (4�C) and 220 (�79) kg N ha�1 per year (8�C) to 273 (�162) kg N

ha�1 per year (16�C) for the L–20 cm soil sample in the laboratory experiment

(Fig. 13.2). Compared with the field leaching method, these rates are more than two

times higher (Table 13.1), and are probably induced by high water content under the

conditions of semi-continuous water leaching. This condition has probably induced

higher leaching losses of nitrate from the N-enriched moder like humus in contrast

to the mull humus type at the Göttinger Wald site. The Q10 values of net

N-mineralisation for Solling soil were lower (1.3 at the surface organic layer, 1.5

at 0–10 cm and 1.7 at 10–20 cm depth) than those for Göttinger Wald (2.9 at the

L–10 cm, 3.4 at 10–20 cm and 3.8 at 20–30 cm depth), and suggest that the

enrichment of N in the surface organic layer from atmospheric deposition has

reduced the temperature sensitivity at the Solling site. Similar Q10 values were

calculated from an incubation study by Beese (1986) for Göttinger Wald soil. In

that study, the net N-mineralisation for undisturbed soil cores incubated for 160

0

10

20

30

40

50

litterfall L F1 F2 OH 0– 6 6–12

NNM

C/N

N
et

-N
-M

in
er

al
is

at
io

n 
[%

]
C

/N

Fig. 13.3 Depthwise distribution of relative Net-N-Mineralisation (NNM) which was measured

by the buried-bag method from April to December 1986 are shown together with the C/N ratios in

the litterfall, the horizons of the moder humus and the upper 12 cm of the mineral soil at Solling

(Ibrom and Runge 1989)

238 R. Brumme et al.



days at 8�C, 16�C and 24�C showed Q10 values between 2.3 and 2.8 (0–5 cm depth

soil sample). A literature review by Kirschbaum (1995) suggested that net N-

mineralisation appeared to have overall lower temperature sensitivities and had

smaller increases in temperature sensitivity at low temperatures than the similar

data for CO2 efflux. This finding could be explained by higher C metabolism for the

maintenance of a constant microbial biomass under elevated temperatures which

increased the microbial demand for carbon more than for nitrogen.

13.4 Carbon Mineralisation

The net C-mineralisation values for the soils from Solling, Zierenberg and Göttinger

Wald studied in the field leaching method under the environmental conditions of

the Solling site are given in Table 13.2. A higher mean annual soil temperature at

the Göttinger Wald and Zierenberg sites than at the Solling site required a correc-

tion for comparison purposes. This was done by using Q10 values and resulted in

2.1 Mg C ha�1 per year for Zierenberg and 2.4 Mg C ha�1 per year for Göttinger

Wald (Table 13.2). These net C-mineralisation rates are very low when compared to

leaf litter input from trees (2.6–2.7 Mg C ha�1 per year at the three beech sites;

Chap. 11). Additional litter produced by roots (1.3 Mg C ha�1 per year at Solling

and 0.6 Mg C ha�1 per year at Göttinger Wald; Chap. 9) and herbaceous plants

(0.01 Mg C ha�1 per year at Solling, 0.22 Mg C ha�1 per year at Göttinger Wald

and 0.42 Mg C ha�1 per year at Zierenberg; Chap. 10) were not covered by the

calculated respiration values. This would indicate accumulation of large amounts of

C in the soils.

The long-term measurements at the Solling site suggested that the C stock in the

mineral soil remained constant while C stock in the surface organic layer increased

by 0.35 Mg C ha�1 per year (Chap. 4). A simple calculation showed that any

unaccounted C from the input/output balance would have been detectable in the

soil. For example, at the Solling site, the total litter input from leaves and roots

amounted to 3.9 Mg C ha�1 per year of which 0.35 Mg C was found to accumulate

in the surface organic layer and 1.57 Mg were respired. The remaining 2 Mg C ha�1

which is accumulated annually in the mineral soil would have amounted to

70 Mg C ha�1 within 35 years, the long-term observation period at Solling. This

value is higher than the standard deviation of the C stock of 26 Mg C ha�1 (0–20 cm;

Table 13.2 In situ net C-mineralisation rates (Mg ha�1 per year, standard deviation in parenthesis)

studied on undisturbed soil cores (20 cm length) from Göttinger Wald (GW), Zierenberg (ZB), and

Solling and incubated at the Solling site over 1 year at a mean annual soil temperature of 6.2�C.
Net N-mineralisation for Göttinger Wald and Zierenberg were also calculated for the annual soil

temperatures at the sites, 7.4�C for Göttinger Wald, 8.1�C for Zierenberg

Mean annual soil temperature Göttinger Wald Zierenberg Solling

6.2�C 2.06 (0.23) 1.60 (0.23) 1.57 (0.20)

7.4�C (GW), 8.1�C (ZB) 2.4 (0.27) 2.1 (0.30) –
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Chap. 4). Therefore, it seems plausible that net C-mineralisation measured in the

field leached cores only covered the decomposition of tree leaf litter and not root-

associated carbon release and litter from herbs. The girdling (Högberg et al. 2001)

and gap studies (Chap. 17) showed that up to half of the carbon released from the

soil is from living plant roots, their mycorrhizal fungi and other root-associated

microbes and that this release is driven directly by recent photosynthesis. Miner-

alisation measurements change the carbohydrate flux from the plant via mycor-

rhizae to soil organisms (Högberg and Read 2006) and thus underestimate

conventional mineralisation measurements.

13.4.1 Depthwise Distributions of Net C-Mineralisation

The depthwise distributions of carbon mineralisation were studied in the laboratory

experiment by the use of undisturbed soil cores. Similar to net N-mineralisation, the

net C-mineralisation was highest in the surface organic layer at the Solling site

(73% of the total net C-mineralisation in L–20 cm depth at 8�C) (Fig. 13.4). Within

the surface organic layer when measured at 22�C, a strong decrease in respiration

occurred from 59 g CO2–C h�1 per g organic matter in the L layer to 12 and 4 mg
CO2–C h�1 g�1 in the F and H layers. If the respiration was related to soil organic

carbon, the respiration still decreased from 118 g CO2–C g�1 Corg h
�1 in the L layer

to 25 and 10 mg in the F and H layers. Persson et al. (2000a) reported values for the

L layer in the range of 26–62 mg CO2–C g�1 C h�1 and for the FH layer 4–31 mg
CO2–C g�1 Corg h

�1 from 15 European forest soils. This indicates that less amount

of carbon is available for microorganisms from more decomposed F and H layers.

At Göttinger Wald, the surface mineral soil (L–10 cm) contributed 72% of the

total net C-mineralisation in L–30 cm depth and this was 13% higher than the

similar values for net N-mineralisation in the same layer. In 10–20 cm soil depth,
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the net C-mineralisation was 10% lower than those for net N-mineralisation. This

indicated that the net C-mineralisation was high in the surface soil whereas lower

depths were relatively more important for net N-mineralisation.

13.4.2 Temperature Sensitivity of Net C-Mineralisation

The seasonal patterns of net C-mineralisation were similar at Göttinger Wald, Zieren-

berg, and Solling soils and followed the course of the soil temperature in our field

experiment conducted at the Solling site (Fig. 13.1). The net C-mineralisation in the

laboratory study increased with the incubation temperature. Net C-mineralisation

increased from 1.2(�0.49) Mg at 3�C, to 2.3(�0.64) Mg at 8�C, to 6.4(�1.6) Mg C

ha�1 per year and 16�C in the surface soil (L–‘30 cm) of Göttinger Wald (Fig. 13.4),

which were similar as found under field conditions. The net C-mineralisation at

Solling site increased from 3.3(�1.2) Mg at 4�C, to 4.1(�1.6) Mg at 8�C, to 7.3

(�3.2) Mg C ha�1 per year at 16�C (L–20 cm) and was about two times higher than

those measured in the field study. Two times higher values under laboratory

conditions than those measured under field conditions were also observed for net

N-mineralisation in the Solling soil and suggest that both rates were stimulated by

the irrigation which was done six times per day in this N-enriched moder-like

humus layer at the Solling site. The calculated Q10 values from the laboratory data

were 3.4 at L–10 cm, 3.6 at 10–20 cm, and 2.4 at 20–30 cm samples from Göttinger

Wald, and 1.9 at the surface organic layer, 2.5 at 0–10 cm, and 2.7 at 10–20 cm

samples for the Solling soil. TheQ10 value for the Göttinger Wald soil was the same

as found in the field experiment (Q10 = 3.3). The very low values in the laboratory

study compared to the field study (Q10 = 3.4) at the Solling site resulted from high

mineralisation rates at low temperatures.

13.5 Relationship Between N-Mineralisation

and C-Mineralisation

The ratio between net carbon mineralisation and net nitrogen mineralisation ratio in

the field leaching study was higher (24–26) than the C/N ratios of soil organic

matter (15) at the Göttinger Wald and Zierenberg sites (Fig. 13.5). Micro-organisms

mineralise organic matter for their energy metabolism (maintenance) and for

construction of microbial tissue. Nitrogen is released to the soil solution in excess

of what remains after microbial immobilisation. Due to low C/N ratio of micro-

organisms biomass they immobilise more nitrogen than carbon and increased the

C/N ratio in the mineralised products as was observed at Göttinger Wald and

Zierenberg. The ratio between net C-mineralisation and net N-mineralisation

(21.2) in Solling soil was similar to C/N ratios of soil organic matter (18.9)

suggesting that microbial growth was less in this soil.
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A simple calculation may quantify the interaction between carbon and nitrogen

pools (microbial biomass, soil organic matter: SOM) and fluxes (mineralisation,

immobilisation) Equation 13.1 assuming that gaseous N losses were negligible.

The following parameters in equations (13.1) and (13.2) are known from the

field experiment: the fluxes of net C-mineralisation (NCM) (Table 13.2) and net

N-mineralisation (NNM) (Table 13.1), and the C/N ratios of the soil organic matter

(C/NSOM, calculated by considering fixed ammonium of about 8% of total N in the

top 30 cm of the Göttinger Wald and Solling sites, Beese 1986; Brumme 1986) and

the microbial biomass (C/NMB) (Chap. 6). Thus, there are two unknown para-

meters in equations (13.1) and (13.2) which can be calculated as follows. The

amount of carbon immobilised by micro-organisms is found by following the

equation (13.3) which was derived by combining equations (13.1) and (13.2). Net

N-immobilisation (NNI) is subsequently derived from equation (13.2).

ðNCIþ NCMÞ=ðNNIþ NNMÞ � C=NSOM; ð13:1Þ

NNI ¼ NCI =C=Nmic; ð13:2Þ

NCI ¼ C=NSOM =NNM� NCM=ð1� ðC=NSOM=C=NmicÞÞ: ð13:3Þ

The calculated microbial immobilisation reached up to 94 times microbial C and

N at Göttinger Wald, and only 18 times microbial C and N at Solling per year

(Fig. 13.6). Such a low microbial immobilisation at Solling suggests that the

decomposition of different fractions of SOM occurred with different rates and not –

as assumed in the calculation – with the same rate.

The laboratory study confirmed the finding in the field leaching method. Net

C-mineralisation/net N-mineralisation values in the moder humus layer of the

Solling soil were similar to the C/N ratios of soil organic matter while at Göttinger

Wald the ratios of the fluxes were lower than for the organic matter (Fig. 13.7).

We hypothesise that a fraction of the organic matter with a lower C/N ratio is
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mineralised presumably in the F layer which has been identified as the layer with

the highest net N-mineralisation. The F layer sample might have two types of pools.

One with a low C/N ratio is preferentially respired and the other recalcitrant fraction

which is later converted to H material.

13.6 Nitrification

Production of nitrate on oxidation of ammonium is the most important process

causing leaching of nitrate from soils. Ammonium as a cation is adsorbed or fixed

by clay minerals and its leaching losses are usually low. Nitrification is carried out

primarily by autotrophic organisms, the dominant form of which occur in neutral or
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Fig. 13.6 Nitrogen and carbon transformation relationship between soil organic matter (SOM),

microbial biomass and mineralisation products for Göttinger Wald and Solling. Data measured in

the soil and field leaching experiment: net C-mineralisation (NCM), net N-mineralisation (NNM),

C/N ratios of SOM and microbial biomas (Cmic, Nmic). Calculated values: net C-immobilisation

(NCI), net N-immobilisation (NNI) (fluxes were given in kg ha�1 per year)
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less acid soils (gram-negative autotrophic bacteria Nitrosomonas and Nitrobacter).
However, in addition to autotrophic nitrifiers, heterotrophic bacteria and certain

fungi have been shown to nitrify organic N, especially in acid forest soils (Killham

1990; De Boer and Kowalchuk 2001). For heterotrophic nitrification, two pathways

have been identified: an inorganic one which involves ammonium as an intermedi-

ate product in mineralisation, and an organic pathway where organic N is directly

mineralised to nitrate (Killham 1990). It has been shown by the use of 15N labelled

ammonium that nitrifying fungi can nitrify organic nitrogen without the production

of ammonium as an intermediate product (Schimel et al. 1984). But the predomi-

nance of heterotrophic fungal nitrifiers depends upon the type and quality of the

decomposing substrate and soil pH (Killham 1986). In general, autotrophic nitri-

fiers are more acid sensitive than heterotrophic nitrifiers suggesting that an acid soil

environment may be conducive for a dominantly heterotrophic nitrifying microbial

population to develop.

We will consider here three issues: (1) the effect of soil pH on net nitrification

rates, (2) autotrophic versus heterotrophic nitrification, and (3) the effect of tem-

perature and moisture conditions on nitrification at the three beech forest soils of

Solling, Göttinger Wald, and Zierenberg.
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Most investigations on nitrification are carried out under laboratory conditions

where ammonium is added to the soil. Nitrification measured under such conditions

provides a potential rate. An alternative approach is to use the relative net nitrifica-

tion, where the proportion of mineral N present as nitrate during in situ mineralisa-

tion studies is used. Here, data from long-term in situ incubation studies using the

buried-bag (Runge 1971) method and the sequential soil column method (Raison

et al. 1987) (Table 13.3) will be presented.

More than 88% of mineralised N in all the soil layers at Göttinger Wald and

Zierenberg consisted of nitrate (Table 13.3). At the Solling site, the fraction of

nitrate was low (12–51% of total mineralised N) as reported by Bauhus (1994). The

proportion of nitrate increased from the L to the H layer at this site (Runge 1974b).

Only a negligible fraction of nitrate was produced in the L horizon, whereas the

fraction was 15% in the F1 horizon and 27% in F2 horizon. In the H layer, 70% of

total mineralised N occurred as nitrates after 5–7 weeks of buried-bag incubation

(Fig. 13.8). Liming increased the nitrification when measured 4 years after

30 Mg ha�1 of finely ground dolomitic limestone were applied at Solling (BK

plot) (Fig. 13.8). The proportion of nitrate produced increased up to about 100%

during 6 weeks of incubation in the F and H layers and was attributed to high pH.

Persson et al. (2000b) showed that nitrification generally increased very fast after

raising the soil pH by 1.5–2 units in a laboratory study.

It is well known that low soil pH does not restrict nitrification (Killham 1994);

Kriebitzsch (1978) found that nitrate was formed in most of the 84 acid forest soils

studied in Germany. Only in forests where in the past litter was removed had

ammonium accumulated. Robertson (1982) reported from the literature study of

125 forest soils from the temperate and tropical zones that soil pH, C/N or total

nitrogen were not good predictors of nitrification across the sites. In contrast,

Persson et al. (2000b) reported that relative net nitrification from boreal, temperate

and Mediterranean forest soils which were incubated for 50 days under laboratory

conditions, was positively correlated with pH and negatively with C/N ratio in L

and FH layers. Soils from deeper depths showed no clear relationship to pH or C/N

ratios, though net nitrification occurred even at low soil pH values of 3.5.

Table 13.3 Relative proportion of nitrate (%) in the in situ mineralised N (nitrate +ammonium) at

Solling (SO), aMercurialis and Allium dominated plot at Göttinger Wald (GW), and aMercurialis
perennis and Urtica dioica dominated plot at Zierenberg (ZB). (means, range in parentheses)

GWa SOb ZBc

LF 97, 87 12 (7–25) 100, 100

H – 51 (16–64) –

0 - 5 99, 99 50 (0–77) 99, 100

5 - 10 92, 96 29 (0–86) –

10 - 20 97, 100 16 (0–16) 88, 100
aBuried-bag method (Reichardt 1982), 14 samplings during 12 months
bTube method (Bauhus 1994), 8 samplings during 12 months
cTube method (Mrotzek 1998), 11 samplings during 12 months
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13.6.1 Autotrophic Versus Heterotrophic Nitrification

Autotrophic nitrifiers were not detected in forest soil samples from Solling by using

the ‘most probable number’ method (Lang and Beese 1985). The detection limit of

most probable number method was about 200 germs g�1 which was far too low to

explain any of the observed nitrification by autotrophic nitrifiers. In the soil from a

limed plot, which had received 6 and 4 Mg ha�1 dolomitic limestone in 1975 and

1980, autotrophic nitrifiers had greatly increased in the surface organic layer when

measured in 1983 and 1984. About 8–24� 103 germs g�1 of nitrite and 15–53� 103

germs g�1 of ammonium oxidiser were counted in the FH layer after liming (Lang

1986). Similar results were obtained in an acid forest soil in south Germany by

Papen and von Berg (1998) where autotrophic ammonia oxidisers were not detected

in the control but in a limed plot. In the less acid mineral soil of the Göttinger Wald

site, similar numbers of germs as in the limed acid surface organic layer at Solling

were also found (Lang 1986). The germ numbers ranged from 24 to 32 (nitrite) and

from 32 to 75 � 103 germs g�1 (ammonium oxidiser) at 0–15 cm depth. This study

indicated the pronounced effect of liming on the nitrifying population.

The longevity of such changes in autotropic population, though documented in

literature, is not properly understood. For example, in a study by Rudebeck and

Persson (1998), a comparison of short-term laboratory treatments with long-term

(37–42 years) field treatments showed that, at the same soil pH, the long-term

treatment had higher nitrification activity than the laboratory treatment. An expla-

nation for the reappearance of autotrophic nitrifiers could be the presence of

nitrifiers in soil pockets or micro-habitats which would then multiply quickly

with an increase in the pH. It is also possible that strains of some acid-tolerant

nitrifiers exist as suggested by De Boer et al. (1992). Even if autotrophic nitrifiers

0

20

40

60

80

100

L F1 F2 H
0

1

2

3

4

5

6

7

8
control
limed

%
N

O
3−  o

f (
N

H
4+

 +
 N

O
3− )

pH
 (H

2O
)

Fig. 13.8 Proportion of nitrate (%) of the total mineral N in the litter layer (L), fermentation layer

(F), and humus layer (H) in a mineralisation study with buried bags at the Solling control (B1) and
limed (BK) sites; pH(H2O) of untreated (filled circle) and limed plots(open circle) are also given

(Ibrom and Runge 1989)

246 R. Brumme et al.



are not detectable with the most probable number method they may still exist in the

soil pockets. Papen et al. (2002) found that autotrophic ammonia and nitrite

oxidisers colonised in appreciable cell numbers the phyllosphere of spruce trees

in a forest ecosystem which received high levels of atmospheric nitrogen for

decades. The bacteria are predominantly located inside the spruce needles, most

likely within the stomatal cavity. These authors suggested that the soil under spruce

is being continuously inoculated by phyllosphere nitrifiers.

Heterotrophic nitrification is carried out by a wide range of bacteria and fungi

(Remacle 1977; Focht and Verstraete 1977; Lang and Jagnow 1986; Ferguson et al.

2007) and does not appear to generate energy for growth in contrast to autotrophic

nitrification (Prosser et al. 2007). NH3 and NO2
� oxidisers grow optimum in the pH

range 7.5–8 and decreases sharply as pH falls below 7. For NH3 oxidisers this is due

to increasing ionisation of NH3 which enters the cell by diffusion, to NH4
+, whose

uptake requires active transport (Prosser et al. 2007). At the Solling site, Remacle

(1977) isolated many mould strains capable of nitrifying by using the ‘continuous

culture’ technique. Lang and Jagnow (1986) found that 4–27% of the bacteria and

18–31% of the isolated fungi at the Solling were able to produce nitrite and nitrate.

Papen and von Berg (1998) found that the fraction of chemo-organotrophic bacteria

which were capable of carrying out heterotrophic nitrification, varied between 0 and

79% depending on the season and the presence of an acid surface organic layer

under spruce. Nitrapyrin is used as an inhibitor for autotrophic nitrification (Gasser

1970). It reduced the nitrification rate in the surface mineral soil of Göttinger Wald

by 80% whereas no reduction was observed at Solling (Lang 1986). Bauhus et al.

(1996) found that nitrapyrin reduced the nitrate production in the limed organic

layer at Solling by about 25% but no reduction was observed in the control plot.

These results indicate that the heterotrophic nitrifiers dominated in the surface

organic layer at Solling site, whereas the autotrophic nitrifies occurred in the

surface mineral soil at Göttinger Wald. Lang (1986) reported that all of the isolated

heterotrophic bacteria and fungi from Solling soil were able to produce small

amount of nitrite and nitrate but only Verticillum lecanti (fungus) nitrified with

rates similar to those observed under field conditions. Nevertheless, she concluded

that the in vivo rates were probably too low to explain the field-observed nitrifica-

tion rates because of its low fraction among 290 isolates of fungi observed.

13.6.2 Effects of Temperature and Water Stress on Nitrification

Amount of NO3
� leached from the surface organic layer of the Solling site

increased from 23% of the mineral N when incubated at 4�C to 52% at 16�C in

the laboratory study. A similar increase in nitrate was observed in the surface soil of

0–10 cm depth between 4�C and 8�C (from 25 to 43% of the mineral N), and then

after no further increase occurred between 8�C and 16�C. In soil samples from 10 to

20 cm depth, no temperature effect was observed in the fraction of nitrates which

was lying between 62 and 70% of the total mineral N. These values are in the range
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of the observed values for in situ incubations (Table 13.3) indicating a temperature

effect on nitrification. Low temperatures impeded the nitrification more than the

ammonification and thus resulted in the built-up of exchangeable ammonium below

7�C (Frederick 1956; Campbell et al. 1971; Paul and Clark 1996). The optimum of

nitrification occurs between 30�and 35�C with low values above 40�C.
Nitrification proceeds readily at –0.1 to –1 MPa moisture tension but is low in

waterlogged soils because of restrictions in the diffusion of oxygen. It is also

diminished in dry soils, because bacterial proliferation is retarded due to insuffi-

ciency of water (Paul and Clark 1996). Autotrophic nitrifiers are most sensitive to

water stress, whereas fungi nitrifiers are generally much more tolerant (Killham

1990). Although heterotrophic nitrifiers dominated at Solling, the proportion of

nitrate to mineralised nitrogen had decreased drastically from about 30% to zero

with increasing dryness in the surface organic layer (Fig. 13.9). In the mineral soil,

the nitrification rates were higher and the reduction was much lower than those

observed for surface organic layer. The reduction of nitrate production at higher

temperature and dryness indicates that nitrification may be reduced in summer

months at the Solling site as reported by Runge (1974b).

13.7 Conclusions and Indications of Human Impacts

l Net N-mineralisation was studied using three different in situ methods (buried-

bag method, tube method, field leaching method) at the three beech forest

ecosystems. The highest rate was measured with the in situ buried-bag method

fallowed by in situ tube method and the field leaching method. Of the three

methods, the in situ tube method provided N-values which came close to the
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expected ones when the litter N-input by vegetation, input/output balances and

inventories were considered. Net C-mineralisation was measured with the leach-

ing method and was lower than the input of C by plant litter suggesting that litter

from fine roots and herbs which was not included in the field leaching method

might have underestimated the C (and N) mineralisation of soils.
l Proportions of net N-mineralisation and net C-mineralisation in the acid moder-

humus from the Solling site were similar to those measured in the surface

mineral soil of the less acid soil at the Göttinger Wald site. High soil acidity at

the Solling site has reduced the earthworm and microbial activity in its mineral

soil and has shifted the microbial activity to the surface organic layer.
l Lower C/N ratios of the mineralisation products than those of the soil organic

matter suggest that a fraction of soil organic matter in the surface organic layer

of the Solling soil with a high N concentration was preferential substrate for

microbial respiration. This fraction might derive from immobilisation of atmo-

spheric nitrogen in the surface organic layer.
l The acid soil of the Solling site contains a high fraction of heterotrophic nitrifiers

causing low relative nitrification rates between 12 and 51% of the mineral N

produced. However, autotrophic nitrifiers are active in the less acid soil at the

Göttinger Wald site and are responsible for the transformation of more than 87%

of net N-mineralisation to nitrate. Heterotrophic nitrifiers at the Solling site are

sensitive to temperature and soil moisture changes resulting in low nitrification

at low soil temperatures and under dry soil conditions.
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Högberg P, Nordgren A, Buchmann N, Taylor A, Ekblad A, Högberg MN, Nyberg G, Ottosson-
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Chapter 14

Fate, Transport, and Retention of Applied
15N Labelled Nitrogen in Forest Soils

R. Brumme, C.P. Wang, J. Priess, M. Raubuch, and G. Steinmetz

14.1 Introduction

Forest soils in central Europe have received high atmospheric inputs of protons,

sulphate and nitrogen (Chap. 15) since the beginning of industrialisation. As a

result, chemical and biological processes in many German forest soils have changed

(Godbold and Hüttermann 1994) and soil characteristics like pH, base saturation

and C/N ratios have altered (Chap. 21). The mechanisms of the fate and the

retention of this high atmospheric input of nitrogen still remain unclear. There are

reports indicating that, despite high N-deposition since the beginning of the nine-

teenth century, most forests continue to retain nitrogen (Ulrich 1994; Johnson et al.

1997; Dise et al. 1998; Borken and Matzner 2004) even when the low C/N ratios in

the surface organic layer have become low (Brumme and Khanna 2008). This raises

the question of the retention mechanisms of nitrogen in forest soils.

The use of labelled nitrogen makes it easy to follow internal nitrogen cycle of

N-inputs in forest ecosystems (Nadelhoffer et al. 2004; Tietema et al. 1998; Feng

et al. 2008) and soils (Mochoge and Beese 1983a,b). Often, labelled nitrogen is

applied in a single dose which provides information on the nitrogen transformation

rates under the current environmental conditions of addition. We applied constant

rates of 15N labelled ammonium and nitrate as an artificial crown drip for long

periods on undisturbed soil columns (Brumme and Aden 1995) under field and

laboratory conditions in order to simulate continuous N-depositions so as to follow

N-transformations under close to field conditions.

The aims of this study were to estimate: (1) the leaching losses of deposited

ammonium and nitrate from soil of different acidity by adding 15N labelled

ammonium and nitrate on undisturbed soil cores from three beech forest ecosys-

tems at the Göttinger Wald, Zierenberg and Solling sites, (2) to compare the

transport of added ammonium and nitrate, which are biologically transformed,

with chloride as a marker which is not biologically transformed, (3) to determine

the retention processes of added ammonium and nitrate involved in forest soils, and

(4) to study the temperature effect on N-transformation of added labelled nitrogen.
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14.2 Experimental Details

The results presented in this chapter were derived from the same field and laboratory

study as already described in the Chap. 13 ‘‘Nitrogen and carbon transformations.’’

Undisturbed soil cores of the L–20 cm depth (15 cm diameter) from the Göttinger

Wald, Zierenberg and Solling (n =8) sites were placed at the Solling site in such a

way that the surface of the soil cores was in level with the surrounding soil ( field
study). The cores were kept covered at the surface to prevent natural rainfall but

were open between the soil cores and the lid to enable gas exchange. Every 2 weeks,

the soil cores were irrigated with 486 mL of an artificial throughfall (equal to an

irrigation of 2.1 mm per day) which contained 15N labelled ammonium sulphate

(five of eight soil cores) (8.4 atom % 15Nex, where ex refers to the 15N in excess of

the natural abundance) to achieve a deposition rate of 11 kg N ha�1 per year. The

columns were closed at the bottom and ceramic suction cups enabled sampling and

quantifying of leached water twice a month over a 12-month period, which were

combined to a monthly sample and analysed for nitrate, ammonium and the labelled

fraction.

In the laboratory study, undisturbed soil cores (15 cm diameter) from different

soil layers were used to study the vertical distribution of C- and N-transformations

at different temperatures and for different form of N-applied: at 3–4�C (Solling: n = 4

and Göttinger Wald: n = 6), at 7–8�C (Solling:15NH4
+, n = 8;15NO3

�, n = 4 and

Göttinger Wald: n = 3), and at 16�C (Solling: n = 4 Göttinger Wald: n = 9) (Wang

1998). From the Solling site, soil cores of the surface organic layer, 0–10 cm, and

10–20 cm soil depth were collected, and from the Göttinger Wald site mineral soil

layers were used (L–10 cm, 10–20 cm, and 20–30 cm soil depth). The L layer was

included in the L–10 cm layer at Göttinger Wald. The soil cores were installed in a

microcosm system (Hantschel et al. 1994) and automatically irrigated six times per

day (Solling: 4 mm per day; Göttinger Wald: 6 mm per day) with an artificially

prepared throughfall solution over a 4-month period. 15N labelled nitrogen was

applied at the rate of 20 kg N ha�1 per year either as ammonium or nitrate but in

three different steps. During the first 3 weeks, nitrogen was applied as non-labelled

NH4NO3 (preliminary period) to achieve a steady state condition in the water flow

and in the microbial transformation processes. For the next 60 days, 15N labelled

NH4NO3 with either ammonium or nitrate (15Nex 49.4 atom%) were applied in

separate experiments together with Cl to study the anion transport processes in the

soil layers. In the third period, non-labelled NH4NO3 was applied to study the

remobilisation of 15N from the soils over 4 weeks. Soil solutions were sampled

from the bottom of the soil cores where a 0.45 mm nylon membrane (Hybond-N,

Amersham, England) was placed, and analysed for ammonium and nitrate and the
15N content to calculate the leaching losses of labelled ammonium and nitrate.

Exchangeable ammonium and soluble nitrate were extracted from soil samples with

0.5 M K2SO4 at the end of the experiment. The 15N content of ammonium and

nitrate was analysed after using the diffusion technique (Brumme and Aden 1995).
15N was measured with an element analyser coupled to an isotope ratio mass

spectrometer (EA-IRMS) (Finnigan, Germany).
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14.3 Transport and Leaching Losses of Added
15N Labelled Nitrogen

The fate of ammonium and nitrate in plant-free soils depends on several processes

such as adsorption and desorption, microbial uptake and remineralisation, fixation,

denitrification and the physical transport described by convection–dispersion trans-

port equations (Parker and van Genuchten 1984). In order to study the physical

transport processes of anions, we used chloride simultaneous with 15N labelled

ammonium and nitrate in undisturbed soil columns at constant water content and

steady-state water flow in the laboratory study according to Beese (1982) and

Mochoge and Beese (1983a). Chloride does not enter biological and chemical

reactions in soils and any difference in the fate of chloride and nitrate is attributed

to microbial uptake of N and denitrification. However, for ammonium, there are

additional processes such as nitrification, adsorption and fixation which should be

considered. Transport studies during steady-state water flow showed that the

breakthrough of applied chloride after pulse application culminated after the ex-

change of 0.5–0.9 pore water volume (which equals the volume of water in soil

cores). The C/Co value of 1 was achieved for Cl after 2 pore water volumes had

been replaced in soil columns independent of the soils used (Beese and van der

Ploeg 1979). This is a typical response for anion transport in soils and is explained

by a reduction of mobile soil water by anion exclusion and thereby increased the

pore water velocity (i.e. irrigation intensity (cm per day) divided by volumetric

water content (cm3 cm�3)) (Bresler 1973; Beese 1982). Figure 14.1 showed a

typical breakthrough of chloride for the Solling soil. After an exchange of 2–3

pore water volumes, the relative concentration C/Co of chloride approached the

value of 1, and after that Cl-inputs to the surface of the columns were stopped. That

caused the concentration of chloride in the leachates from cores with surface

organic layer, 0–10 cm soil and 10–20 cm soils to decline to about zero after

additional 2 pore water volume were applied. Labelled nitrate applied to the soil

surface showed a small retardation in its transport compared to chloride and

approximately 4 pore water volume were required for C/Co to approach the values

of>0.8. At day 60 of the leaching experiment, when labelled nitrogen was replaced

by unlabelled nitrogen (indicated by crosses in Fig. 14.1), the leaching losses

reached between 95 and 99% of Co and indicated that there is nearly no retention

of nitrate by microbial uptake or denitrification at the Solling site under these

experimental conditions.

However, the leaching of applied 15N labelled ammonium was slow in the

Solling soil (not shown). Applied ammonium was partly nitrified and leached as

nitrate after nitrification with a large delay in all soil layers (Fig. 14.1). Delayed

nitrification resulted in retarded leaching of added 15N labelled ammonium as

indicated by a lower values (0.17) of relative concentration C/Co in the mineral

soil layers and in the surface organic layer (0.33) than those observed when 15N

labelled nitrate (>0.95) was applied after 60 days. Another factor responsible for

this retardation in the leaching of added ammonium in acid soils is its adsorption by
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negatively charged clay minerals and humus particles. The proportion of adsorbed
15N labelled ammonium was higher in the mineral soil layers than in the surface

organic layer at the end of the experiment (Table 14.1) despite similar nitrification

rates (Chap. 13). The high adsorption of ammonium in the mineral soils caused a

slow percolation of labelled nitrate after nitrification or even an increase after 60

days as observed in columns of 10–20 cm depth. Fast percolation of labelled nitrate

in the surface organic layer is an indication of the lack of adsorption of ammonium

in this layer.
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Fig. 14.1 Concentrations (C) of 15N labelled nitrate and chloride in the leachates relative to the

input concentration (Co) of 15N labelled nitrate,15N labelled ammonium, and chloride (chloride is

shown for the 15N labelled nitrate treatment), applied to undisturbed soil cores of surface organic

layer (forest floor), 0–10 and 10–20 cm depths from Solling at 8�C (laboratory study). Changes

from labelled to non-labelled nitrogen and from chloride to sulphate application at day 60 are

indicated by (�). (PV – Pore water volume in soil cores replaced)
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In the field study, 15N labelled nitrate and chloride were not added. However,

labelled nitrate was produced through nitrification of applied 15N labelled ammo-

nium to the soil. Leaching of labelled ammonium was low (not shown). The

behaviour of 15N labelled nitrate in the leachates was different among the three

beech forest soils of the Göttinger Wald, Zierenberg, and Solling sites. The con-

centration of 15N labelled nitrate (C) in the leachate relative to the concentration of

added 15N labelled ammonium (Co) increased very quickly at the less acid soil from

the Zierenberg site which was followed by those of the Göttinger Wald and Solling

sites (Fig. 14.2). The leaching of 15N labelled nitrate from the acid Solling soil was

highly retarded as was also observed in the laboratory study involving separate soil

layers.

A delay of leached nitrate from added 15N labelled ammonium was also ob-

served in a previous study with undisturbed soil cores from Solling site (Mochoge

and Beese 1983a). In their study, leaching of nitrate was delayed by about 1 pore

water volume after a pulse application of 15N labelled ammonum sulphate with
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Fig. 14.2 Concentration (C) of 15N labelled nitrate in the leachate relative to the concentration of

applied 15N labelled ammonium in the input (Co) from undisturbed soil columns (L–20 cm depth)

of the Göttinger Wald (GW), Zierenberg (ZB), and Solling (SO) site (n = 8) in the field study,

related to the water volume in the soil cores (pore water volume, PV ) which was replaced by

irrigation

Table 14.1 15N-balance after 60 days of irrigation (4 mm per day) with 15N labelled ammonium

at a rate of 20 kg N ha�1 per year and 30 days with non-labelled ammonium, on soils from three

different soil depths from Solling at 8�C in the ‘‘laboratory study,’’ (all values are given as % of
15N applied) (n = 8)

Depth Leachate Soil 15N-

NO3
� NH4

+ P
NO3

� NH4
+ Norg

a P
Recovered

Organic layer 29 (13) 18 (4) 47 (20) 2 3 54 59 (17) 106 (29)

0–10 25 (18) 8 (3) 33 (20) 5 24 34 63 (17) 96 (38)

10–20 21 (8) 1 (1) 22 (9) 4 30 34 68 (9) 90 (18)
aAssuming a negligible contribution of N-fixation
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continuously applied artificially prepared throughfall solution at rates of 5 mm per

day as compared to the case when 15N labelled nitrate was added. The method and

the amount of ammonium application will affect the rate of its transport through soil

columns. Continuous application compared to pulse application of labelled ammo-

nium may lead to differences in concentration and duration of labelled nitrogen in

the soil. A pulse application may increase ammonium fixation in clay minerals if

high doses were used, and may also cause some loss of ammonium by leaching.

Continuously applied ammonium with rates in low concentrations similar to those

in situ conditions in forest ecosystems may increase the biological retention.

However, retention of ammonium by cation exchange in acid soils is of a transitory

nature as indicated by the steady increase of leached 15N labelled nitrate at the

Solling site (Fig. 14.2). At leaching of 9 pore water volumes, a relatively constant

nitrate level of C/Co = 0.8 was observed.

14.4 Retention of Applied Ammonium

and 15N Balance of Forest Soils

A number of factors affect the retention of ammonium by soils. Adsorption by

cation exchange in the mineral soils constituted 24% (0–10 cm depth) and 30%

(10–20 cm depth) of the applied ammonium in the laboratory study (Table 14.1).

The high retention was observed even 30 days after inputs were changed from

labelled to non-labelled ammonium. This indicated that the nitrification by hetero-

trophic organisms was low (see also Chap. 13) and has promoted the adsorption of

ammonium in Solling soil. This would explain the retardation in leaching of N as

observed in both the field (Fig. 14.2) and the laboratory studies (Fig. 14.1).

The surface organic layer retained only 3% of the applied ammonium on ex-

change complex and 18% of the applied ammonium was leached as ammonium

(Table 14.1). In contrast to this acid soil, a continuous application of labelled

ammonium sulphate to the less acid soil from Göttinger Wald resulted in a negligi-

ble adsorption of ammonium of 0.3% (Brumme and Beese 1991, Table 14.2).

The lower adsorption at Göttinger Wald was related to high nitrification (see also

Chap. 13). These results are in accordance with a study on undisturbed soil cores

from different European countries. Application of labelled ammonium chloride to

six forest soils showed the highest recovery as ammonium from soils with very low

nitrification (Coûteaux and Sallih 1994).

Retention of ammonium by cation exchange is of a transitory nature in acid soils.

More important for a long-term retention is the transformation of applied nitrogen

into stable or meta-stable microbial-mediated organic compounds. Assuming that

fixation of ammonium by clay was absent in the surface organic layer, about 54% of

the added ammonium was transformed to microbial biomass or soil organic matter
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at the Solling site (Table 14.1). In the mineral soil depths, about 34% of added

ammonium was retained by either fixation or transformation into organic com-

pounds. The fixed fraction was not studied in our laboratory experiment, but the

study of Mochoge and Beese (1983b) indicated that labelled ammonium could be

fixed in clay minerals of the Solling soil to the extent of 17 and 15% at 4� and 23�C,
respectively. Mochoge and Beese (1983b) applied 80 kg N ha�1 within 2 days

which led to a very high ammonium concentration in the soil solution which may

have increased the fixation of ammonium. Fixation of ammonium has been gener-

ally found to increase with an increase in the amount of ammonium added

(Nommik and Vahtras 1982). The soil cores in our laboratory study received a

low amount (20 kg N ha�1 distributed over 1 year), so the fixation of ammonium

might be of minor importance and most of the 34% of the added amount found in

the mineral soil depths was assumed to be bound to organic compounds.

The fraction of applied ammonium recovered in the surface organic layer at the

end of the field study increased with the amount of organic matter from the less acid

Göttinger Wald and Zierenberg sites to the acid Solling site (Table 14.3). The

retention of applied ammonium per g Corg increased with an increase in microbial

biomass per g Corg (Fig. 14.3) indicating a preferential microbial uptake of applied

ammonium. The preferential use of ammonium than nitrate by microorganisms was

shown in a 15N-pool-dilution experiment at Solling site. Corre et al. (2003) incu-

bated soil cores of the surface organic layer and the upper soil layer (0–5 cm) with
15N labelled (NH4)2SO4 and 15N labelled KNO3 and found a two times higher

uptake of ammonium than nitrate.

Table 14.2 Balances of 15N-ammonium of the Göttinger Wald soil 160 days after continuous

application of 1 kg N ha�1 per day in form of (NH4)2SO4 to undisturbed soil columns (0.25 m2,

100 cm length, n = 1) irrigated with a rate of 3 mm per day at 8 and 23�C (% of 15N applied)

(Brumme and Beese 1991) (ex, exchangeable; fix, fixed; org, organic)

Leachate Soil 15N-

NO3
� NH4

+ P
NO3

� NH4
+(ex) NH4

+(fix) N (org)
P

Recovery

8�C 35 0 35 27 0.3 0 25 52 87

23�C 32 0 32 27 0.3 0 29 56 88

Table 14.3 15N-balances after 1 year of irrigation (2.1 mm per day) with15N labelled ammonium

sulphate at a rate of 11 kg N ha�1 per year in the Göttinger Wald (GW), Zierenberg (ZB) and
Solling (SO) soil of the field study (% of 15N applied, standard deviation) (n = 5)

Leachate Soil 15N-recovered

NO3
� NH4

+ P
Organic

layer

Mineral

soil

P

GW 38 (6.3) 0.3 (0.2) 38 (6.4) 4.0 (2.1) 41 (2.1) 45 (2.2) 84 (4.6)

ZB 43 (9.8) 0.5 (0.5) 43 (10) 7.4 (2.9) 26 (2.8) 34 (4.1) 77 (8.5)

SO 31 (8.4) 3.7 (3.3) 35 (11) 20 (3.9) 26 (5.6) 46 (4.8) 81 (7.5)
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14.5 Retention of Added Nitrate and 15N Balances

of Forest Soils

This study with labelled nitrate in the laboratory showed that the acid Solling soil

has no ability to retain significant amount of applied nitrate. About 3% of the

applied nitrate was found in the surface organic layer (Table 14.4) as compared to

54% of ammonium (Table 14.1). Among different horizons, L retained the most of

all layers, 15- and 60-fold as much of added nitrate per gram matter as the F and H

layers of the Solling site.

The soil from 0 to 10 cm depth retained about 2% of the applied nitrate whereas

that from the 10 to 20 cm layer did not retain any 15N. A similar fraction of labelled

nitrate was recovered after a pulse application of 80 kg N ha�1 15N labelled calcium

nitrate to the Solling soil (Mochoge and Beese 1983b). About 6 and 15% of the

applied nitrate was found in the organic nitrogen pool in 0–30 soil depth at 4 and

23�C, respectively, and suggested a positive temperature effect on nitrate immobi-

lisation. Generally, micro-organisms prefer ammonium as a nitrogen source and

their ability to use nitrate is restricted (Rosswall 1981). A short-time experiment

with 15N labelled nitrate has shown that biotic immobilisation of nitrate was about
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Fig. 14.3 Retention of

applied ammonium in relation

to microbial biomass-C of the

L, F, and H layers of Solling,

and the L layers and 0–5 cm

layers of Göttinger Wald and

Zierenberg after 12 months of

application 15N–NH4
+ in

undisturbed soil cores in the

field study. Only the surface

layers were used in this figure

because of a pore water

exchange by each irrigation

event higher than one

(1.6–1.9) to ensure

ammonium infiltration into

the layers

Table 14.4 15N-balance after 60 days of irrigation (4 mm per day) with 15N labelled nitrate at a

rate of 20 kg N ha�1 per year and 30 days with nonlabelled nitrate, on the top of three different soil

depths from Solling at 8�C in the laboratory study, (% of 15N applied) (n = 4)

Depth Leachate Soil 15N-

NO3
� NH4

+ Ntotal Recovered

Organic layer 100 (3) 3 (1) 3 (2) 106 (5)

0–10 94 (1) 2 (0) 2 (2) 98 (4)

10–20 93 (2) 0 (0) 0 (0) 93 (3)
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half that of ammonium in the surface organic layer and 0–5 cm depth of the Solling

soil (Corre et al. 2003). Similarly, Puri and Ashman (1999) reported from a

temperate woodland soil that ammonium had twice the immobilisation rate of

nitrate. These fractions are much higher than found in our laboratory study where

nitrate immobilisation in soil organic matter was <6% of ammonium immobilisa-

tion. These differences might be related to methodical differences of labelled nitrate

application to soils. Whereas a semicontinuous application of small 15N rates with

the irrigation simulates field conditions in our field and laboratory study, in other

studies the labelled nitrate was injected into soils or added to soil slurries in the
15N-pool dilution technique.

14.6 Temperature Effects on Transformation of Ammonium

Applied to the Surface Organic Layer and to Mineral

Soil Layers of the Solling Site

Temperature affected the transformation of ammonium when applied continuously

to undisturbed soil cores from the Solling site for 2 months in the laboratory study.

Leaching of labelled nitrate increased from 10 to 37% of the applied ammonium in

the 0–10 cm depth and from 6 to 25% in the 10–20 cm depth at 4 and 16�C,
respectively (Fig. 14.4d). Ammonium leaching was low (6–8% and 1–2% of the

amount applied in the 0–10 cm and 10–20 cm depths, respectively) and showed no

difference in relation to temperature (not shown). A similar increase in nitrate

leaching with temperature was observed in the surface organic layer (19 and 39%
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Fig. 14.4 Proportion of applied ammonium that remained as total nitrogen (a), organically bound

plus fixed ammonium (b), exchangeable ammonium (c), or leached as nitrate (d) from the forest

floor, 0–10 cm and 10–20 cm soil depth at Solling at 4, 8 and 16�C in the ‘‘laboratory study’’
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of the amount applied at 4 and 16�C; Fig. 14.4d) but a reduction in ammonium

leaching (24 and 19% at 4 and 16�C, respectively, not shown). Increased leaching

losses were attributed to adsorbed labelled ammonium which was reduced with

increasing temperature. Figure 14.4c showed that about 40 and 50% of the applied

ammonium were adsorbed in 0–10 cm and 10–20 cm soil depths at 4�C and were

reduced to 4 and 17% at 16�C. The later desorption of ammonium caused leaching

to increase (by about one-third in both the mineral soil depths). The moderate

increased of retention by organic matter (Fig. 14.4b) could not prevent a general

decrease in total retention at higher temperatures (Fig. 14.4a).

14.7 Conclusions

l Applied 15N labelled ammonium was retained longer in an acid soil with moder

humus but was quickly nitrified and leached as nitrate in base rich soils with mull

humus type of surface organic layer. Longer retention of applied ammonium in

acid soils was associated with low nitrification (heterotrophic type) rate. How-

ever, the surface organic layer in moder humus adsorbed only a small amount of

the applied ammonium whereas most was adsorbed in the mineral soil layers.

Retention of ammonium by adsorption depended on soil temperature which was

reduced at higher temperature by increasing nitrification, and was increased with

decreasing temperature by lowering nitrification. This mechanism potentially

delayed leaching losses of applied ammonium as nitrates in acid soils especially

at low temperatures in the nongrowing season and probably increased the uptake

of N by microbes and plants.
l Retention of 15N labelled ammonium in organic compounds (microbial biomass,

soil organic matter) was high when microbial biomass was high. The dominant

effect of microbial immobilisation, which was independent of soil layers and

humus forms, suggested the importance of the fate of microbial detritus for the

long-term retention of deposited ammonium in forest soils. Retention of 15N

labelled nitrate in organic compounds was very low in the Solling soil in contrast

to other studies with different application procedures of labelled nitrate.
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Chapter 15

Atmospheric Deposition and Canopy

Interactions

H. Meesenburg, J. Eichhorn, and K.J. Meiwes

15.1 Introduction

Element inputs by atmospheric deposition form a major contribution to a number of

element fluxes of forest ecosystems. During the last few decades, inputs from the

atmosphere have significantly altered the geochemical cycles of forest ecosystems

especially in heavily polluted areas of Central Europe where forests have remained

major sinks for air pollution.

The deposition of acids such as sulphuric and nitric acids was a major environ-

mental concern during recent decades (Galloway 1995). Acid deposition has caused

the acidification of soils and freshwaters in large areas of North America and Europe

(Johnson et al. 1991). The effects of soil acidification are the leaching of base cations

from the soil (Matzner and Murach 1995), the release of aluminium (Al) ions and

heavy metals into soil solution (Tyler 1983), reduced decomposition of soil organic

matter, and reduced growth of fine roots (Godbold et al. 2003). The release of acid soil

solutions to the hydrosphere is detrimental to aquatic ecosystems.

During the last two decades, deposition of acids has decreased substantially in

Central Europe due to improved emission controls and the closing down of industry

in eastern Germany after the reunion (Meesenburg et al. 1995). However, the

deposition of nitrogen (N) compounds has decreased only slightly and has become

an increasingly important fraction of the total deposition of acids (Wright et al.

1995). Despite reduced deposition of free acidity, the acid load to soils is still high

because of high deposition of ammonium (NH4
+). The fate of elevated N-input on

forest ecosystem remains partly unknown, but besides the impact on the acid/base

balance of ecosystems there are some indications of increased tree growth, reduced

root/shoot ratio, nutrient imbalances, reduced frost hardiness and elevated foliage

consumption by insects (Binkley and Högberg 1997; Aber et al. 1998; Meiwes et al.

1999). In N-saturated ecosystems, soils have increased susceptibility for losses of

nitrate (NO3
�) to the hydrosphere and of trace gases to the atmosphere (Aber 2002).

The transfer of elements from the atmosphere to forests takes several pathways.

According to Ulrich (1994), total deposition can be divided into wet deposition and
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interception deposition. The latter is composed of particulate interception and

gaseous interception and is also referred as dry deposition. After deposition to the

canopy of forest stands, the deposited elements may either be taken up by the

canopy or washed from the surfaces by subsequent rainfall (Harrison et al. 2000).

Precipitation beneath the canopy of forest ecosystems contains both wet deposi-

tion and interception deposition. As the canopy acts as sink or source for solutes in

precipitation passing through the canopy, stand precipitation cannot be used as a

measure of total deposition (Horn et al. 1989). Total deposition can be calculated

using wet deposition and independent estimates of dry deposition. Frequently used

methods for the estimation of dry deposition are: canopy budget models (Draaijers

et al. 1996), inferential modelling (van Leeuwen et al. 1996; Gauger et al. 2002) and

gradient measurements of air pollutants (Sutton et al. 1995). The use of canopy

budget models for forest ecosystems was extensively discussed by Draaijers (1999).

Results of canopy budget models are very uncertain for the estimation of N-deposition,

because dry deposition can form a high proportion of total deposition of N (Lindberg

et al. 1986), and N is involved intensively in interaction processes with the foliage

(Horn et al. 1989).

For the investigation of effects of atmospheric deposition on nutrient cycles of

forest ecosystems and of temporal trends of element fluxes on ecosystem processes,

long-term monitoring sites are of overwhelming importance. For this study, three

mature beech forests located at the northern part of the central German mountain

range have been compared. The three sites (Solling, Göttinger Wald and Zieren-

berg) are included in the Level II European Forest Intensive Monitoring programme

(de Vries et al. 2001). At the Solling site, deposition measurements started in 1968.

The Solling beech forest site together with the Solling spruce forest site has – to our

knowledge – the longest continuous record of throughfall measurements globally.

Deposition measurements at the Göttinger Wald site started in 1981 and at Zieren-

berg in 1989.

In this chapter, these long-term data sets will be used: (1) to characterise the

chemical composition of open field deposition, throughfall and stemflow and to

analyse relationships among major input components to relate them to different

sources, (2) to describe the annual deposition fluxes and their temporal changes on

the three sites, and (3) to analyse the interactions of precipitation inputs with the

canopy of the stands.

Data collection and evaluation procedures. Element fluxes have been measured

in open field deposition, throughfall and stemflow. Stand precipitation is the sum of

throughfall and stemflow. Open field deposition and throughfall were monitored

with samplers, which remained continuously open to the atmosphere (bulk sam-

plers). Samples obtained with such samplers are composed of rainwater or snow

and gravitational sedimented particles. In remote areas, there is little difference

between element fluxes of bulk precipitation and wet-only precipitation (Ibrom

1993; Gauger et al. 2002). Open field deposition is being sampled at clearings

located close to the monitoring sites. Here, we use the term open field deposition

instead of bulk deposition, because the term bulk deposition is generally used for

sampling of precipitation with bulk samplers without any regard to their location

266 H. Meesenburg et al.



(open field or under the canopy). At the Solling and Göttinger Wald sites, samplers

with 50-cm2 surface area were used in summer months (May–October) until 1990.

From 1990 onwards, funnel-flask samplers with 87.5-cm2 surface area have been

used for summer sampling. In winter months (November–April), buckets with

surface area of 570 (until 1990) or 500 cm2 (from 1990 onwards) have been used

(Meiwes et al. 1984). At the Zierenberg site, funnel-flask samplers with 100-cm2

surface area have been used in summer months and buckets with 500-cm2 surface

area in winter months (Brechtel and Hammes 1984; Eichhorn 1995). At the Solling

and Göttinger Wald sites, six samplers have been used for open field deposition and

15 samplers for throughfall (Meesenburg et al. 1997). At the Zierenberg site, ten

replicates have been used for open field deposition and 20 for throughfall. Coarse

particles (e.g. litter) have been prevented from falling into the samplers by using a

polyethylene mesh at the Solling and Göttinger Wald sites and a ceramic sieve at

Zierenberg site. After recording the volumes, three composite samples were formed

for each of open field deposition and throughfall for the Solling and Göttinger Wald

sites, and four composite samples for the Zierenberg site for laboratory analysis.

Sampling devices and sampling procedures of the three sites were tested in comp-

arisonwith 18 othermethods for openfield deposition and throughfall usedwithin the

framework of the ICP forest level II programme. The performance of the deposition

monitoring at the study sites was found to be acceptable (Draaijers et al. 2001).

Stemflow has been sampled by fixing polyurethane spirals around the stems,

which were coated with paraffine. Three to five replicates were installed, which

were analysed separately (Solling and Göttinger Wald sites) or pooled to a com-

posite sample (Zierenberg site).

Water flux via stemflow for Zierenberg and Solling has been estimated to be

15% of the total throughfall flux. At the Solling site, a value of 15% is close to

the mean value of stemflow flux estimated by Benecke (1984) for the period

1969–1975. For Göttinger Wald, stemflow fluxes were obtained from regression

functions between stemflow volume and throughfall (Gerke 1987).

Analytical methods are described by Fassbender and Ahrens (1977) and König

and Fortmann (1996a–d) for the Solling and Göttinger Wald sites. In short, pH was

measured potentiometrically. Sodium (Na+), potassium (K+), magnesium (Mg2+),

calcium (Ca2+), and manganese (Mn2+) were determined by AAS until 1989, and

since 1990 by ICP-AES. NH4
+, NO3

� and chloride (Cl�) were analysed colorimetri-

cally with a continuous flow system. Sulphate (SO4
2�) was measured by precipita-

tion with Ba and by potentiometric titration of excess Ba with EDTA until 1982,

from 1983 to 1992 by the methyl-thymol-blue method, and since 1993 by ICP-AES.

Organic N (Norg) is calculated as the difference between total N (Ntot) (measured

after digestion) and the sum of NH4
+ and NO3

�.
Because no independent estimates of interception deposition are available for

the study sites over the whole observation period, we have used the canopy budget

model developed by Ulrich (1994) for the calculation of total deposition. Annual

fluxes of ions have been used for the calculation procedure. The canopy budget

model of Ulrich (1994) estimates the interception deposition for element species

A (IDA), which are not adsorbed or leached from the canopy, from the difference of
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stand precipitation (SPA) and open field precipitation (wet deposition OFA). Inter-

ception deposition IDA is the sum of particulate (IDpart, A) and gaseous deposition

(IDgas, A). Total deposition (TDA) is the sum of wet deposition and interception

deposition.

TDA ¼ OFAþIDA; ð15:1Þ

IDA ¼ IDpart;AþIDgas;A; ð15:2Þ

IDA ¼ SPA � OFA: ð15:3Þ

A ¼ Na; Cl; SO4:

Particulate interception deposition (IDpart, A) is estimated from the ratio between

interception deposition and open field precipitation of Na assuming that Na+ is

only deposited by wet deposition and particulate interception. It is assumed that

the particle size distribution of all deposited substances is similar, resulting in a

similar deposition velocity. Another assumption is that particulate interception is

caused to a large degree by fog droplets. In contrast to earlier formulations of the

model by Ulrich (1983) and Bredemeier (1988), Ulrich (1994) extended the model

for NH4
+ and NO3

� implying the assumption of similar deposition velocities holds

for particulates containing NH4
+ and NO3

� particles. The assumption of similar

deposition velocities is highly questionable especially for N-compounds (Spranger

1992):

fNa ¼ IDNa

OFNa
; ð15:4Þ

IDpart;A ¼ fNa OFA: ð15:5Þ

A ¼ H; K;Mg;Ca;Mn;Al; Fe;NH4;Cl;SO4;NO3:

Gaseous deposition (IDgas, A) of metal cations is assumed to be negligible.

IDgas;A ¼ 0: ð15:6Þ

A ¼ Na;K;Mg;Ca;Mn;Al; Fe:

Gaseous deposition (IDgas, A) of SO2, HCl, HNO3 and NH3 is estimated from the

difference of interception deposition and particulate deposition:

IDgas;A ¼ IDA � IDpart;A ¼ SPA � OFA � IDpart;A: ð15:7Þ

A ¼ NH4;Cl; SO4;NO3:
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Gaseous deposition of SO2, HCl and HNO3 causes an equivalent input of protons,

gaseous deposition of NH4
+ a consumption of protons:

IDgas;H ¼ IDgas;SO2
þ IDgas;Cl þ IDgas;NO3

� IDgas;NH4
: ð15:8Þ

If particulate deposition of NH4
+ and NO3

� is higher than the difference between SPA
and OFA, no gaseous deposition can be calculated.

The difference between total deposition and stand precipitation is interpreted as

canopy budget (CBA). Positive values are interpreted as leaching, negative values as

uptake by the canopy:

CBA ¼ SPA � TDA ¼ SPA � OFA � IDA: ð15:9Þ

From the calculation scheme, it arises that either gaseous deposition (if IDpart

<SPB–OFB) or uptake by the canopy (if IDpart>SPB–OFB) is calculated for NH4
+

and NO3
�. As both processes can occur concurrently (Veithen 1996; Garten et al.

1998), total deposition of NH4
+ and NO3

� is underestimated by the model. More-

over, the processes of canopy uptake and leaching are highly seasonal and the use of

annual budgets disregards the seasonal nature of these processes. The assumptions

involved in the model were not tested on these three sites and will need due

consideration during the interpretations of model results.

Despite the limitations mentioned above, the canopy model of Ulrich (1994) has

been applied to NH4
+ and NO3

�. Total deposition of nitrogen (Ntot) has been

calculated as the sum of total deposition of NH4
+, total deposition of NO3

� and

open field deposition of Norg (Ulrich 1994).

15.2 Precipitation Chemistry

For characterisation of the chemical composition of atmospheric deposition, data

for the period 1993–1998 were selected as all three study sites had information for

this period. As precipitation chemistry has changed significantly during the last few

decades, only the pattern for the selected period is described.

At the Solling site, open field precipitation chemistry is dominated by NH4
+

(44% of cations on equivalent basis) and Na+ (23%), and H+, Ca2+, Mg2+ and K+ are

only of minor importance in that order. Anions of significance are SO4
2� (43%),

NO3
� (35%) and Cl� (22%). Concentrations of NH4

+ are higher than concentrations

of NO3
� (Table 15.1). The contribution of Norg to Ntot is about 7%.

At the Göttinger Wald site, 44% of the sum of cations in open field precipitation

is NH4
+. Na+ (19%), Ca2+ (15%), and H+ (10%) also have some quantitative

importance. The contribution to the sum of anions is 16% for Cl�, 39% for NO3
�

and 44% for SO4
2�.

At the Zierenberg site, NH4
+ (30%) is the most abundant cation in open field

precipitation, but the relative contributions of Ca2+ (27%) and Mg2+ (14%) are
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much higher than at the Solling and Göttinger Wald sites. This may be related to

higher input of dust particles and to other factors relating to methodology of

collection and analysis. The contribution of Na+ to the sum of cations is 16%.

The most abundant anion is SO4
2� (45%), which is followed by NO3

� (34%) and

Cl� (21%). Various anions have similar fractions in the open field precipitation on

the three sites with values following the order: SO4
2� (43–45%) > NO3

� (34–39%)

> Cl� (16–22%).

Ntot concentrations are generally highest in throughfall and lowest in open field

precipitation (Table 15.1). After passing through the canopy, concentrations of Ntot

in the precipitation increased by 108% at Solling, 72% at Göttinger Wald and 161%

at Zierenberg compared to open field precipitation. This indicates a much higher

interception of dry deposition at Zierenberg. The increase of concentrations of Ntot

in stemflow was very similar at the three study sites (73–78%).

The relative contribution of the N species to Ntot is similar at the three study sites

(Table 15.1). NH4
+ concentrations in open field deposition are higher than NO3

� at

all sites indicating that N-inputs are influenced to a large degree by animal hus-

bandry. In throughfall and stemflow, the relative contribution of Norg to Ntot is

generally higher than in open field precipitation indicating leaching of Norg from

leaves and bark of the trees or from other sources of Norg in the canopy. At the

Zierenberg site, the enrichment of the N-compounds in throughfall as compared to

open field precipitation is much higher than at the Solling and Göttinger Wald sites.

The enrichment of NH4
+ in throughfall is higher than that of NO3

� at the Solling and

Göttinger Wald sites and lower at the Zierenberg site. The strong enrichment of

NO3
� relative to NH4

+ in throughfall at Zierenberg may be explained by nitrification

of NH4
+ in the canopy (Papen et al. 2002). (Table 15.1). However, Eichhorn (1995)

attributed the enrichment of NO3
� in throughfall to its leaching from the canopy. At

the Solling and Göttinger Wald sites, the relative contribution of NH4
+ in stemflow

is lower than in throughfall. This pattern may be partly explained by nitrification of

NH4
+ at branches and stems.

Table 15.1 Mean concentrations and standard deviation (in parentheses) of total N (Ntot) and

relative contribution of NH4
+, NO3

�, and Norg to Ntot in open field precipitation, throughfall and

stemflow from 1993 to 1998 at the study sites

Site Ntot NH4
+ NO3

� Norg

(mmol l�1) % % %

Solling Open field deposition 125 (1) 52 41 7

Throughfall 260 (18) 51 37 12

Stemflow 216 (28) 41 40 19

Göttinger Wald Open field deposition 170 (1) 50 43 7

Throughfall 293 (5) 49 40 11

Stemflow 303 (43) 44 42 15

Zierenberg Open field deposition 174 50 41 9

Throughfall 454 39 51 10

Stemflow 310 45 35 20
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Mean pH in throughfall is higher than in open field deposition at the Göttinger

Wald and Zierenberg sites reflecting the buffering of acids in the canopy, but lower

at Solling. pH is generally lower in stemflow than in open field deposition.

Sea spray is a major source for Cl�, Na+, and Mg2+ in open field precipitation.

An influence of road salt can be excluded since the sampling sites are far away from

roads. Higher concentrations of Cl� during the winter season are related to more

frequent storm events. At the Solling site, the contribution of sea spray is 100% for

Cl�, 77% for Na+ and 44% for Mg2+ (calculated with Cl� as index element). At the

Göttinger Wald site, the influence of sea spray is somewhat lower than at the Solling

site with values of 100% for Cl�, 72% for Na+ and 29% for Mg2+. Sea spray is an

important source at the Zierenberg site for Cl� (100%) and Na+ (80%) whereas

a low value for Mg2+ (10%) points to sources other than sea spray being more

important, e.g. soil dust due to agricultural activities or Mg containing particles

from different industrial processes such as coal burning or handling of bulk cargo.

The covariance analysis of the concentrations of solutes in open field precipita-

tion, throughfall and stemflow at the three sites was undertaken by employing

principal component analysis (SPSS version 6.1.2). Principal component analysis

was used to find the least linear combinations of the parameters which were

required to explain as much of the total variance of the data as possible. The

major ions Na+, K+, Mg2+, Ca2+, H+, SO4
2�, Cl�, NH4

+ and NO3
� and Norg were

included for the analyses. Principal component analysis has been frequently used

for assigning different sources to various solutes in the precipitation (Gorham et al.

1984; Feger 1986) and to describe the predominant processes occurring in ecosys-

tems (Christophersen and Hooper 1992). Varimax rotation has been performed to

find out the contribution of different processes.

As an example, results for open field precipitation at Solling are given in

Table 15.2 for principal components with eigenvalues >1.0. Three components

could be differentiated. Component 1, which explains 46% of the variance, has high

loadings of NH4
+, NO3

�, SO4
2� and Ca2+. These ions are negatively correlated to the

amount of precipitation. NH4
+, NO3

� and SO4
2� can be ascribed to the emission of

Table 15.2 Matrix of factor loadings (varimax rotation) and communalities of principal compo-

nent analysis for concentrations of ions in open field deposition at Solling. Factor loadings above

|0.6| are given in bold

Component 1 Component 2 Component 3 Communality

Na+ 0.13 0.97 0.02 0.96

K+ 0.48 �0.15 0.64 0.67

Mg2+ 0.38 0.84 0.20 0.89

Ca2+ 0.75 0.27 0.27 0.71

H+ 0.21 �0.25 �0.71 0.62

SO4
2�

0.94 0.21 0.08 0.93

Cl� 0.09 0.96 �0.10 0.93

NH4
+ 0.90 0.14 0.10 0.84

NO3
�

0.93 0.09 0.02 0.93

Norg 0.29 �0.08 0.79 0.72

Explained variance (%) 46.0 22.4 13.7 82.0
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NH3, NOx and SO2. NH3 emissions can be attributed mainly to intensive farming

practices such as animal husbandry and field application of faecal materials. NOx is

emitted to a high degree by vehicles, whereas SO2 emissions can be ascribed mainly

to large power plants. Ca2+ and K+ can be attributed partly to the emission of dust.

Thus, component 1 describes components of air pollution in open field precipitation.

Component 2 explains about one-quarter of the variance and has high loadings

of Cl�, Na+, and Mg2+. This component can be ascribed to the influence of sea

spray. Cl�, Na+ and Mg2+ are independent of the amount of precipitation. The third

component explains 14% of the variance and has high loadings of Norg and K+ and

a high negative loading of H+, which can be ascribed to plant-based organic

substances.

The first principal component of stemflow at Solling explains over 60% of the

variance, and has high loadings of Mg2+, Ca2+, H+ and SO4
2� and considerable

loadings of K+ and NO3
� (Table 15.3). Mg2+, Ca2+ and K+ ions are leached from the

vegetation, when buffering of H+ occurs whereas SO4
2� and NO3

� are involved in

the charge balance. Thus, the first component can be interpreted as describing the

input of acid depositions and their subsequent buffering by ion exchange. The

second component in Table 15.3 explains 18% of the variance and has high

loadings of NH4
+, NO3

� and Norg which may account for the transformation of

N-species and their interaction with the different tree compartments and canopy

epiphytes. The third component explains 10% of the variance and has high loadings

of Na+ and Cl�, which can be interpreted as sea spray.

The principal component analysis for open field precipitation at the Göttinger

Wald and Zierenberg sites gives similar results as for the Solling site (Table 15.4).

Also for throughfall data at Solling, principal components provided similar interpreta-

tion of results. For throughfall data at the Göttinger Wald and Zierenberg sites, canopy

interactions are a major source affecting the variance of the data (Table 15.4).

For stemflow data at the Göttinger Wald and Zierenberg sites similar results as

for the Solling site have been obtained (Table 15.4). In contrast to open field

deposition, where the components can be interpreted as different sources of the

Table 15.3 Matrix of factor loadings (varimax rotation) and communalities of principal compo-

nent analysis for concentrations of ions in stemflow at Solling. Factor loadings above |0.6| are

given in bold

Component 1 Component 2 Component 3 Communality

Na+ 0.34 0.10 0.93 0.99

K+ 0.49 0.53 0.10 0.52

Mg2+ 0.83 0.19 0.49 0.96

Ca2+ 0.92 0.20 0.26 0.96

H+
0.92 0.20 0.26 0.93

SO4
2�

0.81 0.50 0.26 0.97

Cl� 0.30 0.17 0.92 0.97

NH4
+ 0.07 0.93 0.19 0.90

NO3
� 0.48 0.76 0.29 0.91

Norg 0.13 0.93 �0.03 0.72

Explained variance (%) 62.4 18.1 9.6 90.1
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solutes, transformation and interaction processes of the solutes with the vegetation

seems to play an important role for the variance of the stemflow data.

15.3 Element Fluxes

We present the element fluxes with open field deposition, throughfall, stemflow,

stand precipitation and total deposition separately for three periods of roughly a

decade each (Tables 15.5–15.7). The period from 1969 to 1980 is only available for

the Solling site. In 1981, the Göttinger Wald site was established and represents the

beginning of the second period from 1981 to 1989. The Zierenberg site was

established in 1990, which is the beginning of the third period from 1990 to 2002

and represents the period after emission control in Germany. Comparing the period

1990–2002 between the sites indicates higher fluxes of SO4
2�, Cl� and Na+ at the

Solling site than at the Göttinger Wald and Zierenberg sites due to higher precipi-

tation rates at the Solling site. N-fluxes in open field deposition were lowest at the

Zierenberg site and highest at the Solling site, whereas they were quite similar in

stand precipitation and total deposition at the three study sites. However, fluxes of

K+, Mg2+ and Ca2+are highest at the Zierenberg site.

Fluxes of most elements have decreased during the last 22 years at the Solling

and Göttinger Wald sites (Tables 15.5 and 15.6). Decreasing trends have been

detected for open field deposition, throughfall, stemflow and stand precipitation as

Table 15.4 Explained variance of principal components and sum of explained variance of

principal component analysis (varimax rotation) for concentrations of ions in open field deposition

(OF), throughfall (TF) and stemflow (SF) at Solling, Göttinger Wald and Zierenberg (interpreta-

tion of principal components is given by letters; the same interpretation means that the same

elements have high loadings in certain components)

Site Flux Component 1 (%) Component 2 (%) Component 3 (%)

Sexplained
variance (%)

Solling OF 48.9a 24.2b 12.2c 85.3

TF 50.4a 17.7b 12.3c 80.4

SF 62.4d 18.1e 9.6b 90.1

Göttinger

Wald

OF 53.3a 16.5b 13.2c 83.0

TF 44.7d 21.1a 16.5b 82.4

SF 52.8d 19.5e 16.1b 88.4

Zierenberg OF 56.2a 13.1b 9.8c 79.2

TF 59.6ba 16.4d 8.3f 84.3

SF 57.7d 17.7e 10.0b 85.5
aAir pollution
bSea spray
cOrganic deposition
dCanopy leaching
eN mineralisation processes
fH+ buffering
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well as for total deposition. Significant trends can be observed for SO4
2�, H+, Cl�,

Mg2+, Ca2+, Mn2+ and N-species (Table 15.8). In open field deposition, stemflow

and total deposition, decreasing trends are also visible for K+. Fluxes of SO4
2�

decreased by 81–94% during the last 22 years and reflect the general trend of S

emissions in Germany (Fig. 15.1) (Umweltbundesamt 2000; Gauger et al. 2002).

Decreasing deposition rates of Mg2+ and Ca2+ can be attributed to reductions of dust

emission in Central Europe. At the Zierenberg site, similar trends were observed

although due to a shorter observation period the relative reduction of deposition was

less than for the Solling and Göttinger Wald sites (Table 15.7). Significant negative

trends can be observed for SO4
2�, H+, Ca2+ and Mn2+ at Solling even though water

fluxes increased during the period 1990–2002. For Cl�, increasing fluxes have been
measured under the canopy at the Zierenberg site. Decreasing deposition rates for

many elements have been observed also for other forest ecosystems in Lower

Saxony (Meesenburg et al. 1995) and Hesse (Balazs 1998) as well as for most

parts of Germany (Gauger et al. 2002; Matzner et al. 2004).

N deposition at the Solling site showed different trends during the periods

1971–1985 and 1985–2002. During the first period, fluxes of NH4
+, NO3

� and Ntot

showed no change or slightly increasing trend (Fig. 15.2). However, since 1985,

a slightly decreasing trend was evident. Ntot fluxes have reduced by 30–55% during

the period of 1981–2002 from about 36 to 22 kg ha�1 per year. Fluxes of NH4
+ and

NO3
� with stemflow decreased even more. For Norg, high flux rates occurred in

the 1970s, whereas low rates were measured afterwards. Temporal trends of Norg

fluxes should be treated cautiously, since Norg is calculated as the difference

between Ntot and the inorganic N-components and any alteration in the analytical

methods of any one of the three components may have substantially affected the

Norg estimates.

A decrease in N-fluxes was observed at Göttinger Wald during the whole

observation period (Table 15.8, Fig. 15.3). However, for NH4
+, Norg, and Ntot in

throughfall, these trends were not significant. NH4
+ fluxes at the different pathways

decreased by 30–50%within the last two decades. Reduction of NO3
�was about 40%

for stand precipitation. Ntot fluxes have reduced by about 35% (from about 29–17kg

ha�1 per year). For stemflow, relative reductions have been generally higher.

N fluxes during the period 1990–2002 were generally very similar at the

study sites and the interannual variations showed the same pattern (Fig. 15.3,

Tables 15.5–15.7). Open field N-deposition was highest at Solling and lowest at

Zierenberg, whereas N-values in stand precipitation and total deposition were

somewhat lower at Göttinger Wald than at Solling and Zierenberg. For a spruce

stand at Solling, Ibrom et al. (1995) calculated by use of micro-meteorological

methods a total deposition of N of 460 mmol m2 per year, whereas total deposition at

the same stand calculated with the model of Ulrich (1994) was only 285 mmol m�2

per year. Marques et al. (2001) showed that dry deposition (particulate and gaseous)

contributed 75% to total deposition at the Solling spruce stand. These results and

similar results from other locations (Harrison et al. 2000; Zimmerling et al. 2000;

Meesenburg et al. 2005) suggest that the canopy model may be underestimating

total deposition of N (see Horn et al. 1989; Harrison et al. 2000).
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Mean Na+ fluxes in stand precipitation have been higher than in open field

precipitation during the period 1990–2002 by a factor (ID/OF) of 0.49 at Göttinger

Wald, 0.41 at Solling and 1.02 at Zierenberg sites. This factor ( fNa, see data

collection and evaluation procedures) is used to calculate the particulate intercep-

tion which is higher at the Zierenberg site than at the Solling and Göttinger Wald

sites and may be caused by the high agricultural activity surrounding the Zierenberg

site, and by higher aerodynamic roughness of the forest stand, which is situated at

the slope of a relatively isolated mountain.

A high fraction of total acid inputs was contributed by NH4
+, where the acid

inputs are given by the sum of H+, Mn2+ and NH4
+ depositions. Despite decreasing

NH4
+ fluxes at the Solling and Göttinger Wald sites during the last two decades, the

relative contribution of NH4
+ to the fluxes of acids has increased significantly

because of a considerable decrease in free acidity fluxes. During 1990–2002, the

contribution of NH4
+ to total acid deposition was 50–85% at Solling, 75–95% at

Göttinger Wald and 40–65% at Zierenberg, whereas at the beginning of the 1970s,

NH4
+ contributed from 10 to 40% at the Solling site.

Annual element fluxes for open field deposition, throughfall and stemflow at Solling,

Göttinger Wald, and Zierenberg are documented in Annex Tables 15.11–15.19.

15.4 Canopy Rain Interactions

Various tree compartments (leaves, twigs, branches and bark) act as sources or

sinks for solutes in precipitation when they pass through the canopy. The canopy

budget is commonly estimated by subtracting stand precipitation from total deposition

0

100

200

300

400

500

600

700

1970 1974 1978 1982 1986 1990 1994 1998 2002

m
m

o
l c 

m
-2

0

10

20

30

40

50

60

µ
g

 m
-3

Germany S emission density
SO total deposition SO4-S
SO SO2 conc.

Fig. 15.1 Time series of emission density of sulphur (mmolc S m�2) in Germany, total deposition

(mmolc S m�2) and SO2 concentration (mg SO2 m
�3) in ambient air at Solling site (SO)

15 Atmospheric Deposition and Canopy Interactions 279



(canopy model by Ulrich 1994). Negative values can be interpreted as indication of

leaching from the leaves (Langusch et al. 2003) and of dissolution of dry deposited

particles, whereas positive values indicate a sink function, e.g. uptake by the canopy.

Plant leaching may occur as a diffusion of organically complexed cations or as an

exchange process, where nutrient cations such as K+, Mg2+, Ca2+ and Mn2+ are

exchanged against H+ or NH4
+ (Klemm et al. 1989; Draaijers and Erisman 2005).

Mean values for canopy budgets have been negative for K+, Mg2+, Ca2+ and Mn2+,

whereas they have been positive for H+, NH4
+ and NO3

� (Table 15.9). At the

Zierenberg site, no retention of NO3
� has been observed during the observation

period. Retention of nitrogen by the canopy can be caused by (1) uptake by
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epiphytic algae and lichens, (2) immobilisation by micro-organisms (Stadler and

Michalzik 2000), and (3) assimilation into the leaves (Garten et al. 1998). The last

process is likely to be the most relevant one for the retention of N by the canopy

(Lovett and Lindberg 1993).

Mean NH4
+ retention rates by the canopy decreased during the study period at the

Solling site. For the measurement period of 1990–2002, NH4
+ retention by the

canopy was estimated as: 12 mmolc for Solling, 6 mmolc for Göttinger Wald, and

18 mmolc m
�2 per year for Zierenberg. The corresponding figures for NO3

� were:

6 mmolc (Solling), 7 mmolc (Göttinger Wald) and 0 mmolc m
�2 per year (Zieren-

berg), and for Ntot: 18 mmolc (Solling), 13 mmolc (Göttinger Wald) and 18

mmolc m
�2 per year (Zierenberg). As mentioned above, these estimates are uncer-

tain and are most probably an underestimation. For the sites of the Integrated Forest

Study (IFS), mean inorganic N-retention rates of 10–160 mmolc m
�2 per year were

found (Lovett and Lindberg 1993), which brackets the values found for the sites of
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Table 15.9 Average canopy budgets (total deposition�stand precipitation) for a number of

elements during the periods 1969–1980 (Solling only, 1971–1980 for NH4
+, NO3

�), 1981–1989
(Solling and Göttinger Wald), and 1990–2002 at the three sites

Site Period K+ Mg2+ Ca2+ H+ Mn2+ NH4
+ NO3

�

(mmolc m
�2 per year)

Solling 1969–1980 �55 �5 �29 65 �11.8 70 36

1981–1989 �56 �12 �39 103 �10.3 29 22

1990–2002 �51 �6 �14 34 �3.7 12 6

Göttinger Wald 1981�1989 �50 �12 �46 88 �0.9 5 5

1990–2002 �52 �6 �17 29 �0.2 6 7

Zierenberg 1990–2002 �65 �10 �5 50 �0.1 18 0

15 Atmospheric Deposition and Canopy Interactions 281



this study. Horn et al. (1989) calculated N-retention rates by the canopies of a

healthy and a declining spruce stand at Fichtelgebirge, Bavaria, of 89 and 185

mmolc m
�2 per year, respectively.

If all the assumptions for calculating the canopy retention of N were valid, the

canopy absorption would cover 7% of N-demand for growth and turnover at the

Solling stand which has been calculated to be 740 mmol m�2 (Chap. 8). Similar

values of N-demand calculated for the Göttinger Wald (770 mmol m�2 per year)

and Zierenberg (360 mmol m�2 per year) stands (Chap. 8 ), of which about 1.5%

and 5% will be taken up by the canopy from atmospheric deposition (Fig. 15.4).

Compared to the N required for the growth increment, the Solling stand can cover

its N-demand completely by uptake within the canopy, whereas the relative contri-

bution of crown uptake is low for the Göttinger Wald (11%) and Zierenberg stands

(25%). Annual N-retention for forest growth has been estimated as 43 mmol m�2

for the stands at Solling, 38–63 mmol m�2 for Göttinger Wald and 126 mmol m�2

for Zierenberg (Chap. 8).

The assimilation of NH4
+ and NO3

� from precipitation has been experimentally

confirmed by Brumme et al. (1992); Veithen (1996); Garten et al. (1998); and

Harrison et al. (2000); Brumme et al. (1992) found that 6–12% of 15N applied to

the aboveground parts of 3 to 9-years-old beech plants from the Solling site over

4 months was allocated to the roots. By the use of 15N labelled NH4
+ and NO3

�, they
found higher uptake rates for NH4

+ as compared to NO3 indicating preferential

uptake of NH4
+. In a similar study, Garten et al. (1998) found a retention of 15N

labelled wet deposition of 12–26% for deciduous trees at Walker Branch Water-

shed, Tennessee, USA. Veithen (1996) used washing procedures at leaves from

the Solling and Göttinger Wald stands for the study of canopy interactions and

also found higher uptake rates for NH4
+ as compared to NO3

�. The preferential uptake
of NH4

+ is confirmed for the Solling and Zierenberg sites from the data of this study.

At the Solling site, uptake of NH4
+ and NO3 by the canopy decreased during the

last 18 years (Table 15.10). At the Göttinger Wald and Zierenberg sites, no such
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trend was observed. Brumme et al. (1992) and Veithen (1996) showed that NH4
+

uptake is dependent on the NH4
+ concentration in precipitation. Thus, decreasing

uptake rates of NH4
+ may be attributed to decreasing NH4

+ concentrations in

deposition. Veithen (1996) estimated the compensation point for NH4
+, where

NH4
+ uptake turns to NH4

+ leaching, to be between 28 and 46 mmolc l
�1. As mean

NH4
+ concentrations in throughfall and stemflow at the Solling and Göttinger Wald

sites are currently well above the compensation point found by Veithen (1996),

NH4
+ uptake is likely to take place at these stands.

Positive canopy budgets of H+ indicated proton buffering at all sites. The

buffering can occur as an exchange process where H+ is exchanged against cations

such as K+, Mg2+ or Ca2+ (Lindberg et al. 1986; Bredemeier 1988; Klemm et al.

1989, Matzner and Meiwes 1994; Draaijers and Erisman 1995). Mean proton

buffering rates for 1990–2002 were calculated at 34 mmolc (Solling), 29 mmolc
(Göttinger Wald) and 50 mmolc m�2 per year (Zierenberg). Between 1981 and

2002, proton buffering rates decreased significantly at the Solling and Göttinger

Wald sites accompanied by a simultaneous decrease in the leaching rates of Mg2+

and Ca2+ (Table 15.10). Proton buffering rates decreased significantly at the

Zierenberg site between 1990 and 2002.

Buffering of total acidity in the canopy has been calculated from the sink

functions of H+ and NH4
+. At the study sites, 13–59% of the load of total acidity

is buffered in the canopy on an annual basis (Fig. 15.5). In addition to decreasing

loads of total acidity, the degree of buffering of acidity in the canopy has also

decreased during the last 22 years. For the Göttinger Wald site, this might be

explained by the more or less constant NH4
+ uptake, which causes a production

of H+ in the canopy (Ulrich 1994). At the Solling site, the decrease of H+ buffering

has been twice as high as the decrease of NH4
+ uptake. Hence, the H+ production by

NH4
+ uptake has become more important. At the Zierenberg site, the degree of acid

buffering in the canopy was generally higher compared to the other sites that also

decreased during the study period (Fig. 15.5).

Leaching rates of K+ from the canopy have been similar at the three study sites,

whereas leaching of Mn2+ has occurred only at the Solling site probably due to the

higher Mn2+ availability in this acid soil (Table 15.9). The higher amount of

leaching of Mn2+ from the canopy at the Solling site was confirmed by Veithen

(1996). Leaching of Mg2+ was highest at the Zierenberg site because of high Mg

foliar content and also high Mg2+ concentration in soil solution resulting from the

high Mg2+ content of the magmatic bedrock. Leaching of Ca2+ from the canopy was

Table 15.10 Trends of canopy budgets at Solling and Göttinger Wald sites from 1981 to 2002 and

at Zierenberg site from 1990 to 2002 (test of trend with correlation coefficient after Pearson; o no

trend, + significant increasing trend p�0.05, ++ highly significant increasing trend p�0.01, �
significant decreasing trend p�0.05, � � highly significant decreasing trend p�0.01)

Site K+ Mg2+ Ca2+ H+ Mn2+ NH4
+ NO3

�

Solling � + ++ � � ++ � �
Göttinger Wald � ++ ++ � � ++ � �
Zierenberg � � � � � � � �
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similar at the Solling and Göttinger Wald sites, but lower at the Zierenberg sites.

Contrary to these results, Veithen (1996) found higher leaching rates for Ca2+ from

the canopy at the Göttinger Wald site than at the Solling site, which were attributed

to a better Ca2+ nutrition of the stand growing on calcareous substrate. Surprisingly,

the Ca2+ availability of the soils and also foliar contents of the three sites were not

reflected by the Ca2+ leaching rates from the canopy. Mohr et al. (2005) found a

positive relation between leaching rates of Ca2+ and Mg2+ and foliar nutrient

concentrations. Time series of canopy budgets indicate that leaching rates of Ca2+,

Mg2+ and Mn2+ decreased significantly during 1981 and 2002 at the Solling and

Göttinger Wald sites (Table 15.10). A decrease in the leaching rates of nutrient

cations from the canopy may be related to decreasing deposition rates of H+. No

significant trends of canopy budgets have been observed at the Zierenberg site for

these ions.

15.5 Discussion

Atmospheric deposition of many major elements can be attributed almost quantita-

tively to human activities. The only important natural source of salts is of marine

origin. Main sources of anthropogenic air pollutants are: combustion processes,

industrial processes and agriculture. Combustion and industrial processes are mainly

responsible for the emission of SO2 and NOx, whereas dust particles are released

mainly through industrial processes. NH3 is mainly emitted through agricultural

activities related to animal farming (Umweltbundesamt 2000). Deposition rates at

the study sites are moderate when compared to other study sites in Germany

(Gauger et al. 2002), but are relatively high compared to other regions in Europe

(Hauhs et al. 1989; de Vries et al. 2001). Compared to spruce stands, deposition at

beech stands is generally lower (Meesenburg et al. 1995; Balazs 1998; Rothe et al.

2002, Matzner et al. 2004); Eichhorn et al. (2001) evaluated data from 49 beech
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plots across Europe with average total N-deposition of 136 mmolc m
�2 per year

(min–max: 59–210 mmolc m
�2 per year). The study sites are with 151–179 mmolc

m�2 per year among the European beech sites with above-average N-deposition.

Compared to 144 intensive monitoring plots in Europe, Na+ scaling factors (fNa) at
the study sites are above average (medium value 0.34, de Vries et al. 2001),

suggesting that the contribution of dry deposition to total deposition is more

important than at most other forests in Europe.

Deposition rates of the most major elements decreased during the last two

decades which is evident at the Solling and Göttinger Wald sites with long

observation periods. Atmospheric deposition is primarily characterised by NH4
+,

NO3
� and SO4

2�. During the 1970s and 1980s, H+also played a major role in

precipitation chemistry. During the last two decades deposition of free acidity has

decreased but that of potential acidity has remained high due to high NH4
+ deposi-

tion. The reductions of SO4
2� deposition are related to reductions of SO2 emission in

western Germany (Umweltbundesamt 2000). Because H+ is mainly generated

through the oxidisation of SO2 to SO4
2�, the H+ deposition decreased simulta-

neously. The reduction of acid depositions to central German forest ecosystems is

attributed to the reduction of emissions, which became effective through legislation

and the closing down of industrial units in eastern Germany after the reunion. There

has been a reduction in dust emissions, decreasing the depositions of Ca2+ and

Mg2+. This decease in cations may have consequences for the buffering of acids in

precipitation and for the nutrition of the forest stands. N-deposition decreased only

slightly, which is also in agreement with constantly high N-emissions in western

Germany (Umweltbundesamt 2000). N-deposition at the three sites is currently well

above the amount retained for the forest increment.

Estimates of total deposition of different N-species are very uncertain because of

the involvement of several different deposition and transformation processes in the

canopy (Marques et al. 2001). N-deposition into forests occurs as rainwater, as fog

or in gaseous form and with several different N-species. The deposited N-com-

pounds interact with the canopy including their assimilation into leaves and trans-

formations of the N-species. Garten et al. (1998) argued that the assimilation of

gaseous N-compounds was the most effective uptake process, whereas Harrison

et al. (2000) estimated the uptake from wet deposition to be more important.

N-leaching from the canopy is possible at certain growth phases. Due to the

complex biochemical processes, estimates of total N-deposition with a simple

approach such as the model of Ulrich (1994) should be viewed with due care.

Because N-uptake and gaseous deposition cannot be independently calculated, an

underestimation of total deposition is likely by this model. Alternative canopy

budget models are more specific with respect to nitrogen, but require independent

input parameters, which are sometimes difficult to estimate (Horn et al. 1989;

Draaijers and Erisman 1995). Independent measurements with micro-meteorologi-

cal methods at a spruce stand adjacent to the Solling beech stand suggested an

undestimation of N-deposition of almost 50% by the Ulrich model (Ibrom et al. 1995;

Marques et al. 2001). Gauger et al. (2002) compared deposition estimates from

inferential modelling with estimates from throughfall measurements and canopy
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budget modelling and found an underestimation of about 50% by canopy budget

modelling for Level II monitoring plots in Germany stocked with spruce. For Swiss

long-term forest monitoring sites, Schmitt et al. (2005) found on an average 17

mmolcm
�2 per year higher N-deposition rates estimated with an inferential method

than by throughfall measurements. Nevertheless, estimates of total deposition for

the study sites are plausible but are regarded as lower limits of true values.

Acid deposition on the canopy will induce interaction between rainwater and

foliage. Leaching of nutrients from the canopy may induce nutrient deficiencies

depending on the capacity of the trees to replenish the nutrient pools (Lindberg et al.

1986). When large quantities of N are assimilated in the canopy, the N-uptake by

roots may be reduced. This may increase nutrient imbalances due to the spatial

decoupling of N and base cation uptake (Harrison et al. 2000). Finally, the major

changes in the deposition have also affected canopy-rain interactions. A decrease in

the atmospheric emissions has reduced interaction between precipitation and cano-

py. As precipitation acidity is a major driving force for exchange of nutrient cations

at foliage surfaces and their subsequent leaching, a reduced acidity input results in

decreased exchange rates (Klemm 1989).

15.6 Conclusions

l N concentrations in open field precipitation, throughfall and stemflow at three beech

stands in the northwest German low mountain ranges differ substantially between

sites and pathways. However, the contributions of the different N-species NH4
+,

NO3
�, and Norg to the deposition fluxes are relatively similar between sites.

l The sources of solutes in the deposition pathways can be related to anthrogenic

air pollution, sea spray, deposition of organic compounds and canopy processes.
l Atmospheric deposition of most major components has declined over the last

two decades. Reductions of deposition of acids and S have been more pro-

nounced than reduction of N-input.
l Estimation of total N-deposition with the canopy budget model of Ulrich (1994)

most probably underestimates real input rates. However, total deposition esti-

mates can be regarded as lower limits of true values.
l According to the canopy budget model, N is taken up by the canopy of the beech

stands. The uptake of NH4
+ is higher than the uptake of NO3

�.
l The N-requirement of beech stands for growth increment may be fulfilled to a

substantial part by canopy uptake.
l Due to the decline of atmospheric deposition, the interactions between rainwater

and the canopy have also reduced.

Annex Tables

See Tables 15.11 to 15.19.
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ö
tt
in
g
er

W
al
d
d
u
ri
n
g
th
e
p
er
io
d
1
9
8
1
–
2
0
0
2
(D

at
a
so
u
rc
e:

N
o
rd
w
es
td
eu
ts
ch
e
F
o
rs
tl
ic
h
e
V
er
su
ch
sa
n
st
al
t)

Y
ea
r

H
2
O

(m
m
)

N
a+

K
+

M
g
2
+

C
a2

+
H
+

M
n
2
+

S
O
4
2
�

C
l�

N
H
4
+

N
O
3
�

N
to
t

(m
m
o
l
m

�
2
)

N
o
rg

(m
m
o
l c
m

�
2
)

1
9
8
1

1
8
3

1
4

2
4
.1

8
.1

4
1

5
3
.6

0
.5

1
2
0

2
5

3
3

2
7

7
0

1
0

1
9
8
2

9
0

8
1
8
.8

5
.8

2
8

1
6
.9

0
.7

6
5

1
6

2
0

2
3

5
0

7

1
9
8
3

1
3
2

2
2

3
7
.6

1
2
.3

4
9

4
3
.7

0
.9

1
2
4

3
9

2
2

3
0

6
1

1
0

1
9
8
4

1
3
7

1
1

3
0
.9

8
.7

4
0

3
3
.7

0
.4

1
0
2

2
0

1
6

1
9

4
5

1
0

1
9
8
5

9
1

9
2
4
.3

6
.7

2
8

2
5
.8

0
.4

7
8

1
6

2
7

2
4

5
9

9

1
9
8
6

1
0
2

9
2
1
.7

7
.7

3
4

2
4
.8

0
.4

7
5

1
7

1
6

2
3

4
6

7

1
9
8
7

1
5
9

1
0

3
1
.6

7
.2

3
5

3
2
.7

0
.3

8
5

1
7

2
0

2
3

4
9

6

1
9
8
8

9
5

8
1
6
.0

4
.4

1
8

7
.9

0
.2

4
8

1
2

1
9

1
3

3
6

4

1
9
8
9

8
6

9
1
3
.9

4
.2

1
8

1
2
.9

0
.2

4
3

1
3

1
5

1
6

3
3

5

1
9
9
0

1
0
4

1
5

2
2
.5

6
.0

1
9

9
.9

0
.3

4
3

1
9

1
8

2
1

4
5

6

1
9
9
1

7
1

8
1
5
.4

3
.4

1
2

5
.0

0
.1

3
1

1
1

2
0

1
5

4
1

6

1
9
9
2

9
5

9
1
5
.3

3
.3

1
1

6
.0

0
.1

2
7

1
1

7
9

2
1

5

1
9
9
3

1
0
3

6
1
3
.2

2
.1

8
5
.4

0
.1

2
6

6
1
2

1
2

2
8

5

1
9
9
4

1
5
6

9
1
7
.8

2
.5

1
0

8
.0

0
.1

3
0

1
1

1
1

1
4

2
7

5

1
9
9
5

8
6

8
1
5
.8

2
.0

6
3
.2

0
.1

2
1

1
0

1
0

9
2
3

3

1
9
9
6

7
8

4
1
2
.3

1
.3

5
2
.3

0
.1

1
7

5
9

8
2
0

3

1
9
9
7

9
0

5
1
0
.9

1
.1

4
2
.0

0
.0

1
4

6
1
0

1
0

2
3

3

1
9
9
8

1
0
8

5
1
1
.5

0
.9

4
1
.1

0
.1

1
1

5
9

9
2
1

3

1
9
9
9

8
0

5
8
.7

1
.0

4
1
.3

0
.1

9
6

8
9

2
0

3

2
0
0
0

9
9

7
1
2
.2

1
.4

5
1
.0

0
.0

1
0

8
6

9
2
0

4

2
0
0
1

9
1

4
1
4
.3

1
.5

4
0
.2

0
.0

1
1

5
7

6
1
8

5

2
0
0
2

9
5

5
1
5
.2

1
.3

4
0
.2

0
.0

1
2

6
7

8
1
9

4

15 Atmospheric Deposition and Canopy Interactions 295



T
a
b
le

1
5
.1
7

R
at
es

o
f
o
p
en

fi
el
d
d
ep
o
si
ti
o
n
at

Z
ie
re
n
b
er
g
d
u
ri
n
g
th
e
p
er
io
d
1
9
9
0
–
2
0
0
2
(D

at
a
so
u
rc
e:

N
o
rd
w
es
td
eu
ts
ch
e
F
o
rs
tl
ic
h
e
V
er
su
ch
sa
n
st
al
t)

Y
ea
r

H
2
O

(m
m
)

N
a+

K
+

M
g
2
+

C
a2

+
H
+

M
n
2
+

S
O
4
2
�

C
l�

N
H
4
+

N
O
3
�

N
to
t

(m
m
o
l
m

�
2
)

N
o
rg

(m
m
o
l c
m

�
2
)

1
9
9
0

6
3
0

2
9

1
0
.3

1
8
.7

3
9

1
9
.9

0
.2

5
1

1
7

3
2

3
4

7
8

1
1

1
9
9
1

5
2
9

2
1

6
.9

1
7
.4

3
9

2
9
.2

0
.2

4
9

1
7

2
8

3
5

7
2

9

1
9
9
2

7
4
2

3
4

9
.1

1
7
.6

3
7

3
4
.2

0
.3

6
3

2
5

4
4

3
7

9
1

1
0

1
9
9
3

7
4
2

2
8

7
.7

3
0
.4

6
1

1
8
.3

0
.3

6
0

2
1

5
2

4
2

1
0
3

9

1
9
9
4

7
8
0

3
5

1
4
.5

3
4
.1

6
7

1
6
.7

0
.3

5
7

2
9

6
1

3
9

1
1
1

1
0

1
9
9
5

7
2
1

2
9

6
.9

1
9
.1

3
3

1
7
.9

0
.3

4
6

2
2

4
2

3
0

8
2

1
0

1
9
9
6

6
8
8

1
7

5
.7

1
5
.4

2
8

1
4
.4

0
.2

4
3

1
7

4
5

3
7

9
1

9

1
9
9
7

7
0
7

1
8

4
.3

1
6
.8

3
2

1
8
.8

0
.1

4
2

2
2

3
1

3
2

6
9

7

1
9
9
8

8
9
0

2
8

6
.3

1
8
.8

3
5

1
8
.3

0
.2

4
2

2
7

3
5

3
6

8
0

9

1
9
9
9

8
0
2

2
7

5
.1

1
6
.1

3
0

1
3
.2

0
.1

3
2

2
3

3
0

3
1

7
3

1
1

2
0
0
0

8
0
0

2
5

7
.5

1
8
.4

3
5

1
0
.5

0
.1

3
9

2
3

4
5

4
2

9
8

1
1

2
0
0
1

7
5
8

2
4

3
.6

1
3
.8

2
7

8
.7

0
.1

2
6

2
2

2
4

3
3

6
5

7

2
0
0
2

9
8
1

2
3

5
.0

1
4
.8

2
7

8
.9

0
.2

3
6

2
1

4
1

4
0

8
9

9

296 H. Meesenburg et al.



T
a
b
le

1
5
.1
8

T
h
ro
u
g
h
fa
ll
fl
u
x
es

at
Z
ie
re
n
b
er
g
d
u
ri
n
g
th
e
p
er
io
d
1
9
9
0
–
2
0
0
2
(D

at
a
so
u
rc
e:

N
o
rd
w
es
td
eu
ts
ch
e
F
o
rs
tl
ic
h
e
V
er
su
ch
sa
n
st
al
t)

Y
ea
r

H
2
O

(m
m
)

N
a+

K
+

M
g
2
+

C
a2

+
H
+

M
n
2
+

S
O
4
2
�

C
l�

N
H
4
+

N
O
3
�

N
to
t

(m
m
o
l
m

�
2
)

N
o
rg

(m
m
o
l c
m

�
2
)

1
9
9
0

4
2
4

4
2

6
1
.6

3
9
.9

7
3

9
.9

0
.6

7
7

3
5

4
0

7
0

1
2
3

1
3

1
9
9
1

3
5
5

3
5

5
5
.5

4
4
.6

7
9

6
.9

0
.7

8
3

3
6

4
2

6
4

1
2
2

1
6

1
9
9
2

5
0
8

5
4

1
1
4
.4

5
5
.7

8
1

1
8
.8

0
.7

9
4

6
1

5
0

6
7

1
4
4

2
6

1
9
9
3

4
9
7

4
6

5
1
.3

4
9
.7

8
9

5
.5

0
.4

9
6

5
1

6
8

8
0

1
6
8

1
9

1
9
9
4

5
3
7

5
0

4
9
.2

5
3
.6

9
7

1
0
.2

0
.3

7
6

5
4

4
9

6
2

1
2
5

1
4

1
9
9
5

4
8
3

5
7

7
0
.0

5
8
.2

7
9

6
.5

0
.7

8
8

6
4

5
0

6
1

1
4
1

3
0

1
9
9
6

4
9
1

3
3

6
1
.0

3
8
.8

6
2

5
.8

0
.3

9
0

4
4

6
0

7
5

1
5
2

1
8

1
9
9
7

4
9
5

4
2

4
8
.2

4
2
.1

6
8

1
1
.5

0
.5

7
6

6
2

5
5

8
0

1
5
2

1
8

1
9
9
8

6
4
6

5
4

7
5
.2

4
8
.8

7
8

4
.8

0
.5

7
0

6
8

6
5

7
3

1
6
4

2
6

1
9
9
9

5
5
5

4
8

4
6
.0

3
3
.8

5
7

7
.0
2
4

0
.3

4
9

5
7

4
8

7
1

1
3
5

1
6

2
0
0
0

5
5
5

4
9

8
0
.6

4
2
.3

6
6

6
.6
5

0
.2

5
7

5
9

6
1

6
2

1
4
7

2
4

2
0
0
1

5
4
9

4
6

6
6
.7

3
4
.4

5
4

2
.3
8
3

0
.4

5
1

5
9

4
3

6
5

1
2
8

2
0

2
0
0
2

7
5
5

4
3

8
6
.4

3
5
.9

5
6

3
.6
1
7

0
.4

6
2

5
2

7
0

6
7

1
6
5

2
8

15 Atmospheric Deposition and Canopy Interactions 297



T
a
b
le

1
5
.1
9

S
te
m
fl
o
w
fl
u
x
es

at
Z
ie
re
n
b
er
g
d
u
ri
n
g
th
e
p
er
io
d
1
9
9
0
–
2
0
0
2
(D

at
a
so
u
rc
e:

N
o
rd
w
es
td
eu
ts
ch
e
F
o
rs
tl
ic
h
e
V
er
su
ch
sa
n
st
al
t)

Y
ea
r

H
2
O

(m
m
)

N
a+

K
+

M
g
2
+

C
a2

+
H
+

M
n
2
+

S
O
4
2
�

C
l�

N
H
4
+

N
O
3
�

N
to
t

(m
m
o
l
m

�
2
)

N
o
rg

(m
m
o
l c
m

�
2
)

1
9
9
0

5
8

7
1
0

5
1
0

3
0
.1

1
7

5
9

1
1

2
2

3

1
9
9
1

5
0

7
1
1

5
1
2

5
0
.1

2
2

7
1
0

1
2

2
6

4

1
9
9
2

6
8

8
1
2

5
1
0

1
4

0
.1

1
8

8
8

1
0

2
2

4

1
9
9
3

7
4

6
1
0

5
1
0

4
0
.1

1
6

6
1
1

7
2
1

3

1
9
9
4

7
9

6
8

5
1
0

3
0
.0

1
1

7
8

4
1
5

3

1
9
9
5

6
8

8
9

7
1
1

3
0
.1

2
3

1
0

6
5

1
5

4

1
9
9
6

7
0

5
1
0

4
8

2
0
.1

1
9

6
7

6
1
7

4

1
9
9
7

7
2

5
1
0

4
8

3
0
.0

1
6

7
5

4
1
4

4

1
9
9
8

9
6

8
1
4

5
9

1
0
.1

1
5

1
0

5
3

1
4

6

1
9
9
9

8
5

9
1
3

5
8

1
0
.0

1
2

1
1

5
5

1
6

6

2
0
0
0

8
3

1
1

1
9

5
1
0

1
0
.0

1
4

1
4

1
0

7
2
3

7

2
0
0
1

8
2

9
2
3

5
9

0
0
.1

1
8

1
3

1
3

9
3
1

9

2
0
0
2

1
1
3

7
1
9

4
6

0
0
.0

1
2

9
1
4

6
2
7

8

298 H. Meesenburg et al.



References

Aber JD (2002) Nitrogen saturation in temperate forest ecosystems: current theory, remaining

questions and recent advances. Plant Soil 247:179–188

Aber J, McDowell W, Nadelhoffer K, Magill A, Berntson G, Kamakea M, McNulty S, Currie W,

Rustad L, Fernandez I (1998) Nitrogen saturation in temperate forest ecosystems: hypotheses

revisited. BioScience 48:921–934

Balazs A (1998) 14 Jahre Niederschlagsdeposition in Hessischen Waldgebieten: Ergebnisse von

den Meßstationen der Waldökosystemstudie Hessen. Hessische Landesanstalt für Forstein-

richtung, Waldforschung und Waldökologie Forschungsbericht 25

Benecke P (1984) Der Wasserumsatz eines Buchen- und eines Fichtenwaldökosystems im Hoch-

solling. Schr. Forstl. Fak. Univ. Göttingen Nieders. Forstl. Versuchsanstalt 77, JD Sauerländer,

Frankfurt, Germany

Binkley D, Högberg P (1997) Does atmospheric deposition of nitrogen threaten Swedish forests?

Forest Ecol Manage 92:119–152

Brechtel HM, Hammes W (1984) Aufstellung und Betreuung des Niederschlagssammlers ‘‘Mün-

den’’. Meßanleitung 3, Hess Forstl Versuchsanstalt, 2. Auflage

Bredemeier M (1988) Forest canopy transformation of atmospheric deposition. Water Air Soil

Pollut 40:121–138

Brumme R, Leimcke U, Matzner E (1992) Interception and uptake of NH4 and NO3 from wet

deposition by above-ground parts of young beech (Fagus silvatica L.) trees. Plant Soil

142:273–279

Christophersen N, Hooper RP (1992) Multivariate analysis of stream water chemical data: the use

of principal components analysis for the end-member mixing problem. Water Resour Res

28:99–107

De Vries W, Reinds GJ, van der Salm C, Draaijers GPJ, Bleeker A, Erisman JW, Auee J, Gundersen

P, van Dobben H, de Zwart D, Derome J, Voogd JCH, Vel EM (2001) Intensive monitoring of

forest ecosystems in Europe: technical report 2001. EC-UN/ECE 2001, Brussels, pp 166

Draaijers GPJ (1999) Canopy budget models applicable for use within the intensive monitoring

program. In: United Nations Economic Commission for Europe, Convention on Long–Range

Transboundary Air Pollution, International Co-operative Programme on Assessment and

Monitoring of Air Pollution Effects on Forests (eds) Manual on methods and criteria for

harmonized sampling, assessment, monitoring and analysis of the effects of air pollution on

forests Part VI. Measurement of deposition and air pollution. UNECE, CLRTAP, ICPAMA-

PEF, Geneva, Switzerland, pp 40–52

Draaijers GPJ, Erisman JW (1995) A canopy budget model to assess atmospheric deposition from

throughfall measurements. Water Air Soil Pollut 85:2253–2258

Draaijers GPJ, Erisman JW, Spranger T, Wyers GP (1996) The application of throughfall

measurements for atmospheric deposition monitoring. Atmos Environ 30

Draaijers GPJ, Bleeker A, van der Veen D, Erisman JW, Möls H, Fonteijn P, Geusenbroek M
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Chapter 16

Changes in Soil Solution Chemistry, Seepage

Losses, and Input–Output Budgets at Three

Beech Forests in Response to Atmospheric

Depositions

R. Brumme, H. Meesenburg, M. Bredemeier, C. Jacobsen,

E. Schönfelder, K.J. Meiwes, and J. Eichhorn

16.1 Introduction

Atmospheric depositions have increased substantially since industrialisation and

have affected many forest properties. Forest soils of low buffering to the acid load

as those of sandy or silty texture significantly declined in soil pH and some essential

nutrients during the last decades (see Chap. 21) causing a controversial discussion

about the stability of such forest ecosystems (Ulrich 1981, 1987, 1992, 1994b). Of

1,700 soils studied in the forest soil survey programme of Germany, 60% of all soils

have pH(H2O) <4.2 (Wolff and Riek 1997a, b). N deficiency, which has been a

common feature of forest stands in the temperate region (Tamm 1991), does not

occur any more due to high N deposition rates in Europe (except of north and east

Europe). On the contrary, the N supply has increased as indicated by high N

contents of the tree foliage and surface organic layer samples (Tietema and Beier

1995; Alewell et al. 2000b; McNulty et al. 1991; Wolff and Riek 1997a). Nitrate

losses with seepage water have increased at some locations (Dise and Wright

1995; Bredemeier et al. 1998; Matzner et al. 2004; Borken and Matzner 2004),

which led to a discussion about the saturation of forests with nitrogen (e.g. Ågren

and Bosatta 1988; Tamm 1991; Gundersen et al. 1998; Aber et al. 1998). How-

ever, political actions by European countries have led to a noticeable decline

in atmospheric depositions of sulphur and nitrogen in the 1980s and 1990s

(Ferrier et al. 2001) raising questions about the recovery of forest ecosystems

from soil acidification. A general recovery of alkalinity of lakes and streams was

observed in all regions of Europe in the 1990s (Stoddard et al. 1999) except at

many sites in central Europe where a significant delay in aquatic recovery from

acidification (Alewell et al. 2000a) was observed. Recovery of water acidifica-

tion can take decades, because of the release of previously stored sulphate from

soils with a high storage capacity for sulphate continues leading to acidification

of aquatic systems (Matzner 2004). Moreover, many of the European forest

stands are experiencing changes due to the so-called ‘‘climate change’’ phenom-

enon. For example, significant changes in the climate at the Solling site with
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increased air temperature and precipitation have been recorded since the Solling

project was established in 1966 (see Chap. 2). All these impacts on forest eco-

systems constitute the basis for extensive research for which the most promising

tool is the long-term monitoring of element budgets of representative ecosys-

tems. This allows one to follow forest development under changing environmental

conditions.

Three beech forests covering a range of soil properties were considered in

this study to evaluate the effects of acid and nitrogen depositions, especially on

carbon and nutrient turnover and pools. Soil solution chemistry was studied at

different depths to observe the reactions of deposited elements with soil matrix.

For quantifying the element fluxes with seepage, water output was estimated by

modelling the water balance on each site. The response of soil solution to

decreasing atmospheric deposition was studied by trend analysis. Input–output

(I/O) budgets were used to assess the overall increase or loss of elements for the

stands. The annual I/O budgets were established for three periods of roughly a

decade each: (1) from 1969 to 1980, when the atmospheric deposition of SOx and

NOx increased to peak emissions in Europe, (2) from 1981 to 1989, when deposition

started to decline, and (3) from 1990 to 2002 when deposition further declined

(Ferrier et al. 2001) as a result of an international agreement in Europe under the

Convention on Long Range Transboundary Air Pollution (CLRTAP) of the United

Nations Economic Council for Europe (UN–ECE). The selected beech forests were

intensively studied during the observational periods and the results have been

previously presented in many publications. An update of the results will be pre-

sented here. For the most extensive publications on input–output analysis of

preceding periods refer to Matzner (1989), Ulrich (1994a), Meesenburg et al.

(1995) and Eichhorn (1994, 1999).

Our intention was to address the following questions in this chapter. (1) How do

these ecosystems with different soil properties respond to acid depositions? (2) Do

these ecosystems accumulate or lose N, and are they linked to the soil chemical

status? (3) How do these ecosystems respond to decreasing atmospheric depositions

of sulphuric acid and base cations? (4) Are there any indications of recovery from

high depositions of acid and N?

16.2 Soil Solution Collection and Statistical Analysis

Monitoring of soil solution (measurement of ion concentrations) started at the

Solling site in 1969 at the interface of the organic layer and mineral soil (depth

0 cm) and in the subsoil (�90 cm depth). From 1981 onwards, the monitoring was

extended with soil solution sampling at several other soil depths, e.g. �20 cm

depth. At the Göttinger Wald site, soil solution monitoring started in 1981, and at

the Zierenberg site, in 1989 at several soil depths. The monitoring is still being

continued.
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Soil solution is collected by suction plates and suction cups (tension lysimeters)

which sample soil solution at the same place producing a time series with short

sampling intervals during several years. A detailed description of the technique

applied is given by Meiwes et al. (1984), and Meesenburg et al. (1997) for the

Solling and Göttinger Wald sites and by Jochheim (1992) and Eichhorn (1995) for

Zierenberg site. The lysimeters were installed with three to ten replicates at fixed

soil depths of 0, 20 and 90 cm at Solling, 5, 20 and 100 cm at Göttinger Wald, and

20, 60 and 100 cm at Zierenberg. Soil solution is collected at weekly or biweekly

intervals. Combined samples of two to three lysimeters of each depth are sampled

weekly at Solling and Göttinger Wald, which are pooled to monthly samples for

chemical analysis. Biweekly samples from Zierenberg are analysed for each lysim-

eter separately. Analytical methods are described by Fassbender and Ahrens (1977)

and König and Fortmann (1996a–d).

Linear regression analyses were used to describe the temporal variability of

solute concentrations and to detect trends. Analyses have been performed for

annual mean concentrations or solute fluxes for the period 1981–2002 for Solling

and Göttinger Wald and for 1990–2002 for Zierenberg. Statistical analyses have

been performed with the software package SPSS 11.5 (SPSS).

16.3 Modelling of Water Fluxes

We used the hydrology model SIMPEL for the estimation of evapotranspiration and

water fluxes beneath the rooting zone (Hörmann 1997). Although other hydrology

models are available (Hörmann and Schmidt 1995; Tiktak and van Grinsven 1995),

we chose SIMPEL because it has been successfully calibrated to various forest

ecosystems including beech stands (Hörmann and Meesenburg 2000), and because

of its limited requirement for input data.

SIMPEL is a very simple hydrologic model. A detailed description of SIMPEL

is given by Hörmann (1997, 1998). Thus, only a short overview of the basic

principles is given here. SIMPEL uses a capacity approach for the simulation of

water fluxes. Three consecutive storages (ecosystem layers) are defined: the canopy

of the stand, the litter layer and the soil layer. Potential evapotranspiration within

SIMPEL can be calculated with different methods ranging from simple (e.g.

Thornthwaite 1948) to more physically based equations (e.g. Penman 1948/Monteith

1965). Interception is simulated as a simple bucket model with canopy water storage

capacity as the only parameter. Canopy water storage capacity can be estimated by

using leaf area index (LAI) which is considered to change in time according to

phonological phases. The soil water storage is defined by field capacity, permanent

wilting point and maximum rooting depth. Outflow from the soil water storage above

field capacity is the difference between infiltration and transpiration. Below field

capacity, seepage is simulated according to Glugla (1969). The reduction from poten-

tial to actual evapotranspiration is calculated using a linear reduction function where
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transpiration starts to be restrained at the reduction limit and ceases at the perma-

nent wilting point.

In the present case, the canopy layer and the litter layer have been omitted from

the model. Measured values of stand precipitation were used as infiltration data into

the soil storage. For the estimation of potential evapotranspiration, a derivation

of the Penman/Monteith formula with constant values for albedo, aerodynamic and

canopy resistance has been used. Global radiation, air temperature and relative

humidity are required as site-specific input parameters for the calculation of

potential evapotranspiration. No site-specific climatic data are available for the

whole simulation period of the study sites. Thus, data from nearby climate stations

of the German Weather Service (DWD) have been used for the simulations. Site-

specific transfer functions for the extrapolation of the DWD data were derived from

short-term measurements at the study sites. Global radiation has been calculated

from sunshine duration using the Angström formula (DVWK 1996). A common set

of parameter values for the three study sites was used for the soil module (Table 16.1).

Only the reduction limit served as a calibration parameter. The model has been run

on a daily time step.

16.4 Calculation of Input–Output Balances

of Various Elements and Acid Production

Element fluxes at 100 cm soil depth (soil output) were obtained by multiplying the

element concentrations in soil solution with the respective water flux for that

period. For periods with missing values of soil solution concentrations (no soil

solution sample), a linear interpolation between the preceding and the following

periods was applied.

Element budgets of the ecosystems and the production of acidity were calculated

using the approach suggested by Ulrich (1994a). The budget of any solute is the

difference between total deposition and seepage output. Additional input of base

cations by mineral weathering was estimated by using the PROFILE model

(Sverdrup and Warfvinge 1992) (Table 16.2). The mineral composition of the

soils used for weathering estimates is described in Chap. 3. The weathering rates

for Ca and Mg are similar to the rates obtained by the so-called ‘‘historical’’ method

which was applied for the Solling site (Wesselink et al. 1994). ZrO was used as an

Table 16.1 Input parameters and parameter values for the soil module of SIMPEL

SIMPEL input parameter Unit Göttinger Wald Zierenberg Solling

Field capacity Vol.% 25 25 25

Permanent wilting point Vol.% 12 12 12

Reduction limit Vol.% 20 19 24

Maximum rooting depth Cm 180 180 180
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internal standard to calculate historical weathering rates by comparing the mineral

pools at 60 cm depth with the composition in the reference C horizon at 180 cm

depth. Unfortunately, the Solling soil does not contain loess material in the C horizon,

so a loess profile southeast of Solling was used which has a mineralogical composi-

tion similar to that of the Solling site in the topsoil. While the historical weathering

rates for Ca (8 mmolc m�2 per year) and Mg (30 mmolc m�2 per year) were

identical, the rates for Na (5 mmolc m
�2 per year) and K (6 mmolc m

�2 per year)

were much lower than the estimates obtained with the PROFILE model indicating

methodological problems in estimating realistic weathering rates. N release by

weathering was assumed to be negligible. Export of cations by biomass was

estimated as net accumulation in plant biomass by Rademacher et al. and included

an aboveground increment (>7 cm diameter) and coarse roots (>2 mm) (Chap. 8).

The acid load of the ecosystems by deposition and system-internal H production

was calculated (see Sect. 16.10) according to Ulrich (1994a) and is the sum of

following values:

(1) Acid input: positive budget values (input > output) of Ma cations (H, Mn, Al,

Fe) (input =total deposition + the negative equivalent of the sum of cations

taken up for plant increment; output =leaching losses).

(2) N transformation: NH4 input –NH4 output –NO3 input +NO3 output.

(3) S release: negative budget values of SO4. Dissolution of aluminum sulphate

represents the mobilisation of previously stored H2SO4 from atmospheric

deposition in the solid soil phase (Prenzel 1983).

(4) Weak acidity (carbonic and organic acids) is calculated as the charge balance

difference. Cl is only taken into account in the calculation if a negative budget

cannot be attributed to the loss of neutral salts, i.e. if the budget is not balanced

by Mb cations.

(5) Mb retention: positive budgets of Mb cations (Na, K, Mg, Ca) corrected for

neutral salt accumulation. Mb cations are bound to acidic groups releasing Ma

cations (e.g. protons).

Table 16.2 Net element retention for annual increment by trees (from Chap. 8) and element

weathering (mmolc m
�2 per year) on the three beech sites. H is the negative equivalent of the sum

of base cations (Na, K, Mg, Ca)

Flux Na K Mg Ca H Ntot

Solling Uptake 0 8.2 6.8 21 �36 43

Weathering 26 52 27 8 �113 0

Göttinger Wald Uptake 0 22 18 151 �190 126

Weathering 7 20 27 1,179 �1,233 0

Zierenberg Uptakea 0 7.5–12 4.6–13 33–55 �45 to �79 38–63

Weathering 5 56 202 67 �331 0
aUptake is given as x –SD and x +SD (x mean, SD standard deviation). The mean was calculated

based on the measured breast diameter and height at Zierenberg site (Chap. 8), regression analysis

for the different biomass compartments and the basal areas from the Göttinger Wald and Solling

sites (Peter Rademacher, personal communication), and element concentrations (mean � SD) of a

literature review by Jacobsen et al. (2003) of which the concentrations for noncalcareous soils

were taken
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16.5 Solution Composition From Soils of Different

Buffer Systems

Sulphate is the dominant anion in the soil solution at the Solling site (Table 16.3)

which is related to its high atmospheric depositions. For this highly acid soil Al and

H occur in all soil layers. A strong relation between Al and sulphate and nitrate in

soil solution was found to be typical for soils with base saturation values of <25%

and pH values of <4.5 for 192 sites spread over 12 European countries (de Vries

et al. 2003). In soils with base saturation values of >25% and pH values of >4.5,

there was a strong relationship between Ca and strong acid anions, indicating that

the acidity in these soils is mainly neutralised by the release of base cations. Soils of

Göttinger Wald and Zierenberg fall in this group with mean base saturation values

of>93% (Chap. 3). High H concentration in soil solution below the surface organic

layer at Solling (Table 16.3) has atmospheric deposition and nitrification processes

as primary sources (Chaps. 13 and 15). Since buffer substances are absent in the

surface organic layer most of H is leached and buffered in the mineral soil as

indicated by low pH values of soil solution (pH 4.1–4.5). Owing to the low content

of silicates such as feldspars and illites in the Solling soil and the advanced level of

acidification in this soil, silicate weathering does not buffer all the protons

completely. Therefore, Al occurs in considerable concentrations making up more

than 50% of the sum of cations in solution of the mineral soil layers. However, at

>80 cm soil depth proton buffering capacity increases due to a higher content of

illites causing slightly lower concentrations of H and Al in the soil solution. Al

occurs predominantly in monomeric form in the soil solution collected at >20 cm

depth which is supposed to be toxic for tree roots whereas less toxic soluble organic

Al complexes occur in solutions from below the surface organic layer (Dietze and

Ulrich 1992).

At the less acid Göttinger Wald and Zierenberg sites, acidity generated by the

system internal processes or added through atmospheric depositions is buffered by

easily weatherable silicates or carbonates, as indicated by solution pH values of

6.1–8.0 and high concentrations of Ca and Mg in soil solution. Buffering of protons

by Al silicates occurs only in the acidified surface mineral soil where carbonate is

absent as indicated by Al concentration in soil solution. Increased concentrations of

Ca and Mg indicate buffer reactions with carbonates at>5 cm soil depth (Göttinger

Wald) and at >60 cm soil depth (Zierenberg). HCO3 is the accompanying anion of

Ca and Mg. HCO3 was not measured but could be calculated as the excess of

cations over anions in soil solutions where organic anions are negligible (S+� S�,

Table 16.3). High Mg concentration in the soil solution from Zierenberg originates

from dissolved Mg-rich minerals like olivine, pyroxene or hornblende of the

basaltic debris (Chap. 3).

Concentrations of SO4 and Cl increased with soil depth due to their discrimina-

tion by plant roots during water uptake. However, increase in the concentration of

SO4 with depth was smaller than that of Cl during the period of 1969–1980 at

Solling (Table 16.3) which was explained by the SO4 retention in this highly acidic
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soil (Ulrich et al. 1980; Meiwes et al. 1980; Khanna et al. 1987; Alewell et al.

2000b). The retained SO4 was released into the soil solution after 1985 as indicated

by the higher increase in concentration of SO4 than that of Cl during 1990–2002.

This also resulted in a negative sulphur budget (Sect. 16.9). Retention or loss of SO4

in acid soils is explained by the formation and dissolution of aluminum hydroxyl

sulphate (AlOHSO4, e.g. Jurbanite) (Meiwes et al. 1980; Prenzel 1983), by adsorp-

tion processes (Alewell et al. 2000b) and by retention in biomass. AlOHSO4 may

exist as an intermediate product on the surface of other minerals in soils, and is

dissolved when pH values increase to produce Al and SO4 in soil solution.

The nitrate concentration in soil solution of the three sites followed the order:

Solling < Göttinger Wald < Zierenberg (Table 16.3). High concentrations of

nitrate in the solution collected below the litter layer indicated high mineralisation

rates in the surface organic layer at the Solling site. But relatively high concentra-

tions of NH4 suggested that N was only partly nitrified in the acid surface organic

layer. Controlled incubation studies showed that nitrification rate was low in the F

horizon of the surface organic layer which was explained by the absence of

autotrophic nitrifiers and low activity of heterotrophic nitrifiers (Chap. 13). A

decrease in the concentrations of ammonium and nitrate with soil depth at the

Solling site suggested their transformation or uptake at deeper depths. Ammonium

concentrations are generally low due to high nitrification rates in the less acid soils

of Zierenberg and Göttinger Wald (Chap. 13). In these soils, mineralisation pro-

cesses occurred in the mineral soil and were maintained by bioturbation of organic

matter by earthworms that resulted in high nitrate concentrations in the Ah horizon.

Very high nitrate concentrations below 100 cm depth at Zierenberg indicated high

N losses with seepage water.

Concentrations of dissolved organic nitrogen (DON) were high, its values lying

between those of ammonium and nitrate concentrations (Tables 16.3 and 16.4).

DON and dissolved organic carbon (DOC) values decreased with increasing soil

depth as has been observed in several studies (Kaiser and Zech 2000; Michalzik

et al. 2001). The ratios between DOC and DON slightly decreased with depth at the

Göttinger Wald and Zierenberg sites and increased at the Solling site. However, the

values of these ratios (13–56), when calculated from long-term mean concentra-

tions in Table 16.4 were in the range as reported by Michalzik et al. (2001) who

compiled such data for temperate forests.

16.6 Temporal Trends in Soil Solution Chemistry

Stricter emission control measures in Europe and structural changes in the industry,

i.e. reduction in the size of heavy industry and changes in the energy consumption

and fuel mixtures used for energy production, significantly reduced atmospheric

deposition since mid 1980s in Europe (Ferrier et al. 2001). Atmospheric depositions

peaked around 1985 across Europe. The long-term observations at the Solling and

Göttinger Wald sites showed a decrease for sulphur (�60% at Solling and Göttinger
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Table 16.4 Mean pH, mean concentrations and standard deviation of spatial replicates

(mmol L�1) of total nitrogen (Ntot), dissolved organic N (DON), and dissolved organic C (DOC)

in soil solutions collected from different sampling depths and for different sampling periods at the

three study sites (n.d., not determined)

Depth Period pH Ntot DON DOC

Mean, Solling

0 cm 69–80 3.8 406 98 n.d.

81–89 3.7 433 103 n.d.

90–02 3.8 188 78 3,490

20 cm 81–89 4.2 168 34 n.d.

90–02 4.4 49 13 729

90 cm 69–80 4.1 44 19 n.d.

81–89 4.3 24 0 n.d.

90–02 4.5 17 0 182

Mean, Göttinger Wald

5 cm 81–89 6.4 403 84 1,427

90–02 6.3 120 62 1,886

20 cm 81–89 7.3 375 69 983

90–02 7.5 243 52 1,053

100 cm 81–89 7.8 369 68 863

90–02 8.0 152 36 827

Mean, Zierenberg

20 cm 90–02 6.1 813 83 1,879

60 cm 90–02 6.7 821 66 954

100 cm 90–02 7.2 590 37 747

Standard deviation, Solling

0 cm 69–80 n.d. 122 23 n.d.

81–89 n.d. 75 18 n.d.

90–02 n.d. 72 23 1,012

20 cm 81–89 n.d. 34 0 n.d.

90–02 n.d. 3 3 121

90 cm 69–80 n.d. 25 26 n.d.

81–89 n.d. 2 3 n.d.

90–02 n.d. 4 2 34

Standard deviation, Göttinger Wald

5 cm 81–89 n.d. 120 11 262

90–02 n.d. 11 2 84

20 cm 81–89 n.d. 100 12 217

90–02 n.d. 93 25 294

100 cm 81–89 n.d. 62 8 142

90–02 n.d. 65 10 164

Standard deviation, Zierenberg

20 cm 90–02 n.d. 432 35 639

60 cm 90–02 n.d. 519 32 408

100 cm 90–02 n.d. 195 23 196
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Wald), H (�72% at Solling and Göttinger Wald), and nitrogen depositions (�38%

for Solling and �20% for Göttinger Wald) for the periods 1981–1989 and 1990–

2002 (Chap. 15). Emission control measures such as air filtration on large combus-

tion plants have led to the reduction in depositions of other essential nutrients such

as base cations which have decreased by about 60% at the Solling and Göttinger

Wald sites (Chap. 15). These reductions in the atmospheric deposition have

changed the soil solution chemistry significantly as indicated by long-term moni-

toring data of the Solling and Göttinger Wald sites. However, these trends are less

distinct at the Zierenberg site due to the short observational period. Trend analysis

of soil solution concentrations performed by linear regression analysis showed

declining trends for several elements (Table 16.5) which is most consistent for

sulphate at all the three beech sites (Fig. 16.1). The effect of reduced atmospheric

depositions on soil solution chemistry was most pronounced at Solling where a

significant reduction in the concentrations of most elements was observed. Mb

cations (Na +K +Mg +Ca) also showed a dramatic decrease in soil solutions

collected at 90 cm depth (Fig. 16.2). The amount of exchangeable base cations

have decreased from 35 to <20 kmolc ha
�1 during 1969 to 2001 (Chap. 3).

At the Göttinger Wald and Zierenberg sites, this reduction in atmospheric

depositions had only a small effect on soil solution chemistry. There was a

decreasing trend in base cations and an increasing Al content indicating still

ongoing acidification of the surface soil at the Göttinger Wald site (Table 16.5)

despite the decrease in acid depositions. There was a higher reduction of nitrate

concentration in soil solution than in total atmospheric depositions pointing to a

reduction in mineralisation, which was probably induced by the increased acidifi-

cation in the topsoil at the Göttinger Wald site. The Zierenberg site did not show

any effect in the surface 20 cm soil except for K and Mn. However, an increase in

Al and H at a depth of below 20 cm pointed to acidification in relation to high net

nitrification. Fluxes of Al, H and nitrate increased with time at 100 cm soil depth

(Table 16.7).

Table 16.5 Temporal trends of concentrations in soil solution at different depths (cm) of the

Solling (SO) and Göttinger Wald (GW) sites from 1981 to 2002 and of the Zierenberg (ZB) site
from 1990 to 2002

Site Depth Na K Mg Ca H Mn Al TIC NO3 Ntot DON SO4 Cl

SO 0 � – – – – – – � – – – – – – – – – – – – –

20 � – – – – – – – – – – – – – – – – – – – – –

90 � – – – – – – – – – – – – � � � – – – –

GW 5 � – – – – – – � � ++ � – – – – � – – –

20 � – – – � � � – ++ � – – – – – – –

100 � � – � – – – – – – ++ – – � – – – –

ZB 20 � – – � � � – – � � � – – – �
60 � – – � � � – – ++ � � � – – �
100 � � � � ++ – – ++ � � � – – �

Test of trend with correlation coefficient after Pearson; � no trend, + significant increasing trend

p �0.05, ++ highly significant increasing trend p � 0.01, � significant decreasing trend p � 0.05,

� � highly significant decreasing trend p � 0.01
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There was a decrease in nitrate concentration in soil solution which could be

observed clearly below the surface organic layer and this decrease followed the

declining trend in N depositions (Chap. 15). Nitrate concentrations increased during

1970s, stayed constant during 1980s, and then declined to values observed at the

beginning of the 1970s (Fig. 16.3). The magnitude of changes in nitrate concentra-

tion decreased with increasing soil depth (Fig. 16.4; Table 16.5) at the Solling and

Göttinger Wald sites but no temporal trend was observed at the Zierenberg site

probably because of the short observation period. Since deposited ammonium is

either immobilised in the surface organic layer as was indicated by 15N studies

(Chap. 14) or is nitrified, ammonium concentration in the solutions did not show

any temporal pattern.

Toxic effects of monomeric Al on roots and soil fauna are commonly expressed

through molar ratios of base cations (BC) to Al (Sverdrup and Warfvinge 1992;

Cronan and Grigal 1995; de Vries et al. 2003). (Mg+Ca)/Al ratio of less than 1.0–3.0

in soils with low BC concentrations as proposed by Sverdrup andWarfvinge (1992)

indicated a high degree of stress on plant roots which was the case for the Solling

site (Fig. 16.5). In such situations, the rhizosphere activity may mitigate the adverse

effects of Al (Högberg and Jensén 1994).

The alkalinity of the solution is used as a measure of the recovery of lakes,

streams or soils from acidification (Reuss and Johnson 1986; Alewell 2001) and

was calculated for the Solling site as (Na +K +Ca +Mg +NH4) –(Cl +NO3 +SO4).

The alkalinity was negative when soil solution sampling started at Solling in 1969

(Fig. 16.5). The temporal pattern of alkalinity inversely followed the concentrations

of sulphate, for example from 1975 to 1989 at the Solling site concentration of

sulphate was high but alkalinity was very low. Since the beginning of the 1990s, the

alkalinity has increased to values which are slightly higher than those at the

beginning of the 1970s though still negative. A similar increase in alkalinity of

soil solution was reported by Matzner et al. (2004) who interpreted it as a slight but

significant recovery of soil solution from acidification.
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16.7 Hydrologic Regime

For the determination of solute outputs, estimates of soil water fluxes have to be

coupled with nutrient concentrations obtained by the sampling of soil solution. For

none of the study sites, direct measures of all water fluxes, especially the drainage

(e.g. by the use of calibrated watersheds) are available. Thus, a number of water

fluxes were estimated by using simulation model (see Sect. 16.3).

During 1990 to 2002, simulated mean potential evapotranspiration (interception

not included) was highest for the Göttinger Wald site and lowest for the Solling site

(Table 16.6). Differences in actual evapotranspiration among the three sites fol-

lowed the same order but were smaller in magnitude. The highest evapotranspiration

at the GöttingerWald site is related to higher air temperatures at this site (Chap. 2). Due

to very different precipitation and interception values on these sites, the outflow

flux from soils is also very different with Solling having the highest value. Mean

output water flux of 638 mm for the Solling site was similar to the value of 588 mm

given by Benecke (1984) for 1969 to 1975 and of 572 mm by Ellenberg et al. (1986)

for 1976–1981. The present simulation with the SIMPEL model yielded an average
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output flux of 568 mm for 1976–1981. Mean annual soil water fluxes for the

Zierenberg and Göttinger Wald sites were calculated to be lower than those

observed for the Solling site with large year to year variation in the values

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

90 cm

20 cm 
(C

a+
M

g)
/A

l (
m

ol
 m

ol
−1

)

a

−700

−600

−500

−400

−300

−200

−100

0

1968 1973 1978 1983 1988 1993 1998 2003

1968 1973 1978 1983 1988 1993 1998 2003

A
lk

al
in

ity
 (

m
m

ol
c 

L−1
)

b

Fig. 16.5 Time series of (a) the ratio between concentrations of base cations (Ca +Mg) and Al in

soil solution (molc molc L
�1) and (b) the soil solution alkalinity ((Na +K +Ca +Mg +NH4) � (Cl

+NO3 +SO4)) at 20 and 90 cm depths at the Solling site

Table 16.6 Mean annual values of measured (precipitation, interception) and simulated water

balance components (mm) for the study sites for the period 1990–2002 (evapotranspiration does

not include crown interception)

Göttinger Wald Zierenberg Solling

Precipitation 684 752 1,184

Interception 68a 148 253

Potential evapotranspiration 616 553 457

Actual evapotranspiration 387 368 293

Output water flux 229 236 638
aLow interception probably relate to an underestimation of precipitation
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(Fig. 16.6). At Solling, the lowest and highest values of annual output fluxes

occurred in 1977 with 370 and in 1998 with 908 mm. At Göttinger Wald, the

highest annual values of output flux (505 mm) occurred in 1981, and the lowest

value of 134 was calculated for 1991. The driest year at Zierenberg was also 1991

with 134 mm of output fluxes and the highest flux during the 1990–2002 observa-

tion period for Zierenberg occurred in 2002 with 471 mm.

Seasonal pattern of monthly output fluxes for water during the 1990–2002 (Fig. 16.7)

indicated that the highest values occurred in January and the lowest values in

August. Simulation with the SIMPEL model indicates that the outflow from these

soils occurred during the whole year, though at low rates during the summer

months.

The long-term observation at the Solling site revealed an increase in precipita-

tion and temperature (Chap. 2) and raised the question about future changes in the

hydrologic regime. However, energy input from global radiation remained more or

less constant and evapotranspiration did not change, so any surplus water from

increased precipitation will increase output water fluxes.
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16.8 Element Seepage Losses

Among the cations, the amount of Al loss was the highest at the Solling site (Table 16.7).

Losses of sulphate exceeded those of Al and caused losses of base cations such as

Mg and Ca. At the Göttinger Wald and Zierenberg sites, Ca is the main cation in the

soil solution (also Mg at the Zierenberg site) which is lost in large amounts.

Sulphate and HCO3 are the main anions accompanying Ca and Mg with seepage

water. Nitrogen losses are low or moderate at Solling (12 mmol m�2 per year) and

Göttinger Wald (32 mmol m�2 per year) in contrast to very high losses of 148 mmol

m�2 per year at Zierenberg.

Linear trend analysis of the mean solute fluxes indicated that flux trends were

somewhat different from those obtained for concentrations at the three beech sites

(Table 16.8). The negative trends indicated a decrease in solute fluxes and thus in

groundwater contamination and followed the pattern of emission reduction in the

1990s at the Solling and Göttinger Wald sites (the Zierenberg site was an excep-

tion). Decreasing trends in the fluxes of sulphate (highly prominent) and of Al, Ca,

Mg, Mn and K (significant) were observed at the Solling site, whereas the negative

trend of nitrogen at the Göttinger Wald site was not very clear because of very high

water fluxes at the beginning of the project in 1981 (see Fig. 16.5). Losses of nitrate

and DOC at the Zierenberg site increased in association with high output water

fluxes and this also led to higher losses of Mg, Na, K, Cl and DON.

16.9 Element Budgets

Annual mean values of total deposition, drainage losses and plant uptake for

increment were used to develop input–output budgets for a number of elements for

the three sites, which are presented as mean values of different periods in Table 16.9.
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16.9.1 Solling Site

The input–output budgets of this ecosystem (TD-SL) are positive for most of the

elements except aluminum and manganese in the first two decades, indicating their

retention within the ecosystem (Table 16.9). Losses of Al and Mn are due to high

acidity levels in this soil. I/O budgets for S and Mg indicate their losses during the

recent periods.

The long-term sulphate budget is driven by strongly decreasing input rates of

atmospheric deposition from 264 to 102 mmolc m
�2 per year (Table 16.9), accom-

panied by seepage rates which have decreased from 248 to 154 mmolc m
�2 per year

during the last two decades (Table 16.7). Thus, a delay in response of seepage

outputs to strongly decreased deposition results in negative values of balance in the

budget for sulphur. The temporal variation is high (Fig. 16.8) due to large fluctua-

tions of seepage water fluxes. Source of sulphate is the amount of S which has

accumulated in the soil during high atmospheric input conditions (Meiwes et al.

1980; Khanna et al. 1987; Alewell et al. 2000b). A net release of sulphate from acid

forest soils after emission reduction has recently been reported from other sites in

Germany (Matzner et al. 2004). Studies at the Fichtelgebirge mountains and the

Steigerwald hillside in South Germany indicated a net release of 4 kg in the period

of 1995–2001 and 19 kg S ha�1 per year for 1993–2001 similar to the Solling site

with losses of 8 kg S ha�1 per year in the period 1990–2002. Catchments studies

conducted in Europe showed a similar reduction in sulphate output. However, they

differed in their response to reduced sulphur depositions. Whereas catchments in

Table 16.8 Mean solute fluxes (90 cm depth (Solling) or 100 cm depth (Göttinger Wald and

Zierenberg)) and linear trends (slope of the regression functions) for the study sites for the periods

1981–2002 (Solling and Göttinger Wald) and 1990–2002 (Zierenberg)

Unit Solling Göttinger Wald Zierenberg

Mean Trend Mean Trend Mean Trend

H2O mm 588 235 236 16.74

H mmolc m
�2 per year 29 0.003 �0.0001 0.03 0.005

Ca mmolc m
�2 per year 19 �1.0 1,179 314

Mg mmolc m
�2 per year 18 �0.6 27 167 10.9

Na mmolc m
�2 per year 47 43 60 4.73

K mmolc m
�2 per year 6 �0.2 4 4 0.36

Al mmolc m
�2 per year 162 �7.6 1 �0.07 1.2 0.24

Mn mmolc m
�2 per year 10 �0.5 0.1 �0.004 0.06

Cl mmolc m
�2 per year 58 39 �1.8 52 2.65

SO4 mmolc m
�2 per year 208 �8.6 126 �8.4 112

NO3 mmolc m
�2 per year 10 46 �4.6 140 14.31

DON mmol m�2 per year 1 9 �0.5 8 0.71

Ntot mmol m�2 per year 14 59 �5.4 148 15.03

DOC mmol m�2 per year 93 160 181 19.16

Only values for significant trends p � 0.05 are given
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Scandinavia and the Czech Republic/Slovakia with shallow soils and relatively

small sulphate storage capacity responded quickly to decreased S input, the deeply

weathered soils in Germany with high sulphate storage capacity responded more

slowly to decreased deposition and this response was considered to be the results of

the release of stored sulphate (Alewell 2001; Prechtel et al. 2001).

When the amount of elements retained by plant increments (PI) is included in the

output value (TD-SO-PI) then the obtained budgets indicated that the Solling soil

which was a sink for Ca became a net source during the three decades of observa-

tion period (Table 16.9). The net source amounted to 11 mmolc m
�2 per year and is

higher than that calculated for mineral weathering (8 mmolc m
�2 per year; Sect.

16.4). When the amount of Ca released by mineral weathering is included in the

input, most of the Ca values remained under the zero line since 1992 (Fig. 16.9)

indicating a net loss of Ca. Both atmospheric depositions (TD) and seepage outputs
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Fig. 16.8 Long-term annual budgets of sulphate (total deposition – leaching losses) at the three

beech sites at Solling, Göttinger Wald and Zierenberg
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of Ca have decreased during this period. However, decrease in TD was higher than

the decrease in seepage losses. This pattern is hence quite similar to the one

observed for sulphate. Under these conditions, sustainable forest utilisation seems

to be no longer possible with respect to forest nutrition.

The long-term observation at Solling site indicated that exchangeable Ca decreased

from about 14 kmolc ha
�1 in 1966 to 7 kmolc ha

�1 in 1983 (0–50 cm, Chap. 3), and

since then had stayed at this low level indicating a significant decline of plant

available Ca. This may partially be due to the retention of Ca in the surface organic

layer for which the amount increased from 4.5 to 8.8 kmolc ha
�1 from 1966 to 2001

(Chap. 4). As the mass of surface organic layer at the Solling site increased, it

retained C, N, Ca and other elements. Foliage Ca levels showed Ca deficiency

(Chap. 5) without any prospect of recovery since input by weathering and TD did

not cover the plant demand for growth increment. The recent decrease in TD and

exchangeable Ca and its retention in the surface organic layer will have some long-

term consequences on the nutrition and vitality of trees in future.

Mg showed similar decreasing trends in total deposition and leaching losses as

Ca. The decrease in TD of Mg (from 19 to 10 mmolc m
�2 per year, Table 16.9)

exceeded the decline in leaching losses during the last observation decades (from 20

to 14 mmolc m�2 per year, Table 16.7), thus TD did not cover the amount of

leaching losses. Considering the additional amount of Mg retained in plant incre-

ment (7 mmolc m
�2 per year) the total amount required annually in addition to that

received through TD at the Solling site, was about 11 mmolc Mg m�2 per year

(Table 16.9). Through mineral weathering about 27 mmolc Mg m�2 per year would

be released (Table 16.2) which may cover the requirements at the Solling site of

11 mmolc Mg m�2 per year as well as the additional amount required for humus

accumulation in surface organic layer (6 mmolc m
�2 per year). Even though the

overall ecosystem budget is positive the content of Mg in leaves pointed to its

deficiency (Chap. 11). Weathering rates might be realistic because two independent

methods estimated similar values for Mg (and Ca, see Sect. 16.4). Thus, a reduction in

Mg availability through interactions with Al in the apoplast of roots (Godbold and

Jentschke 1998) might be a plausible explanation for Mg deficiency at this acid soil.

A negative K budget (TD-SL-PI, �5 mmolc m
�2 per year, Table 16.9) and high

weathering rates of 52 mmolc m
�2 per year as calculated by PROFILE model of

Sverdrup and Warfvinge (1992) (Table 16.2) suggested that the overall budget was

balanced. The main assumption is that the weathering rate for K is realistic. This

may not be the case because the amount of exchangeable K did not show any

increase during the observational period of more than three decades at the Solling

site (Chap. 3). A much lower weathering rate of 6 mmolc K m�2 per year was

calculated by the ZrO method (see Sect. 16.4) which would just cover the negative

budget. However, K content in beech leaves revealed an increasing trend of K

deficiency during the last decade (Chap. 11). Thus, there was an overestimation of

K weathering by the PROFIL model. The same result is revealed for Na. The

ecosystem budget of +4 mmolc m
�2 per year is just balanced by the weathering rate

calculated by the ZrO method (5 mmolc m
�2 per year) whereas a much higher value

was estimated by the PROFILE model (26 mmolc m
�2 per year). Losses of Al and
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Mn decreased in time (Table 16.9) which indicated that, due to low inputs of H

through atmospheric depositions, the amount of protons buffered through the

release of Al was also reduced.

High amount of nitrogen inputs from atmospheric depositions was retained at the

Solling site, which was more than 281 mmolc m
�2.per year (about 39 kg N ha�1 per

year) during the first two observation periods (Table 16.9). During the last decade,

N retention decreased markedly to 174 mmolc m
�2.per year (24 kg N ha�1 per year).

As the amount of N lost by leaching is low at this site and the annual amount retained

by plant increment is constant and low (43 mmolcm
�2.per year or 6 kg N ha�1 per

year), the main reduction in N retention occurred in the soil which has decreased

from about 33 to 18 kg N ha�1 per year (Fig. 16.10). Most important for N retention

at the Solling site is the surface organic layer where on average 21 kg N ha�1 per

year were accumulated during the 36-year period (Chap. 3). This increase was

assigned to the increase in mass of surface organic layer, though the C/N ratio did

not change. According to the extensive studies by Berg and McClaugherty (2003),

high N content in freshly fallen litter would decrease its decomposition in the long-

term and would thus increase the amount of organic matter remaining in the surface

organic layer. Berg (2003) calculated from the data on humus accumulation at

Solling site and decomposition studies of litter from another 26 European beech

forests that incomplete litter decomposition may sequester about 27 kg N ha�1 per

year at the Solling site which is in the range of the value obtained for other sites.

16.9.2 Göttinger Wald Site

Temporal changes in the input–output (I/O) budgets at Göttinger Wald site do not

indicate any clear trends for most of the elements (Table 16.9). However, for some

individual years, the N budget values was negative (Fig. 16.10). At this site, N is not
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Fig. 16.10 Long-term annual budgets (total deposition � plant uptake � leaching losses) of total

N at the three beech sites at Solling, Göttinger Wald and Zierenberg (for Zierenberg, the mean

uptake for increment was used)
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retained by the soil because of the low amount of organic matter in the surface

organic layer and high biological activity. The amount of N retained by plant

increment is about three times higher than at the Solling site (Table 16.2). I/O

budgets of Ca, Mg, K and Na are negative indicating high amount of outputs by

seepage water and plant increment. Weathering rates of Mg and K would just meet

the demand for considering the relationship TD-SL-PI, by assuming weathering

rates were correctly estimated by the PROFIL model. Foliage nutrient levels

indicated sufficient levels for Mg, an optimal level of nutrition for K and a luxuriant

nutrient level for Ca. Budgets for aluminum and sulphur generally exhibited small

values when compared to the Solling site. However, a shift from sulphur retention

(period 1981 to 1989) to a release of stored sulphur from the soil (1990–2002, Table

16.9) was observed which is expected to cause an increased acid load for the soil.

16.9.3 Zierenberg Site

At the Zierenberg site, where the observation period was the shortest of the three, a

general trend towards more negative values of I/O budgets for nutrients was observed,

despite a strong seasonal character of the values. The unique feature of the Zierenberg

site is the continuing high leaching loss of N. The amount of N in seepage output and

sequestration by growth increment was 15–40 mmolc m
�2 per year more than total

N deposition at this site indicating an annual loss of 2–6 kg N ha�1 per year from the

soil (Table 16.9). Figure 16.10 indicates an increasing trend of nitrate fluxes which

was positively correlated with precipitation rates (r2 = 0.73) and water output rates

(r2 = 0.82), though the amount of N deposition did not change much. The negative

I/O budgets for N suggested a decrease of organic N pools in the soil (Eichhorn

1995; Eichhorn and Hüttermann 1994, 1999; Fried 2001). This loss of N through

humus degradation would assume high level of acidity or the presence of aluminum

in soil solution. OH-groups of phenolic substances could be masked by Al-cation

forming stable Al-complexes which is assumed to prevent further polymerisation

processes to larger organic molecules as proposed by Ulrich (1981). In general,

organo-metallic complexes are regarded to be stabilising soil humus (Blaser and

Klemedson 1987); however, dissolved organic carbon as a precursor of humus

showed a similar reaction with Al. Using lignin as a model, the enzymatically

catalysed polymerisation of phenols was clearly inhibited in the presence of Al-ions

(Jentschke 1984; Haars et al. 1989; Hüttermann et al. 1989). Aluminum and nitrates

were released into seepage water through acidification for which increasing positive

trends (Table 16.8) were observed. In addition to Al, other elements as K, Ca and

Mg were released by silicate weathering and carbonate dissolution, of which Ca and

Mg occurred in appreciable amounts in the output fluxes. Increased precipitation

rates and temperatures during the nonvegetation period of recent decades were

observed as a general trend (Chap. 2). This would increase the leaching losses of

nitrates at high nitrifying sites similar to Zierenberg during the nonvegetation

period, especially those with additional litter input from N-rich herbaceous vegeta-

tion like Urtica dioica.
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16.10 Acid Loading: Atmospheric Depositions

and System-Internal H Production

Production and consumption of H ions in ecosystems are determined by the input and

output of other ions as the electro-neutrality has to be maintained at any macroscopic

scale in soil solutions. During their uptake and losses electro-neutrality is preserved

through transfer of protons among different components of a system (Ulrich 1981,

1994a). Thus, the total ecosystem proton production rates can be inferred from the

input-output budgets of major ions (Bredemeier et al. 1990; Ulrich 1994a).

N transformation processes may play an important role for consumption and

production of protons. For each mole of NH4 input, one mole of H is released if

taken up or 2 moles of H will be produced if completely nitrified (according to the

overall stoichiometric equation NH4
+ +2O2!NO3

� +2H+ +H2O). Thus, depending

upon the sources and fate of N, the total proton production can be calculated. For

the methodology to calculate acid budgets refer to Sect. 16.4.

The overall total acid production rates were highest at Göttinger Wald (>1 mol

m�2 per year in both decades, where a significant part of the total protons was weak

acidity from carbonic acid dissociation (73% and 81% of the total protons produced

in the two consecutive periods) (Table 16.10). This acidity is primary buffered

through dissolution of limestone (carbonate buffer range) and the release of Ca into

the solution phase. This process is therefore related to the amount of precipitation as

indicated by positive correlation between water output and production of weak

acidity (r2 = 0.94) and losses of Ca (r2 = 0.94) and Mg (r2 = 0.77) with seepage

water. The contribution of atmospheric deposition and uptake of base cations for

plant increment to the total production of acidity has decreased from 23 to 18% (of

which plant increment contributed to about 14%) reflecting the decline in atmo-

spheric depositions.

Table 16.10 Mean annual acid production rates in mmol m�2 per year calculated from input/

output balances (considering total deposition, plant increment, and leaching losses), given sepa-

rately for the consecutive decades, and relative contributions of four different processes to the total

at the Solling, Göttinger Wald and Zierenberg sites, calculated according to Ulrich 1994a

Site Period Total H+

production

(mmol m�2

per year)

S release

(% of

total)

N transformation

(% of

total)

Acid input

(% of

total)

Weak

acidity

release

(% of total)

Solling 76–80 284 3 18 67 8

81–89 280 4 12 75 4

90–02 150 34 17 46 8

Göttinger

Wald

81–89 1,400 0 6 23 73

90–02 1,300 1 2 18 81

Zierenberg 90–02 407–416 6 35–36 23–26 35–36

H production by Mb retention is not shown. Acid input refers to the sum of positive budgets of H,

Mn, Al and Fe. Weak acidity refers to carbonic and organic acids
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At Zierenberg, the weak acids contributed 35–36% to the total proton load which

occurred in deeper soil layers close to the boundary of tertiary basaltic debris over-

laying Triassic limestone. The proportion of protons produced fromN transformation

processes was 35–36% of the total proton load at the Zierenberg site, where nitrifica-

tion was highest among the three sites. The input of acid contributed to 23–26% of the

total load of which plant increment added 19%. Proton buffering occurred through

consumption of protons for weathering of primary silicates or carbonates causing the

release of Mb cations of which Ca and Mg dominated the soil solution.

Due to the acid conditions at the Solling site the production of weak acidity was

low and consisted almost exclusively of organic acid deprotonation (4–8% of the

total load). The primary sources of acidity in this ecosystem were the inputs by H

deposition and the negative equivalent of base cations taken up for plant increment.

The total amount of proton load decreased from 280 to 150 mmol m�2 per year

during the last two decades. The relative proportion of acid input to the total load

decreased from 75 to 46% (Table 16.10), of which 14–24% were contributed by

cation retention by plants. Contribution of N transformations to acid load at the

Solling site was primarily related to the retention of deposited ammonium whose

relative proportion to total acid load increased from 12 to 17% during the last two

decades, despite a decrease in acidity produced by N transformation from 35 to 25

mmol m�2 per year. The most important component of the current acid load at

Solling is the release of stored sulphate increasing from 12 to 52 mmol m�2 per year

and contributing about 4% and 34% to the total acid load during the last two

decades. This resulted in delaying the recovery from soil acidification. A delay in

recovery from soil acidification due to release of sulphate present in the deep

weathered acid soils has been shown to be widespread in central Europe (Alewell

et al. 2000a). Total acid load at Solling would have been higher than 150 mmol m�2

per year if the acid production for the uptake and accumulation of base cations in

the surface organic layer were included in the calculation. Assuming that Na, K, and

Mg were retained in the same proportion as Ca, an additional potential of H load of

30 mmol m�2 per year has to be considered. Buffering of acidity at Solling occurred

predominantly by the leaching of Al which contributed about 54% of the sum of

cations in the output flux.

Declining N depositions suggested a decreasing trend in acidity production. H

generation by transformation of N at Solling decreased from 51, 35, to 25 mmol m�2

per year during the three decades (Fig. 16.11). The Göttinger Wald site showed a

small decreasing trend in protons, if the initial value was considered as an outlier in

the data. The H production by N transformations at Zierenberg, however, showed

an increasing trend which is driven by increased precipitation and water output

during the observation period. A higher loss of N with increased precipitation might

occur at sites where an excess of nitrates exist in the soil which is leached at higher

rates of water flow before N is retained by plants or microorganisms. The highest

value of acid production was observed in 2002 and corresponded to an acidification

rate of 360 mmol Hm�2. per year by N transformation alone, and this in turn makes

up 47% of total proton production in that year.
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16.11 Final Discussion

The long-term observation at the Solling and Göttinger Wald sites indicated that

total depositions had decreased for sulphur (�60% at Solling and Göttinger Wald),

H (�72% at Solling and Göttinger Wald), and nitrogen (�38% at Solling,�20% at

Göttinger Wald) and base cations (�60% at Solling and Göttinger Wald) between

two periods of 1981–1989 and 1990–2002. Emissions of SO2 have significantly

decreased since the mid-1980s in Europe (Ferrier et al. 2001). Deposition measure-

ments from other studies in Europe confirmed a decline by 38–82% for sulphate and

approximately 20% for inorganic nitrogen during the 1990s (Prechtel et al. 2001;

Wright et al. 2001). This poses the question as to what were the effects of these

changes on soils of different soil chemical states? The soil chemical properties

determine biochemical and biological properties and thus contribute to the stability

of an ecosystem (Ulrich 1994b). The three beech forests, Solling, Göttinger Wald

and Zierenberg, represent the range of soil properties in Europe, with calcareous,

intermediate and very acid soils, and thus could be regarded as typical representatives

of three contrasting forest ecosystem types with respect to element budgets. Owing to

differences in soil properties the response of these ecosystems to decreasing atmospher-

ic depositions differed widely.

16.11.1 Response of Acid–Base Soil Properties to Decreasing
Atmospheric Deposition

The decreasing sulphate depositions caused a decrease in sulphate export from all

three beech sites. Owing to the small contribution of deposited acidity to the total H

production at the carbonate-rich Göttinger Wald site, the response of soil solution

chemistry to decreasing atmospheric deposition was small. Solute concentration of
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Fig. 16.11 Comparison among the three sites of time series of acidity production by transforma-

tion of deposited N compounds
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sulphate, N and base cations in the surface 5 cm soil decreased, but that of Al

increased suggesting that soil acidification may have continued in this layer despite

the reduction in acid load. Similarly, it was not possible to assess if this decrease in

acid deposition has changed soil solution chemistry in the surface soil at the

Zierenberg site due to lack of solution sampling within 0–20 cm layer. At lower

depths at the Zierenberg site there was an increase in the concentration of Al and H

suggesting that soil processes significantly modified the concentration of solute in

atmospheric depositions. In addition, high precipitation and soil water drainage

during 1990–2002 increased nitrate losses at Zierenberg and thus contributed

further to increased soil acidification.

In the highly acid Solling soil, a decrease in leaching losses of almost all ions in

soil solution was observed indicating the importance of decreasing atmospheric

acid load for soil solution chemistry on similar sites. Though the total production of

acidity decreased during the last 10 years at the Solling site, changes in soil solution

composition were still of a minor nature. For example, the base-cations/Al ratio

remained low and the alkalinity of soil solution increased only slightly indicating

that the recovery of soil solution acidity was a very slow process in such soils. One

of the main reasons is desorption and the release of previously stored sulphate from the

solid phases (Stoddard et al. 1999; Alewell et al. 2000a). The net release of sulphate from

the soil profile amounted to about 8 kg ha�1 per year and contributed to 34% of total

acidity production at the Solling site during the last decade. The soil capacity to

adsorb sulphate is large, the modelled adsorbed pool in 2003 down to 100 cm was

1,030 kg S ha�1 for a ‘‘clean-rain’’ treatment in the Solling roof project adjacent to

the Solling beech forest (Martinson et al. 2005). Model prediction shows no recovery,

based on the criteria of Bc/Al ratio above 1 in the rooting zone, before the year 2050,

independent of future deposition cuts. Another reason for the delayed recovery is

related to low levels of base cations in the atmospheric depositions. The decrease in

calcium fluxes in total deposition exceeded the decrease in leaching losses. The Ca

budget clearly indicated that the ecosystem at the Solling site has changed from being

a sink to a net source. Foliage chemistry also showed deficiency of Ca and Mg in the

leaves (see Chap. 11). Thus, a further significant recovery in acidity of soil solution

is expected in future depending on the amount of sulphur stored in the soil. Similar

studies byMatzner et al. (2004) reported an annual net release of S from the soil profile

of 4 and 19 kg ha�1 as an average between 1993–1995 and 2001 at two sites. Long-

term trends in sulphate concentrations and fluxes in throughfall and streamwater of

20 European catchments revealed a similar trend (Prechtel et al. 2001). However, it

is highly unlikely that the Ca supply of the trees will improve without liming.

16.11.2 Response of N and C Budgets of Soils to Decreasing
Atmospheric Depositions

N depositions have also decreased at all sites but the decrease was only detectable at

sites where long time series (Solling and GöttingerWald) were available. The 13-year

observation period at Zierenberg was too short to detect such changes. A significant
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decreasing trend in nitrate concentrations was detectable only in the surface soil

layers of the Solling and Göttinger Wald sites. Most of the 21 kg ha�1 per year N

atmospheric inputs at Göttinger Wald were retained for annual increment by plants

(18 ha�1 per year, considering above ground biomass and coarse roots) and the

remaining amount leached with seepage water (4.5 kg N ha�1) while the soil N pool

was constant during 1990–2002. Thus, N deposition at this site meets the demand

for the annual growth and any excess amount is leached with seepage water

indicating that this forest is near (quasi-) steady state. Such systems are defined

by organic matter production in the soil that equals the respiration, a closed nutrient

cycle, and amount of organic matter stored in the soil being at a maximum level

under given environmental conditions (Odum 1969, 1983; Ulrich 1992).

The Zierenberg site showed two interesting features. Firstly, nitrate concentrations

showed no clear trends in time and the annual seepage fluxes were significantly

increasing during the 13 years of observation period mainly due to increasing water

fluxes. This pattern was not observed on the other two sites. Secondly, an interesting

feature of N dynamics at the Zierenberg site was a negative N budget. Output by

seepage water (21 kg N ha�1) and retention by plant increment (5–9 kg N ha�1)

exceeded the input by total deposition (24 kg N ha�1) by about 2–6 kg N ha�1

annually. This may be attributed to a process described as humus degradation

(Ulrich 1981; Eichhorn 1994, 1995). The theory of humus degradation assumes

the presence of aluminum in the soil solution causing inhibition of the repolymerisa-

tion of organic components to form humus. High nitrification leads to the production

of acidity and free Al in the soil triggering an amplifying effect where organic N in

the soil is further nitrified and lost. In this soil, organic matter production and

respiration processes are not balanced. According to the ecosystem theory by Ulrich

(1992), such a forest is in a transient state and will continue losing carbon, nitrogen

and other nutrients from the mineral soil until a new (quasi-) steady state with lower C

and N contents in the mineral soil under high soil acidity is achieved.

At the Solling site, most of theN received from atmospheric depositionswas retained

in the soil. However, this retention decreased to about 18 kgN ha�1 per year during the

last 10 years following a similar decrease in N inputs. Leaching losses of N were

low and only a small amount was retained for growth increment, which did not

change with the decrease in N depositions. Most of the N was retained in the surface

organic layer in association with an accumulation of organic matter. C/N ratio of

the soil did not change. C/N ratios of >25 in the surface organic layer have been

found as critical values for the ability of forest ecosystems to retain N (Matzner and

Grosholz 1997; McDonald et al. 2002). But in the surface organic layer at the

Solling site this value was much lower than that critical value. An annual increase in

mass of surface organic layer of 350 kg C and 21 kg N ha�1 occurred during the last

36-year period (see Chap. 4 for more details). Whether organic matter accumulation

is controlled by high N depositions as suggested by Berg and McClaugherty (2003)

and/or by acid depositions as suggested by Persson and Wirén (1993) is not clear

from the data. Matzner et al. (2004) reported a relatively low N retention in a spruce

forest at the Fichtelgebirge (Coulissenhieb site) with an acid podzolic soil and mor

humus type litter layer. At this site, an average 80% of the mineral N in throughfall

was leached as nitrate with seepage water.
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16.12 Conclusions

Political action by European countries has led to a noticeable decline in atmospheric

depositions of sulphuric acid and to a lesser extent of nitrogen since the end of the

1980s. This decline has raised the question: how do forest ecosystems with different

soil properties respond and recover? Data presented from the three sites provided the

following conclusions:

l In the highly acid Solling soil, a decrease in leaching losses of almost all ions in

soil solution was observed, although base cations/Al ratio and alkalinity still

remained low or increased only slightly. This was related to desorption and

release of previously stored sulphate from the solid phases which contributed to

one-third of total acidity produced or added to the system. A decline in atmo-

spheric deposition of base cations changed this ecosystem from a sink to a net

source of Ca. To improve Ca supply of the trees, liming will be needed.
l Solute concentrations in the carbonate-rich Göttinger Wald soil decreased in the

carbonate-free surface soil layer whereas solute concentrations in deeper soil

layers which were rich in carbonates and silicates were not affected. Highly

significant increases of Al in solution samples from 5 cm depth suggested that

soil acidification may have continued despite the reduction in acid load.
l In the base-rich and carbonate-free Zierenberg soil, high values of Al and H

concentrations were observed in solutions collected from 20 cm soil depths. This

was not related to atmospheric depositions but to degradation of soil organic

matter, probably initiated by formerly high levels of acid load.
l A significant decrease in nitrate concentrations was observed in soil solutions of

the surface mineral soils of the Göttinger Wald and Solling sites. At the Göttinger

Wald site, high annual increment meets N deposition and excess amounts are

leached indicating that this forest is near (quasi-) steady state with respect to

nutrients (a closed nutrient cycle) and constant C and N pools in the soil.
l At the Zierenberg site, a net loss of N from soil organic matter was observed,

where acidification of the mineral soil promoted humus degradation suggesting a

transient ecosystem state. The acid Solling soil retained most of the N received

from atmospheric deposition by increasing the surface organic layer. This moder

humus soils has probably a high potential for N retention in future.
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Chapter 17

Soil Respiration

R. Brumme, W. Borken, and J. Prenzel

17.1 Introduction

The recent discussion about global climate change has intensified the role of soils

which may act as a sink or a source of carbon under changing environmental

conditions (Schulze 2000; Valentini 2003). A decrease of organic carbon by 10%

in the whole world soils would be equivalent to all the anthropogenic CO2 emitted

over 30 years (Kirschbaum 2000). It is generally argued that with an increase in

global warming both net primary production (NPP) and decomposition of soil

organic carbon (SOC) will increase (Kirschbaum 1995, 2000). The issue is which of

these processes are stimulated by increasing temperature. Soil respiration includes

heterotrophic respiration and autotrophic respiration, and their temperature sensitiv-

ities will largely determine the effect of a warmer world on net carbon flux between

soils and atmosphere (Boone et al. 1998). However, there is increasing evidence

that soil respiration is determined more by carbohydrate supply than by temperature

(Högberg et al. 2001).

A reliable technique of measuring respiration that provides temporal and spatial

variations in the soil and autotrophic respiration is required for assessing ecosystem

levels effects. Another issue is whether forest soils, which have been affected by

acid and nitrogen deposition or liming, will react differently to changing climate.

We will therefore consider: (1) methodological aspects of assessing soil respiration

by using chambers, (2) ways to obtain reliable flux estimates with consideration of

temporal and spatial variations, (3) evaluation of annual CO2 fluxes from three beech

forest soils, (4) the contribution of autotrophic and heterotrophic respiration to soil

respiration, (5) the temperature sensitivity of autotrophic respiration and heterotro-

phic respiration, and (6) the effect of liming and N-fertilisation and stand harvesting

by the formation of small gaps on soil respiration.

Method. For studying the temporal and spatial variation of CO2 emissions we
used 25 static, double-wall, closed chambers (12 cm inside diameter surrounded by

a buffer zone to prevent wind effects as reported by Matthias et al. 1980) on 30

occasions from May 1991 to September 1991 at the B2 plot at Solling (about 500 m
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from the long-term monitoring plot B1). Five subplots (1 � 1 m) with five closed

chambers on each subplot were established. The subplots were located in the

middle and at the corners of a 60 � 60 m plot. This experimental design allowed

us to study the small scale (1 � 1 m) and the large scale variation (60 � 60 m) of

soil respiration under field conditions. After the experiment was over, the surface

organic layer and 0–5 cm of the mineral soil beneath each chamber were collected

and analysed for weights of the surface organic layer and the fine root contents, the

C- and N-content, and the C/N ratios in the surface organic layer and the mineral

soil. For studying the CO2 emission from beech forests, closed chambers were also

used at the long-term trace gas plot B1 at the Solling site (n =3; Brumme and Beese

1992), the control plot for a litter exchange experiment (n =3; see Brumme et al.

1999), and a control plot used by Borken et al. (2002) (n =5) from 1995 to 1999

which was used to calculate a mean annual CO2 flux for the beech site at Solling.

Effects of forest management on CO2 emission were studied with three chambers at

the limed (BK plot) and, the fertilised plot (BN plot) from 1993 to 1995 at the

Solling site. A forest gap at the Solling site was used to distinguish between

autotrophic and heterotrophic respiration (B2 plot, see Bartsch et al. 2002). Three

automatic chambers were placed in the middle of the gap and the forest stand from

May to October 1991 (Brumme 1995), and three manual closed chambers were

placed at the same locations from August 1993 to March 1995. At the Zierenberg

site, three chambers were placed between Urtica dioica from 1991 to 1992 (n = 3).

Gas samples were taken with evacuated glass flasks (100 mL) and automatically

analysed in the laboratory (Loftfield et al. 1997; Brumme and Beese 1995).

17.2 Soil Chamber Design Affects Soil

Respiration Measurements

Chamber systems are simple to use but it has been reported that they often

underestimate or overestimate trace gas fluxes depending on the conditions of

measurements. Two chamber types are commonly used for studies in trace gas

emissions (Mosier 1989). (1) Dynamic, closed chambers where a constant air flow

through the chamber is established and gas flux can be calculated from concentra-

tion difference, flow rate, volume and area covered by the chamber. (2) Static,

closed chambers where the air is not circulated and gas flux can be calculated by

periodically collecting gas samples from the chamber and measuring the change in

gas concentration with time during the period of linear concentration change. Both

types of chambers have disadvantages which should be considered while using a

specific chamber technique. Static, closed chambers may underestimate fluxes by

lowering the concentration gradient between soil and atmosphere which may lead

to an increase in gas concentrations in the upper part of the soil profile (Conen and

Smith 2000). The resultant error which depends on several factors was estimated to

range from 10 to 15% (Rayment 2000; Norman et al. 1997) and might be negligible

when chambers are kept closed for a short period. Dynamic, closed chambers tend
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to overestimate gas fluxes. Air movement inside the chambers is thought to disrupt

the laminar boundary layer over the soil and increase fluxes by 30–50% (Le Dantec

et al. 1999). The dynamic, closed chamber system led to 10 and 36% higher fluxes

than those obtained by soda lime or eddy correlation techniques, respectively

(Janssens et al. 2000). Another problem with dynamic, closed chambers is the

pressure anomalies induced by air circulation and during chamber closure. For

greater than ambient chamber pressure, soil CO2 flux decreases (Lund et al. 1999).

Independent of the systems used, CO2 fluxes obtained by direct insertion of a

chamber into the soil were significantly higher compared to those where a collar

was installed before measurement (Ngao et al. 2006). An increase in vertical

diffusivity coefficient measured directly after insertion may be related to the cutting

of fine roots during collar installation (Wang et al. 2005; Ngao et al. 2006). However,

there are large discrepancies among methods indicating the need for a careful

comparison with other techniques (Lankreijer et al. 2003) or to employ means for

obtaining an absolute calibration of the method (Widén and Lindroth 2003).

We used three different types of static, closed chambers at Solling, which allowed

us to compare the effects of chamber design on soil respiration. We started in 1987

with an automatic chamber system and placed three automatic, double-walled cham-

bers (inner frame: 50� 50 cm; outer frame: 70� 70 cm) side by side (Loftfield et al.

1992), and measured CO2 and N2O emissions five times a day until 1988 (Brumme

and Beese 1992). Double-walled chambers were used to reduce wind effects which

would be expected if the soil–chamber seal between chamber and soil surface was

not tight as described by Matthias et al. (1980). We continued measurements with

manual, quadratic-shaped chambers (50� 50 cm) (U-shaped water-traps with a 2-cm

collar at the bottom) from 1991 to 1995. They were then replaced by round

chambers (70 cm diameter) from 1996 to 1998 to facilitate the top-up procedure

of the water-traps. All chambers had a height of 15–20 cm. Large chambers were

used to overcome the spatial variations. However, our study on spatial variation of

soil respiration (see below) showed that this approach could account for small-scale

spatial variation only, but not for the large-scale spatial variation.

There were only small differences in soil respiration between the chamber types

when soil temperatures of>10�C were recorded (Fig. 17.1). The quadratic chamber

type underestimates the soil respiration measured at<5�C as indicated in Fig. 17.1.

The difference might be due to a poor seal by the 2-cm collar at the bottom of the

U-shaped water-trap which was insufficient for a horizontal installation on an

uneven ground surface. The two other chambers types showed similar rates indicat-

ing that the seal of the round chamber was similar as the double-walled chamber.

The double-walled chamber is assumed to have the best seal in forests because any

leakage of the seal between the chamber frame and surface organic layer would

primary influence the outer but not the inner compartment of the chamber where the

gas fluxes were measured (Loftfield et al. 1992). Perfect sealing of chambers in

forests remains a problem because a deep insertion would cut tree roots in contrast

to agricultural systems, where the whole plant-root system can be included in

the chamber. This is primarily the case in acid forest soils with moder or mor

humus where the amount of fine roots in the F and H horizons could be high. A
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deeper insertion of chamber frames could also increase the moisture content and

decomposition of cut roots. Moreover, higher water content may increase soil

respiration as indicated in Fig. 17.4. However, autotrophic respiration is reduced.

Thus, a compromise between chamber sealing and root disturbance has to be made

during chamber installation in acid forests soils.

17.3 Temporal Variation of Soil Respiration

Soil respiration showed a distinct diurnal response in values similar to those found

for soil temperature (Fig. 17.2) with maximum values between 1200 and 1600

hours, when measured with double-walled automatic chambers (Loftfield et al

1992). Diurnal variation in soil temperature between 0.2 and 2�C resulted in an

increase of soil respiration between 10 and 220% as measured in August 1988 at the

Solling B1 plot (Brumme and Beese 1992). This diurnal variation is much higher

than that reported by Matteucci et al. (2000) for a European transect. Tang et al.

(2005) demonstrated that, beside soil temperature and moisture, photosynthesis

drives soil respiration on a diurnal time scale. In our long-term study, the average

flux of daily cycles occurred between 0630 and 1130 hours. This has been shown by

comparing 700 measurements (five measurements per day with one automatic

chamber, nine chambers in total over 140 days) and 30 selected measurements

(one measurement per week between 0630 and 1130 hours) (Brumme and Beese

1992). The ‘‘one measurement per week’’ estimate for CO2 was similar to the ‘‘five
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measurements per day’’ estimate. The average was less than +1% indicating that

one weekly CO2 measurement between 0630 and 1130 hours would overcome

diurnal, day-to-day and seasonal variations.

The trend in seasonal variation in soil respiration followed the changes in soil

temperature which explained 83% of the variation in soil respiration, using a linear

regression analysis, but excluding measurements when soil water suction values

were higher than 200 hPa. Values of soil water suctions >200 hPa reduced the soil

respiration at the Solling site (Figs. 17.3, 17.4, and 17.6). High and low soil

moisture may reduce soil respiration by limiting oxygen availability or causing

water stress on micro-organisms (Linn and Doran 1984). Heterotrophic respiration

is highly sensitive to soil water tension as was observed in a laboratory study with

sieved agricultural soil (Orchard and Cook 1983). Heterotrophic respiration de-

creased linearly with an increase in water tension from 100 to 15,000 hPa. The use

of field measurements for calculating temperature and water effects on soil respira-

tion should be considered with care as the measured CO2 efflux may be derived

from different soil layers with different temperature and water regimes. Mean Q10

values, the relative increase in decomposition rate per 10�C difference, increased

asymptotically with soil depth from 1.87 at 0 cm to 3.46 at 10 cm depth in European

forest ecosystems, indicating a large uncertainty in the prediction of the tempera-

ture dependency of soil respiration (Borken et al. 2002). Moreover, plant physio-

logical processes can significantly contribute to the seasonality of soil respiration

by belowground C-allocation and, hence, can influence the temperature sensitivity

of soil respiration (Högberg et al. 2001; Yuste et al. 2004) similar to the model used

for the calculation of Q10 (Davidson and Janssens 2006).

Fig. 17.2 Diurnal and day-to-day variation of N2O and CO2 emission rates (five flux calculations

per day) and soil temperature (5 cm depth) for June 1988 measured by an automatic chamber at the

Solling B1 plot (Loftfield et al. 1992)
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17.4 Spatial Variation of Soil Respiration

A spatial variation in soil respiration, expressed as the coefficient of variation (cv)

of 25 chambers, ranged from 18 to 39% (average 27%) during the 107-day period in

the 60 � 60 m plot. The cv showed no clear temporal pattern. However, in the
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summer period, cv of>30% were observed when soil dryness occurred. A lower cv

value for soil respiration was found for the cumulative rates. Within the five

subplots (n = 5) and between the 25 chambers, average cv values of 17% and

19% were calculated. Therefore, the small scale spatial variation (1 � 1 m) was

similar (cv =17%, n = 5) as the large spatial scale (60 � 60 m) variation (cv = 19%,

n = 25). Other studies indicated a higher spatial variation in soil respiration. For

example, Fang et al. (1998) measured high spatial variation in soil respiration with

12 dynamic chambers within a 25 � 25 m plot (cv of 55%). The high cv value for

soil respiration was related to fine root biomass and the amount of litter and humus

in the surface organic layer. The variation was smaller after plots with and without

understory were grouped (21% in each group). Nakayama (1990) reported that soil

CO2 efflux rates varied by 100% between locations 1 m apart. Rayment and Jarvis

(2000) found that soil respiration at locations separated by 1 m showed as much

intra-site variability as at locations separated by up to 6 m.

To determine the factors affecting small and large scale spatial variation in soil

respiration, linear regressions were performed between cumulative soil respiration

and surface organic layer mass, fine root biomass (dead and live roots) in the surface

organic layer and 0–5 cm mineral soil, the C- and N-content of the surface organic

layer, and the C/N ratios in the surface organic layer and the mineral soil. The small

scale variation of soil respiration within the 1 � 1 m subplots showed r2 > 0.5 only

for %C in the surface organic layer in two subplots. The best correlation between

soil respiration on the larger spatial scale (25 chambers in a 60 � 60 m plot) was

found for the C/N ratio in the surface organic layer (p = 0.01) and the fine root

biomass (<2 mm) (p = 0.04) (Fig. 17.5a). The negative correlation between soil

respiration and the C/N ratio of surface organic layer suggested that the quality of

the substrate affects heterotrophic respiration (Fig. 17.5b). Multiple regression of

soil respiration with fine root biomass and C/N explained 32% of the variation. Soil

respiration increased from 1.9 to 2.4 Mg C ha�1 per 107 days with increasing root

biomass from 0.2 to 3.7 g per chamber indicating the role of root biomass in

controlling soil respiration at the larger spatial scale. Fine root biomass was the

most important variable in a mull type humus forest in central Germany, explaining

30–40% of spatial variation in soil respiration rates (Søe and Buchmann 2005).

17.5 Soil Respiration in Temperate Beech Forests

Soil respiration was higher at Zierenberg (4.5 Mg C ha�1, SD 0.31, for 23 sampling

dates) than at the Solling site (3.7 Mg C ha�1, SD 1.0, for 218 sampling dates). The

Zierenberg site was mostly covered by herbs (stinging nettle, Urtica dioica)
whereas the Solling site had sparse understorey vegetation (Chap. 5 and 10). The

understorey at the Zierenberg site may have increased both autotrophic and hetero-

trophic respirations. The Solling site accumulated about 350 kg C ha�1 per year in

the surface organic layer (see Chap. 4) and had reduced the emission of CO2 from

the soil. The large differences in respiration rates summarised by Raich and Schlesinger
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(1992) for 29 temperate deciduous forests, which ranged from 3 to 14 Mg C ha�1

per year (mean 6.47 � 0.51 Mg C ha�1 per year), may result from a number of

factors, e.g. site-to-site variation, spatial and temporal variation and chamber design

(Lankreijer et al. 2003). Beech sites with calcareous parent material annually pro-

duced 8.8 Mg C ha�1 (Collelongo, Italy; Matteucci et al. 2000) and 7.5 Mg C ha�1

(south Germany; Dannenmann et al. 2007), those on acid soils fluxes 5.8 Mg C ha�1

(north Germany; Borken et al. 2002) and 8.2 Mg C ha�1 (Ardennes, Belgium;

Jonard et al. 2007) were reported.

17.6 Autotrophic Respiration

Estimates of autotrophic respiration are commonly made using a number of meth-

ods: (1) comparison between soil respiration with and without roots, (2) direct

respiration measurement of living roots, (3) application of stable or radioactive
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isotopes, (4) the use of tree-girdling (Hanson et al. 2000; Högberg et al. 2001). We

used a forest gap and forest stand at Solling to calculate autotrophic respiration by

subtracting CO2 emission of the gap from that of the forest stand.

The forest gap (30 m diameter) was originally established in October 1989 at

Solling (Bartsch et al. 2002). The stand was free of ground vegetation (percentage

cover of less than 5%) and significant establishment did not occur until the fourth

vegetation period after the establishment of the gap. In the fourth and fifth year after

formation of the gap, when soil respiration was measured, percentage cover of

ground vegetation was 7 and 20%, respectively (Bartsch et al. 2002). Soil tempera-

tures did not differ between the plots under the gap and the neighbouring forest

stand due to lack of direct solar radiation on the soil surface (Brumme 1995).

Ingrowth-core experiments showed that growth of beech fine roots at ingrowth–

core experiments gap centre was negligible during the second and third year after

gap creation, indicating that although fine roots from stumps stayed alive, they did

not grow (Bauhus and Bartsch 1996). Roots were not active in water uptake in the

centre of the gap indicated by soil water potential measurements (Bauhus and

Bartsch 1995). Eight years after harvesting there was no change in C- and N-content

in the entire soil profile and no effect on mass loss of F material in litter bags

(Bauhus et al. 2004) was noted.

Gas measurements, conducted with soil chambers free of ground vegetation in

the fourth and fifth years after gap creation, showed that autotrophic respiration and

soil respiration followed a seasonal trend (Fig. 17.6). The increase in soil tempera-

ture at the beginning of April increased decomposition of soil organic matter

whereas autotrophic respiration increased later with the bud burst in May. Autotro-

phic respiration was insignificant between December and April and approached

zero at 0�C in contrast to heterotrophic respiration (Fig. 17.7). Autotrophic respira-

tion started to increase at the end of April, reached a value of 10 mg C m�2 h�1 in

May and a maximum of 20 mg C m�2 h�1 in July and September. Autotrophic

respiration decreased during leaf litter fall in October to 13 mg C m�2 h�1 and to

8 mg C m�2 h�1 in November. In July–August, the soil moisture was low (high soil
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water tension) which reduced CO2 emission from the rooted plot but not from the

non-rooted plot resulting in apparent low autotrophic respiration (Fig. 17.6). How-

ever, the effect of soil dryness on autotrophic respiration might be of less impor-

tance. Partitioning of soil respiration using radiocarbon signatures of CO2 revealed

a less strong decline in autotrophic respiration with increasing drought stress in a

mixed hardwood forest (Borken et al. 2006).

Soil temperature explained more of the variation in autotrophic respiration (r2 = 0.67;

Fig. 17.7) than the air temperature (r2 = 0.47) if respiration values during soil

dryness were excluded. In a trenching experiment in a beech forest in France, 86%

of variance could be explained by soil temperature (Epron et al. 2001). The

respiration of excised roots has been found to increase exponentially with tempera-

ture in ten forested sites across North America (Burton et al. 2002) and indicates

that root activity may at least partly be controlled by soil temperature.

The contribution of autotrophic respiration to soil respiration was calculated for

the second (Brumme 1995) and fifth year after formation of the gap, showing

similar values for the two years (Fig. 17.8). The monthly fraction of autotrophic

respiration to total soil respiration ranged from 24 to 50% with the highest value in

August. Throughout the growing season autotrophic respiration amounted to 35 and

30% in the second and fifth year after formation of the gap, respectively, and the

value for the entire year 1994 was 27%. The reduction in soil respiration after gap

creation was accompanied by a decrease in microbial biomass and might have

resulted from a reduction of ecto-mycorrhizal hyphae (Bauhus and Bartsch 1995).

Harvesting would reduce litterfall affecting the litter layer but root biomass would

stay alive long after trees were cut (Bauhus and Bartsch 1996).

A similar autotrophic respiration was observed after girdling of a boreal Scots

pine forest. Girdling reduced soil respiration within 1–2 months by about 54%

relative to the respiration on ungirdled control plots (Högberg et al. 2001). During

the second year after girdling, autotrophic respiration increased up to 65% and

averaged about 50% from June to October (Singh et al. 2003). Andersen et al. (2005)
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observed a decrease in soil respiration of 50% close to the bole of beech trees,

during the 3 months following girdling. Autotrophic respiration decreased with

increasing distance from the base of the trees (1 m and 1.5–2 m). Several factors

might influence autotrophic respiration like tree species, climate, soil properties or

spatial variation of root biomass which have not been studied so far. Moreover, a

reliable estimate of autotrophic respiration is difficult, because it is an indirect

measure of respiration values in a tree-girdled area or in gap studies where several

counteracting factors are operative. Starch reserves were calculated to be of less

significance for the soil CO2 efflux 2 months after tree girdling (Högberg et al.

2001). Microbial biomass was reduced by 41 and 23% 1 and 3 months after

girdling, respectively, (Högberg and Högberg 2002) and proteomic diversity

changed drastically (Schulze et al. 2005). This indicated the importance of carbo-

hydrate allocation to roots as a substrate for heterotrophic respiration. Other

processes like decomposition of fine roots and a decrease in litter-fall and their

decomposition might be important in the longer term (Bauhus and Bartsch 1995;

Bauhus and Bartsch 1996) in both girdling and gap studies. A similar autotrophic

respiration in the second and fifth year after formation of the forest gap at Solling

(Fig. 17.8) indicated that many counteracting effects are less important during this

period after clearing.

17.7 Effects of Additional N-inputs and Liming

on Soil Respiration

Soil respiration in the fifth and sixth years on ammonium fertilisation (BN) plot was

about 16% higher than on the control plot B1 at Solling (Brumme and Beese 1992).

At the end of 11 years of continuous fertilisation, the difference between the two
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plots for soil respiration was reduced to 4%, with rates of 2.1 Mg C ha�1 per year at

the BN plot (SD 0.16 Mg C ha�1 per year) and 2.01 Mg C ha�1 per year (SD 1.04

Mg C ha�1 per year) at the control plot B1 between 1993 and 1995. This may

indicate that N-fertilisation had no long-term effect on soil respiration at Solling.

Effects of fertilisation on soil respiration are difficult to interpret because the effects

on heterotrophic respiration may differ from those on the autotrophic respiration.

Root studies indicate a similar fine root biomass and turnover compared to the

control plot in the third to fourth years after fertilisation (Chap. 9) which may

indicate that fertilisation did not change heterotrophic respiration in the long-term.

However, other studies have been shown to decrease heterotrophic respiration after

N-fertilisation (Berg and Matzner 1997).

Soil respiration in the fifth and sixth years after liming at the BK plot was higher

by about 31% than on the control plot B1 at Solling (Brumme and Beese 1992).

A lower fine root biomass in the fourth and fifth years after liming (Chap. 9)

indicated that liming may have stimulated microbial activity. In the 11th and 12th

years, this effect of liming reduced to 7% with rates of 2.1 Mg C ha�1 per year (SD

0.56 Mg C ha�1 year) at BK plot and 2.01 Mg C ha�1 year (SD 1.04 Mg C ha�1

year) at the control plot B1 between 1993 and 1995. Liming did not show any clear

long-term effect on soil respiration in four forests receiving 6–43 Mg ha�1 (Borken

and Brumme 1997) of lime. Liming and fertilisation did not change the temperature

sensitivity of soil respiration as indicated by linear regression analysis. However,

a constant soil respiration does not indicate that heterotrophic respiration was not

effected by liming or fertilisation since half of the soil respiration is sustained by

current photosynthate (Högberg and Read 2006) which makes it difficult to separate

the effects on heterotrophic and autotrophic respiration.

17.8 Summary and Implications for Management Options

l Soil chamber design, chamber installation procedure and the spatial variation in

soil respiration are important factors influencing soil respiration on a site, and

may cause a high intra- and inter-site variation in soil respiration values. Inter-

pretations of soil respiration data therefore warrant special care.
l A reliable estimate of soil respiration has to consider the spatial variation of root

biomass and the C/N ratio in the surface organic layer, which explained 32% of

the spatial variation of soil respiration at the Solling site. An adequate number of

replicates of chambers to cover spatial variation are more important than tem-

poral resolution of more than one measurement per week.
l Soil temperature explained 83% of the temporal variation in soil respiration. Soil

water suction reduced soil respiration at values higher than 200 hPa in the upper

mineral soil.
l The fraction of autotrophic respiration to the total soil respiration changed

seasonally and contributed up to 50% in August and averaged to 30–35% over

the growing season.
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l Forest harvesting by creating gaps in the stands did not increase decomposition

processes since soil temperature did not change by direct solar radiation in small

gaps. Liming increased and fertilisation reduced soil respiration for the short-

term while such an effect was not observed in the long-term.
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Chapter 18

N2O Emission from Temperate

Beech Forest Soils

R. Brumme and W. Borken

18.1 Introduction

The interest on N2O emission has increased since the late 1980s after realizing that

N2O is an important greenhouse gas (Lashof and Ahuja 1990; Bouwman 1990a)

which destroys ozone in the stratosphere by catalytic reactions (Crutzen 1970). The

high global warming potential (GWP) of N2O has increased the scientific research

effort on assessing N2O fluxes from soils of terrestrial ecosystems (Andreae and

Schimel 1989; Bouwman 1990a; Granli and Bøckman 1994) because soils are the

largest natural source of N2O (IPCC 2001). Studies in the 1980s suggested that

tropical forests are larger sources for N2O than temperate and boreal forests, whereas

recent studies have indicated that beech (Fagus Sylvatica L.) forests can have N2O

fluxes similar to those observed in tropical forests (Brumme and Beese 1992; Papen

and Butterbach-Bahl 1999; Zechmeister-Boltenstern et al. 2002). Beech forests

with high annual N2O fluxes have a seasonal emission pattern with high N2O fluxes

in summer and low N2O fluxes in winter. However, most temperate forests (beech,

spruce, oak) have low background N2O emissions during the year which lack any

seasonal trend (Brumme et al. 1999). There are some questions which need to be

answered to understand the importance of forests with a seasonal emission pattern

for the global balance of N2O (Brumme et al. 2005). In this chapter, temporal and

spatial variations of N2O emissions from a beech forest ecosystem with a seasonal

emission pattern will be provided, leading to a discussion on the mechanisms and

processes responsible for seasonal and background patterns of N2O emissions.

Attempts will be made to assess the effect of temperature change, forest management

practices (harvesting, liming, soil compaction), and nitrogen inputs on N2O emissions.
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18.2 Method

To study the temporal and spatial variation of N2O emissions we used 25 static,

double-walled, closed chambers which had 12 cm inside diameter and were surrounded

by a buffer zone to prevent wind effects as reported by Matthias et al. (1980). The

outside diameter of the chamber was 25 cm. Thirty measurements from May 1991 to

September 1991 were taken at the B2 plot at the Solling site (about 500 m from the

long-term monitoring plot B1). Five subplots (1 � 1 m), each with five closed

chambers, were established. The subplots were located in the middle and at the corners

of a 60� 60 m plot. This experimental design allowed us to study the small- and large-

scale spatial variations of N2O emissions. After gas measurements, the surface

organic layer and 0–5 cm of the mineral soil under each chamber were collected

and analyzed for the weight of different layers, fine root mass, the C and N contents,

and the C/N ratios. To study the N2O emissions from beech forests large (0.25 m2)

closed chambers (n = 3) were installed for gas measurements at the Göttinger Wald

and Zierenberg sites, and on the following different plots at the Solling site: the

control plot (long-term trace gas plot B1), the limed plot (BK, 30 tons of dolomitic

limestone applied in 1982; see site description in Chap. 3), and the fertilized plot

(BN, 140 kg N ha�1 applied annually from 1983 to 1993 as (NH4)2SO4; see site

descriptions in Chap. 3).

Effects of forest management on N2O emissions were studied in a limed (3 tons

ha�1 dolomite applied in autumn 1989) and an unlimed forest gap (30 m in

diameter, established in autumn 1989) in the B2 plot at the Solling site. Another

gap was established at the Zierenberg site in autumn 1990. Gas samples were taken

between January and December 1994 at the Solling site and from June 1991 to June

1992 at the Zierenberg site with three closed chambers at each site using evacuated

glass bottles (100 mL) and an automatic gas chromatograph (Loftfield et al. 1997).

18.3 Temporal Variation of N2O Emission

Diurnal changes in soil temperature affected N2O emissions much more strongly

than soil respiration (Chap. 17). A daily increase in soil temperature between 0.2

and 2�C increased N2O emissions by 10–470% as measured with automatic cham-

bers in August 1988 at the B1 plot (Solling) (Brumme and Beese 1992). In order to

find the most suitable time to take measurements during the day that would avoid

diurnal variations, 700 measurements (five measurements per day) were taken

during 140 days in each of nine chambers, and compared with the measurements

taken during 0630 and 1130 hours once a week (30 measurements at each chamber

taken during 140 days). One time gas samples taken between 0630 and 1130 hours

showed an overestimation of N2O emissions by values of +3% and +49% in single

chambers with a mean increase of +21%. Similar results were obtained by Smith

andDobbie (2001) who used an automated system that provided flux data at 8-h intervals

when compared with manual sampling conducted at intervals of 3–7 days. Integrated

flux values based on the more intensive measurements were on average no more than
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14% greater than those based on manual sampling. However, Flessa et al. (2002)

showed that fluxes could be underestimated by less intensive measurements during

short periods of extremely high N2O emissions as would occur during frost–thaw

cycles.

The seasonal variations of N2O emissions were pronounced at the Solling beech

site (Fig. 18.1) and were observed since the measurements started in 1987 (Loftfield

et al. 1992; Brumme and Beese 1992; Brumme 1995). Temperatures of >10�C
increased the N2O emissions which resulted in high summer fluxes until the soil

dried with water tension values exceeding 200 hPa (Figs. 18.1, 18.7). Low precipi-

tation in the summer months therefore resulted in high water tensions and low

annual fluxes of N2O emissions, in contrast to those years when summer precipita-

tion was high, as shown for the years 1994 and 1993 in Fig. 18.8.

At the Göttinger Wald and Zierenberg sites, a low background emission pattern

of N2O emissions was measured during the year and the seasonal emission pattern

was lacking. The emission values did not exceed 15 mg N m�2 h�1 at the Göttinger

Wald site and 30 mg N m�2 h�1 at the Zierenberg site. Seasonal emission patterns

were often observed in beech forests with moder humus, whereas the background

emission patterns occurred in those with mull humus (Brumme et al. 1999). High

rates of N2O emissions were observed during short periods of freezing–thawing

cycles in all forests whether they showed seasonal emission pattern or background

emission pattern.
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Fig. 18.1 Seasonal variation of N2O emission rates (n = 25), soil temperature (filled circle) (5 cm
depth) and soil water tension (open circle) (hPa) (5 cm below surface organic layer) and standard

deviation from May to September 1991 at Solling on the B2 plot
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18.4 Spatial Variation of N2O Emissions

The spatial variation, expressed as the coefficient of variation (cv) of mean N2O

emissions of 25 chambers in a 60� 60 m plot, ranged from 64 to 228% with a mean

value of 119% for 30 sampling dates at the Solling site. Values of coefficient of

variation of <125% occurred in spring and summer months and those of >125% in

autumn months indicating primarily the irregular spatial changes in soil moisture

content in autumn. A lower cv value for N2O emission was found within the five

1� 1 m subplots (35–101%, mean 59%) and between the five 1� 1 m subplots (49%).

Mean N2O emissions of the 25 chambers within the 60 � 60 m plot correlated

significantly with the fine root mass (Fig. 18.2). With increasing fine root biomass

from 0.2 to 3.7 g per chamber N2O emission decreased from 2.5 to 0.1 kg N ha�1

per 107 days. A higher root density reduced the water and nitrate concentration and

increased the oxygen consumption. There is, however, an interaction between a

lowering of water content and an increase in the oxygen diffusivity. In this case, the

reduction of N2O emission indicated that the higher oxygen demand of roots was

overcompensated by higher oxygen diffusivity. Nitrate concentration was probably

not the limiting factor in this high N soil. Within the five subplots where small scale

variation was measured, the mean N2O emissions correlated significantly with the

moisture content at three subplots (R2 = 0.47, 0.54, 0.97) and with the C content

(R2 = 0.67) at one subplot.

18.5 Landscape Control on N2O Emissions

Annual value of N2O emission at the beech forest at the Solling B1 plot was 1.92 kg

N ha�1 per year for a 10-year measuring period (1995–2000) (Table 18.1). This

N2O emission rate was three and eight times higher than at the Zierenberg and

Göttinger Wald sites where amounts of 0.41 and 0.16 kg N ha�1 per year were

recorded, respectively.
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A literature review by Brumme et al. (1999) indicated that only 5 of 29 forests in

the temperate biome where whole-year N2O emissions measurements were carried

out, showed high seasonal emission pattern with annual emission rates of >1 kg N

ha�1 per year. One key factor responsible for high seasonal emission pattern values

was the low air diffusivity causing reducing conditions in soils. At the beech forest

at the Solling site, low diffusivity values were observed in the surface organic layer

and the mineral soil as compared to the Göttinger Wald site (Fig. 18.3). The broad

leaves of beech litter are often tightly packed on the surface of a moder type humus

causing long diffusion pathways for oxygen (Fig. 18.4). When air diffusivity of the

surface organic layer at the beech site was compared with that on the spruce site

(both sites have moder form of humus, but the Solling spruce site had low

background emissions), the values were about 70% lower at the beech site (Ball

et al. 1997). A litter fall exchange experiment at the Solling site, where litter falls at

the beech and spruce stands were collected above the gas chambers and replaced

across the sites, revealed the importance of different structure of tree litter for N2O

emissions (Brumme et al. 1999). The N2O emission decreased at the beech stand

and increased at the spruce site during the following 3–4 years of the experiment.

Low air diffusivity in the mineral soil layers caused by temporary water-logged

soil is another important factor at the ecosystem level. Permanently water-logged

soils (Histosol) are low sources of N2O while a drained site showed very high losses

(Brumme et al. 1999). A study on well-drained Cambisols and water-logged

Gleysols and Histosols showed the following ranges in N2O emission: from 0.3–

0.8 kg N ha�1 per year (Cambisols), 1.4–2.7 kg N ha�1 per year (Gleysols), and 3.7–
4 kg N ha�1 per year (Histosols) of a Norway spruce stand in Germany (Jungkunst

et al. 2004; Lamers et al. 2007).

In a majority (21 out of 29) of forests where whole-year measurements of N2O

emissions were made, low background emission patterns of < 1 kg N ha�1 per year

with a mean of 0.39� 0.27 kg N ha�1 per year were reported (Brumme et al. 1999).

Table 18.1 N2O emission (kg N ha�1 per year) at Göttinger Wald, at the main research area at

Zierenberg (ZB1) and at a control and harvested site at Zierenberg (ZB2 control and ZB2 gap), at

Solling (B1, B2 sites) and for a fertilized (BN) and limed plots (BK) adjacent to B1 and a gap and

limed gap adjacent to B2 at Solling site (standard deviation values in parenthesis)

Site Plot Sampling dates Period N2O emissions

Solling B1, control 319 1990–2000 1.92 (0.63)

BN, fertilized 72 1993–1995 2.91 (0.90)

BK, limed 71 1993–1995 0.41 (0.16)

B2, control 55 1994 1.34 (0.30)

B2, gap 55 1994 4.19 (1.28)

B2, limed gap 55 1994 3.29 (1.98)

Göttinger Wald 63 1993–1995 0.16 (0.002)

Zierenberg ZB1 23 1991–1992 0.41 (0.12)

ZB2, control 23 1991–1992 0.39 (0.08)

ZB2, gap 23 1991–1992 0.27 (0.13)
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Similar values (0.34 � 0.21 kg N ha�1 per year, n = 10) were calculated for beech

forests with background emission pattern of N2O with values ranging from 0 to 0.9

kg N ha�1 per year. Coniferous forests with moder type humus and deciduous

forests with mull type humus in most cases show this type of background emission

pattern. Mull type humus soils are common for base rich soils like Göttinger Wald

or Zierenberg. These soils showed a high earthworm activity (Chap. 7) which

created better air diffusivity conditions by preventing litter accumulation on the

surface of the mineral soils, and by creating a high proportion of macro pores in

deeper soil layers (Fig. 18.3). Most of these sites with background emission pattern

of N2O showed that emissions increased with increasing C content of the surface

organic layer (Fig. 18.5). Hence, the thickness of the surface organic layer could

serve as a simple indicator for the magnitude of N2O emissions in deciduous forest

ecosystems, and was used to produce a regional-based estimate of N2O emissions

from German forests (Schulte-Bisping et al. 2003). Mean annual emission of 0.32

kg N ha�1 per year from German forest soils was calculated after stratifying forests

in to seasonal emission type (2.0 kg N ha�1 per year) and background emission

types (deciduous: 0.37 kg N ha�1 per year; conifers: 0.17 kg N ha�1 per year). With
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this approach, the emissions from forests in the temperate biome were estimated to

be 0.43 kg N ha�1 per year (Brumme et al. 2005). However, the results from a

process-oriented model (PnET-N-DNDC) by Butterbach-Bahl et al. (2001, 2004),

which was validated for a forest site with seasonal emission pattern, has resulted

in much higher emission rates for southern Germany and Saxony with values of

approximately 2 kg N ha�1 per year. This estimate was questioned by Kesik et al.

(2005) using a new version of PnET-N-DNDC for calculating the European inven-

tory of N2O and NO for forest soils. The source strength for German forest soils was

considerably lower and amounted to 0.7 kg N ha�1 per year.

Field studies with 15N labelled nitrate and ammonium indicated that denitrifica-

tion was the main source of high seasonal N2O emissions at Solling (Wolf and

Brumme 2002). However, in spring or autumn, heterotrophic nitrification may be

involved. In laboratory experiments where high soil moisture conditions (100%

WHC) and high nitrate concentrations were maintained, high N2O emissions were

observed for the Göttinger Wald soil. This soil usually had low emissions under

field conditions, indicating that the laboratory conditions increased the N2O emis-

sions up to the level of seasonal emission pattern (Wolf and Brumme 2003). Similar

experiments which were carried out with 15N enrichment in nitrate and N2O

indicated that denitrification was the primary process responsible for the formation

of N2O at the Göttinger Wald site. This leads us to hypothesize that high seasonal

emissions of N2O are derived from denitrification, and low background emissions

may probably be associated with heterotrophic nitrification. The dominance of

denitrification for N2O formation in forest soils was also suggested by a laboratory

study on undisturbed soil cores from 11 forests in Europe (Ambus et al. 2006). In

this study, nitrate was the dominant substrate for N2O with an average contribution

of 62% to N2O formation.
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18.6 Relationship Between Temperature and N2O Emission

Forests with seasonal emission pattern of N2O showed a high temperature sensitiv-

ity for N2O (Q10 value of 9.0; Fig. 18.6, Table 18.2). Low values of soil moisture

contents (soil water tensions of >200 hPa) reduced the temperature sensitivity of

N2O emissions (Fig. 18.6) and were excluded from the calculation. High Q10 values

of N2O emission of up to 14 have been observed at a forest gap at the Solling site

where emissions were not restricted by low soil moisture content (Brumme 1995).

A high temperature response (Q10 = 6.5) was observed at the beech forest at

Höglwald, Germany, a site with seasonal emission pattern of N2O (Papen and

Butterbach-Bahl 1999). At forests with background emission pattern of N2O, for

example at the Göttinger Wald site, N2O emissions were not affected by soil

temperature. However, at the Zierenberg site, a small temperature response of

N2O emissions were observed. Fertilization decreased the temperature sensitivity

(Q10 of 6.8) as compared to the control plot, and liming drastically reduced the N2O

emissions lowering the temperature response to a value of zero. The literature
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Fig. 18.6 Nitrous oxide emissions with changes in soil temperature (5 cm depth) and soil water

tension (hPa) (5 cm below surface organic layer) at the Solling B1 plot (n = 3) during 1991–2000

Table 18.2 Temperature sensitivity expressed as apparentQ10 values of N2O

emissions at Göttinger Wald, Zierenberg, and Solling (control B1, limed BK,

and fertilized BN) sites

Site Plot Treatment Q10

Solling B1 Control 9.0

BK Limed 0

BN Fertilized 6.8

Göttinger Wald 0

Zierenberg 1.5
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reviews by Smith (1997) and Granli and Bøckman (1994) showed that high Q10

values of N2O emission have often been reported. The rule of vant’t Hoff means

that temperature normally doubles biological reaction by a temperature increase of

10�C (Q10 = 2). Q10 values greater than 2–3 indicate that additional to temperature

positive feedback mechanisms are involved (Brumme 1995). High temperatures

increase the oxygen consumption by micro-organisms, roots, and mycorrhizae and

reduce the oxygen concentration in soils under conditions of low oxygen supply.

Root detritus and exudates may increase with temperature exerting a positive

feedback effect on N2O emissions. Partially anoxic conditions in soil aggregates

usually increase exponentially because of a strong nonlinear increase of anaerobic

soil volume in soil aggregates with temperature, and would result in high Q10

(Smith 1997) values even under laboratory conditions without the positive feedback

mechanisms by roots. We conclude that reliable assessment of the temperature

sensitivity of the emission of N2O is hardly possible since the oxygen availability,

the most important regulator for the production of N2O, changed with temperature.

Thus, the values presented for the temperature sensitivity of N2O emission are

apparent Q10 values and reflect the temperature response of the whole ecosystem.

18.7 Implications of Forest Management for N2O Emissions

Thinning and harvesting practices in forests usually reduce root content and may

increase soil temperature, soil moisture, nitrate concentrations, and radiation of the

surface organic layer (Likens and Bormann 1995; Bauhus and Bartsch 1995),

causing an increase in N2O emissions. Measurements with a full automatic chamber

system on a transect from the center of a forest gap (30 m diameter; see Bartsch

et al. 2002) to the stand at the Solling site (B2 plot) showed that seasonal N2O

emissions were higher in the gap and existed for a prolonged period in the summer

and autumn months of 1991 (1.5 years after clearing; Brumme 1995). The effect of

harvesting continued at least up to 1994 (4.5 years after clearing) as indicated in

Fig. 18.7. On an annual basis, N2O emissions increased by 460% in 1991 and by

220% in 1994 in the center of the gap compared to the stand. A temperature effect

was not observed because of shading by the surrounding trees. The surface organic

layer was not covered by ground vegetation before harvesting and the removal of

trees did not effect the growth in 1991 (Bartsch et al. 2002). In 1994, only 20% of

the land surface was covered by ground vegetation. Consequently, soil water

tension did not exceed 200 hPa and nitrate concentration was several times higher

than on the control plot and may have caused the high N2O emissions in the gap.

In contrast to the Solling site, harvesting did not affect N2O emission at the

Zierenberg site (Table 18.1). The ground vegetation grew back quickly after

harvesting (Godt 2002) which probably reduced soil moisture levels and nitrate

concentration. Similar results were shown by Dannenmann et al. (2007) in a

thinning study in three beech forests on calcareous soils covered with mull type

humus. One of three forests in that trial showed increased N2O emission in the first
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two summers after thinning and declined in the third year, which was accompanied

by the development of understorey vegetation.

Nitrate is one of the most important controlling factors affecting N2O emissions

from agricultural soils (Bouwman 1990b) whereas it is of less importance on forest

land (Schmidt et al. 1988; Bowden et al. 1991; Mogge et al. 1998; Brumme et al.

1999; Papen and Butterbach-Bahl 1999; Ambus and Robertson 2006). A fertilizer

experiment at the Solling site (BN plot) confirmed this result. After fertilization,

the mean nitrate concentration was 20 mg N L�1 in contrast to 0.7 mg N L�1 at

the control B1 plot while the emission of N2O amounted to 2.9 kg N ha�1 per year

(Fig. 18.8, Table 18.1) and was not significantly higher than observed for the same

period at the control plot (2.3 kg N ha�1 per year, SD 0.57). The differences

between forest and agricultural land are probably related to high nitrification rates
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after fertilization when compared to soils under forests, and also to more microsites

with low oxygen diffusivity (compacted soil) under agricultural conditions.

Liming of acid forest soils is very common in Germany (Meiwes 1994; AFZ

1995) and has been found to reduce the N2O emissions by 74% after 5 years of

applying 30 tons of dolomitic limestone at the BK plot when compared to the

control B1 plot at the Solling site (Brumme and Beese 1992). In the 11th and 12th

years after liming, the N2O emissions were still low (83% or 0.41 kg N ha�1 per

year) (Table 18.1, Fig. 18.8). A reduction of N2O emissions by liming was also

observed in a forest gap at the Solling site where 3 tons of dolomite ha�1 was

worked into the upper soil after harvesting (Fig. 18.7). In contrast to the unlimed

gap where a ground vegetation cover of<5% occurred, the limed gap showed about

90% of the area covered with ground vegetation after 2 years of clear-cut (Bartsch
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Fig. 18.8 Soil temperature in the H layer and soil water tension at 10 cm soil depth at the Solling

control plot B1 (a), soil nitrate concentrations at 10 cm depth (b) and N2O emissions (c) at the

beech site at Solling (B1), a fertilized plot (BN), and a limed plot (BK) at the Solling site for

January 1993 to March 1995
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et al. 2002). Dense ground vegetation would lead to a decrease in soil moisture,

nitrate, and N2O emissions during the growing season. Moreover, a high population

of earthworms in the mineral soil (Theenhaus and Schaefer 1995) might have

contributed to the reduction in N2O emissions by increasing macropores. Borken

and Brumme (1997) reported that 9–82% reduction of N2O emissions in separate

field experiments occurred where lime was applied 5–19 years ago to beech and

spruce forests. At the Höglwald site, the effect of a higher diffusivity (Schack-

Kirchner and Hildebrand 1998) after the establishment of earthworms in the surface

organic layer after liming (Ammer and Makeschin 1994) increased the N2O emis-

sion (Papen and Butterbach-Bahl 1999). In this study, the effect of a higher

diffusivity may have been overcompensated by an increase in net nitrification rates.

Soil compaction during harvesting caused a considerable increase in N2O emis-

sions, with values elevated by up to 40 times of those on the uncompacted soil

(Teepe et al. 2004). These changes were caused by a reduction in macropore

volume and an increase of the water-filled pore space. N2O emissions were altered

in the trafficked soil and in the adjacent areas. Despite the significant changes in

N2O emission, the cumulative effect on the atmosphere was small with respect to

the soil trafficking. The fractional area on the skid trails to total area as calculated

by Teepe et al. (2004) was 13%, considering a distance of 20 m between skid trails

which is commonly used in Germany. The cumulative values of increase due to

compaction were approximately 0.1 kg N2O–N ha�1 per year for the sandy loam

and silty clay loam sites and 0.3 kg N2O–N ha�1 per year for the silt site.

18.8 Conclusions

l The N2O emissions from the acid soil at Solling (B1 plot) was up to 15 times

higher than from the less acid soils at Zierenberg (0.41 kg N ha�1 per year) and

Göttinger Wald (0.16 kg N ha�1 per year). The high values of N2O emissions at

the Solling site were mainly related to a strong seasonal pattern of N2O emis-

sions at that site. These high N2O emission values at the Solling site were

attributed to reduced oxygen diffusion in the surface organic layer (densely

packed leaves acted as a diffusion barrier) and in the mineral soil (high bulk

density).
l Soil temperature was the main factor determining N2O emissions at the Solling

site except for the periods when soils were dry (soil water tensions >200 hPa) in

summer and autumn months. High temperatures caused a seasonal pattern of

N2O emissions, as compared to the commonly observed background patterns.
l Forests with seasonal N2O emissions (as at the Solling site) responded much

more strongly to temperature increase (apparent Q10 = 9) than forests with

background N2O emissions such as the Göttinger Wald or Zierenberg sites.

The strong response to temperature increase was explained by higher oxygen

consumption and increased anaerobic zones in the soil. Forests with a seasonal
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emission pattern may therefore increase the global N2O budget if the tempera-

ture increases.
l High spatial variations of N2O emissions were partly related to the heteroge-

neous distribution of fine root biomass on the Solling site. High numbers of

replicates are required to assess mean N2O emissions from a forest site.
l Forest clearing may affect N2O production in forests by restricting oxygen

diffusion as it was observed in the moder-like humus soil at the Solling site.

High soil moisture and nitrate content in a forest gap increased the period of high

N2O emissions in summer and autumn months and led to 3–5 times higher

annual fluxes. Forest harvesting did not affect N2O emissions at the Zierenberg

site. This may be related to the well aerated soil and the low background N2O

emissions at this site, and to the fast development of a dense ground vegetation,

reducing nitrate and water content in the soil.
l Liming reduced the N2O emissions by improving oxygen diffusion in soils

through an increase in the faunal activity that improved bioturbation in soils

(removing the diffusion barrier in the surface organic layer). Liming increased

ground vegetation cover and further reduced N2O emissions by lowering moisture

content in the soil. The recent liming to forests may have long-term effects on the

N2O emissions as is indicated by low values in up to 19-year-old liming plots.
l In order to reduce the N2O emissions from beech forests, it is important to reduce

the seasonal N2O emissions through adequate soil aeration which may be

achieved in many situations by liming and by keeping soil compaction low

during forest operations.
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Chapter 19

Methane Uptake by Temperate Forest Soils

W. Borken and R. Brumme

19.1 Introduction

Net uptake of atmospheric methane by methanotrophic bacteria in forest soils is

generally less than 20 kg CH4 ha
�1 per year and therefore has almost no impact on

the carbon budget of forest ecosystems. However, terrestrial soils are the most

important biological sink for atmospheric methane, consuming between 20 and 45

Tg CH4 per year (Smith et al. 2000; Dutaur and Verchot 2007). The methane

concentration in the atmosphere increased from about 700 to 1,774 ppb (by volume)

during the last 150 years, though the concentration has possibly stabilised during

the past decade (IPCC 2007). Methane currently contributes approximately 18% to

the anthropogenic greenhouse effect and has a global warming potential 25 times

higher than that of CO2 based on a time horizon of 100 years (IPCC 2007).

Human activities have reduced the soil sink for atmospheric methane by con-

verting natural forests and grasslands to coniferous plantations, agricultural and

urban land (Ojima et al. 1993; Dobbie et al. 1996; Smith et al. 2000; Borken et al.

2003; Borken and Beese 2006) and by causing acid deposition in temperate forests

(Brumme and Borken 1999). Undisturbed forest soils generally consume much

higher rates of atmospheric methane than agricultural and urban soils, although the

methane uptake rates may vary considerably within and among forests over all

climatic regions. Comparisons of adjacent forest and agricultural soils showed that

converting forest land to agricultural use reduced methane uptake rates by two-

thirds in both temperate and tropical regions (Smith et al. 2000). The mechanisms

for long-term reduction in methane uptake are not completely understood. Distur-

bances of the soil structure as well as changes in vegetation, micro-climate, and

nutrient status may have diminished the population of methane-utilising bacteria in

several ways after land conversion to agricultural use. It is believed that these still

unidentified bacteria have an extremely slow growth rate due to the small atmo-

spheric methane concentration. Methanotrophs have a high affinity for methane as

indicated by low Km values and low threshold concentrations (Bender and Conrad

1993). Smith et al. (2000) pointed out that it probably takes more than 200 years for
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methane utilising bacteria to recover after reversion of agricultural land to forest or

grassland.

Since the industrial revolution in the nineteenth century, there have been anthro-

pogenic changes in temperate forests of Central Europe and North America, mainly

in association with high atmospheric depositions and intensive forest management

practices (Puhe and Ulrich 2001). Soil acidification, high nitrogen loads, uniform

plantations of foreign tree species and liming may all have contributed to an altered

methane sink in forest soils. To counteract soil acidification, forest soils have been

limed and SO2 emissions have been greatly decreased since the 1990s. However,

the nitrogen input by atmospheric deposition from fuel combustion and large-scale

animal husbandry is still very high and may acidify forest soils. Various studies

have demonstrated a negative effect of N addition on CH4 uptake in forest soils (e.g.

Steudler et al. 1989; Sitaula et al. 1995; Gulledge et al. 2004) and some authors

reported a negative effect of soil acidification on CH4 uptake (Borken and Brumme

1997; Brumme and Borken 1999).

In this study, we focus on the effects of soil pH, nitrogen addition, liming,

compaction and forest harvesting on methane uptake rates at Solling and Göttinger

Wald, two forest soils of different acidity but similar atmospheric N-inputs (for

detailed description of the sites see Chap. 1). We measured methane uptake rates

using static chambers (Chap. 17) in control plots over a 2-year period from March

1993 to April 1995. At the Solling beech forest methane uptake was measured in

limed and N-fertilised plots (for detailed description of soils, see Chap. 3). The

effect of nitrogen addition on methane uptake was investigated at Göttinger Wald

from April 1994 to April 1995. Nitrogen compounds, i.e. 30 kg N ha�1 of KNO3,

NaNO3, NH4Cl, (NH4)2SO4, NH4NO3, NH4-acetate or urea, were added four times

a year. Another plot received 120 kg N ha�1 as (NH4)2SO4 once per year. An

automated chamber system (Brumme and Beese 1995) was used to investigate the

short-term effect of nitrogen addition in an adjacent spruce forest at Solling from

August 1993 to December 1994. The spruce soil was treated four times with 30 kg

N ha�1, added as NaNO3, NH4Cl, (NH4)2SO4, NH4NO3 or urea. Additionally,

results from other untreated beech and spruce sites were included in the analysis

of site factors governing CH4 uptake (see Brumme and Borken 1999 for detailed

site description). The effects of forest harvesting were studied in gaps at the Solling

beech site, which were established in autumn 1989 (Bauhus and Bartsch 1995;

Bartsch et al. 2002). Two gaps were limed with 3 Mg ha�1 of fine dolomitic lime-

stone. Methane uptake was measured in the unlimed gap, the limed gap and the

control plot with three closed chambers (0.25 m2) from January to December 1994.

19.2 Moisture and Temperature Effects

Figures 19.1 and 19.2 show the temporal dynamics of CH4 uptake rates for control

plots of the beech forests at Solling and Göttinger Wald from April 1993 to April

1995. CH4 uptake rates were extremely low at Solling compared to Göttinger
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Wald and varied from 0 to 8.8 mg CH4 m
�2 h�1 (Solling) and from 9.1 to 72 mg CH4

m�2 h�1 (Göttinger Wald) over the entire period. The highest rates were measured

in the summer of 1994 when the top mineral soil was relatively dry and soil water

tension increased to >800 hPa. In contrast, 1993 was a rather wet year and soil

water tension did not exceed 200 hPa during the growing season. This clearly

demonstrates the importance of soil moisture on temporal variation in CH4 uptake.

Soil moisture controls the mass flow of air and diffusion of atmospheric CH4 into

the soil by changing the air-filled pore space of soils (Ball et al. 1997). In poorly

drained forest soils, anaerobic production may exceed the consumption of CH4 and

turn the soil into a net CH4 source under wet conditions (Fiedler et al. 2005).

Diffusion of CH4 in water is 104 times slower than in air (Marrero and Mason

1972). Consequently, soil water may affect the temporal dynamics as well as spatial

variation in CH4 uptake at the stand and regional scales (Castro et al. 1995; Potter

et al. 1996; Priemé and Christensen 1997). Future changes in rainfall amount and

distribution could alter the soil sink of temperate forest for atmospheric CH4. The

simulation of extended summer droughts by exclusion of throughfall increased CH4

uptake rates by two to three times in a spruce forest at Solling (Borken et al. 2000b).

Based on the Arrhenius function, apparent Q10 values of 2.8 and 2.1 have been

calculated for CH4 uptake in the beech forests at Solling and Göttinger Wald.
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Contrary to our results, some studies have shown that soil temperature has little

effect on CH4 uptake, as indicated by small apparent Q10 values in the range of

1.1–1.5 (Born et al. 1990; King and Adamsen 1992; Priemé and Christensen 1997;

Borken et al. 2000b). Observed differences in Q10 values within a year have been

explained by growth of methane oxidising bacteria (Crill 1991). Crill found Q10

values of 2.0 for the period from April to July and of 1.2 for August to December

and suggested that the growth of methane oxidisers were responsible for the higher

temperature sensitivity from April to July. Another reason for the differences in Q10

values is that soil moisture and soil temperature may be confounding factors during

the growing season, when evaporation and transpiration increase with increasing

temperature (Borken et al. 2000b). Thus, the relatively highQ10 at our sites could be

related to changes in soil moisture during the growing season.

Some authors have pointed out that high Q10 values from field and laboratory

studies would overestimate the intrinsic temperature dependency of CH4 uptake.

One reason is that the atmospheric CH4 concentration of 1.7 ml l�1 is too low for

saturation of the key enzyme methane monooxygenase as indicated by a low half-

saturation constant Km (Bender and Conrad 1993). Thus, the enzymatic activity is
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mainly controlled by CH4 concentration and to a lesser extent by temperature. A

typical parabolic temperature function was found when pure cultures of M. rubra,
a CH4 oxidising species, were incubated at a CH4 concentration of 10,000 ml l�1

while only a weak temperature dependency was observed at a CH4 concentration of

100 ml l�1 (King and Adamsen 1992). Similarly, Whalen et al. (1990) reported a

parabolic temperature response for a landfill cover soil at a CH4 concentration of

9,500 ml l�1 whereby the optimum temperature for CH4 uptake was 31�C and the

average Q10 was 1.9 for a temperature range between 5 and 26�C.
King and Adamsen (1992) argue that the diffusion of atmospheric CH4 into the

mineral soil is also a temperature-dependent process whereby the temperature

dependencies of CH4 diffusion coefficients in soil air and soil water are different.

They calculated increases of 21% for diffusion of CH4 in soil air and of 150% in soil

water, when temperature increased from 0 to 30�C. Consequently, the apparent

temperature dependency of CH4 uptake should be higher in wet soils than in dry

soils.

This discussion suggests that the impact of future global warming on the soil

CH4 sink is still uncertain. The direct effect of a temperature increase on CH4 up-

take is probably negligible, whereas the indirect effects such as interaction between

temperature and soil moisture may be more important and should be considered for

predicting the soil CH4 sink.

19.3 Site Factors Determine Methane Uptake

Atmospheric CH4 uptake occurs in all terrestrial soils with aerobic conditions

although site-to-site variation can be very high (Smith et al. 2000). Physical

processes involved in the regulation of CH4 uptake such as gas diffusivity in soils

are mostly understood, but little is known about the effects of soil chemical

parameters on biological and physical soil properties. Our study on CH4 uptake at

three spruce and four beech forests indicates that soil acidity is an important factor

for site variation in CH4 uptake from 0.1 to 2.5 kg CH4 ha
�1 per year (Fig. 19.3).

Several authors reported high methane uptake rates in soils with low pH (Crill

1991; Borken et al. 2006), indicating that other factors may obscure the intrinsic

effect of soil pH on methanotrophs. Saari et al. (2004) found pH optima for CH4

oxidation between 4 and 7.5 for different forest soils and some optima were above

the natural pH. Negative effects of soil acidification on soil physical parameters and

bioturbation have the potential to reduce CH4 uptake in forest soils.

Of the seven forests studied in northern Germany, those at Solling and Göttinger

Wald have the most different soils regarding their ability to oxidise CH4 (Fig. 19.4).

Göttinger Wald had the highest CH4 uptake rate of 2.5 kg CH4 ha
�1 per year and

Solling had the lowest rate of 0.1 kg CH4 ha
�1 per year (Table 19.1). An important

parameter that affects soil porosity is the soil pH. The soil at Göttinger Wald has a

higher soil pH than at Solling, a 2.4-times higher air-filled pore space at field

capacity and six times higher relative gas diffusivity in the top 10 cm of the mineral
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soil (Ball et al. 1997). The strong linear correlation between annual CH4 uptake

rates and air-filled pore space at field capacity (r2 = 0.72) at four different beech

forests illustrates the impact of soil porosity on CH4 uptake (Fig. 19.4). Air-filled

soil pores at field capacity have a diameter of>50 mm and are often created by soil-

burrowing earthworms (Edwards and Bohlen 1996) or may result from decomposed

roots. However, most of the indigenous earthworms are not adapted to acid soils.

The relatively low earthworm population at Solling with 19 individuals m�2

compared to 205 individuals m�2 at Göttinger Wald (Schaefer and Schauermann
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Fig. 19.3 Relationship between annual CH4 uptake rates and soil pH at 0–10 cm depth from

different beech and spruce forests. For site description, see Brumme and Borken (1999)
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1990) are related to the low soil pH at Solling. The soil at Göttinger Wald is

inhabited by endogeic and anecic earthworm species. Both ecological groups

loosen the mineral soil by burrowing activity, but most important for gas diffusivity

seems to be L. terrestris, an anecic earthworm species. It forms large vertical

borrows which are open to the atmosphere and allow rapid exchange of gases

between the atmosphere and the soil. In contrast, only epigeic earthworm species

were found at Solling (Schaefer and Schauermann 1990). These species live in the

O horizon and have little or no effect on the porosity of the mineral soil. High and

low densities of endogeic and anecic earthworms were also found respectively at

the beech stands Lappwald with high (5.1) and Harste with low (4.3) soil pH (Fig.

19.3 and Table 19.1). Therefore, our results suggest that a high activity of endogeic

and anecic earthworms increase soil CH4 uptake by creation of macro-pores.

We speculate that the invasion of endogeic and anecic earthworm species could

increase CH4 uptake of forest soils in the long run. However, the inoculation with

L. terrestris in the subsoil of B1 resulted in a reduction in net CH4 uptake (Borken

et al. 2000a); the CH4 uptake of the subsoil was extremely low in the experiment

and the density of L. terrestris (113 individuals m�2) was rather high. CH4 was

obviously produced in anaerobic micro-sites of the gut and/or the fresh faeces of

L. terrestris. Despite the observed CH4 production, endogeic and anecic earth-

worms could increase CH4 uptake of acid forest soils in the long-term by loosening

the mineral soil, provided that the soil pH has increased to the adaptation range of

the earthworms.

Because CH4 uptake is positively correlated with soil pH (Fig. 19.3), high acid

depositions could have reduced the CH4 uptake by many forests of Central and

North Europe by triggering changes in the biological and physical status of the soils

Table 19.1 Mean annual CH4 uptake rates (� standard deviation) and some soil properties at

0–10 cm depth of different beech stands in northern Germany

Study site Treatment Soil

pH

Organic

C-concentration

(g g�1)

CH4 uptake

(kg CH4 ha
�1 per year)

Solling Control 3.9 0.04 0.17 � 0.06a,b

Limed 5.3 0.05 0.87 � 0.39c

(NH4)2SO4 0.11 � 0.06a,b

Control gap 0.92 � 0.10c

Gap 0.14 � 0.03a

Limed gap 0.71 � 0.51b,c

Göttinger Wald Control 5.2 0.05 2.48 � 0.59d

Lappwald Control 5.1 0.05 1.34 � 0.42c

Harste Control 4.3 0.02 0.75 � 0.36c

At Solling, the control, limed and N-fertilised plots were measured over 2 years from 1993 to 1995,

the ‘gap’ plots from January to December 1994 and all other plots from April 1993 to April 1994.

Differences in CH4 uptake between the sites and the treatments were tested for same time periods

using one-way ANOVA. Different letters indicate significant differences at a = 0.05
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during recent decades. Phylogenetic studies suggest an impact of soil pH on the

community structure of methanotrophs in forest soils (Knief et al. 2003; Kolb et al.

2005). Whether these different methanotrophic communities have different affi-

nities for CH4 oxidation is still an object of actual research.

In German forests, soils with pH 3–4 have decreased by 0.4–0.6 pH units, and

those with pH 5.5–6 by 2 pH units within the last 20–30 years (Veerhoff et al.

1996). A reduction in soil pH from 5.5 to 4.5 would decrease the uptake rate by 1.3

kg CH4 ha
�1 per year (Brumme and Borken 1999). Our results are based on soils

with high clay and silt contents but we did not include any sandy soils, which may

not have changed their physical properties by soil acidification.

Soil acidity may have also affected CH4 uptake through accumulation of litter in

the O horizon following the reduction or disappearance of anecic earthworms.

Anecic earthworms prevent the accumulation of organic matter in the O horizon

by incorporating litter into the mineral soil. O horizons barely consume atmospheric

CH4 although CH4 supply is not restricted by diffusion compared to the mineral soil

(Borken et al. 2006; Saari et al. 1998). We found a strong negative exponential

relationship (r2 = 0.92) between annual CH4 uptake rates and thickness of O

horizons of four beech forest soils (Fig. 19.5). The increase in CH4 uptake rates

by 25–171% after removal of the O horizon from nine different forest soils indicate

that the O horizon may act as a diffusion barrier for atmospheric CH4 at high water

contents (Borken and Brumme 1997). Moreover, the laminar structure of beech

litter influences the resistance to CH4 transport. Repeated addition of beech litter

from the beech plot at Solling to the O horizon of an adjacent spruce stand

significantly reduced the annual CH4 uptake rate (Brumme and Borken 1999). An

opposite effect was found when beech litter was periodically replaced by spruce

litter in the beech stand. CH4 uptake was about twice as high as in the beech control

plot during the third year of treatment. This experiment demonstrated that the
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Fig. 19.5 Relationship between annual CH4 uptake rates and thickness of O horizons from four

different beech forests in Germany. The CH4 uptake on all sites were measured weekly to
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376 W. Borken and R. Brumme



morphological structure of litter affects the transport of atmospheric CH4 into the

mineral soil.

The direct effects of acid rain on CH4 uptake observed in laboratory studies are

contradictory. Increasing volumes and concentrations of added acid to soils from a

mixed coniferous-hardwood forest decreased CH4 uptake, whereas nitric acid was

more inhibitory than sulphuric acid at equivalent soil pH (Benstead and King 2001).

The optimum CH4 uptake was between pH 4.8 and 6.0, and strong reductions were

found when soil pH decreased to <pH 4.4 or increased to >pH 6.0. Benstead and

King (2001) treated the soil within 3 days with 1.28 mmol H+ cm�2, which is 320-

times higher than the annual H+-input by precipitation in the study area. This strong

acid application might have killed methanotrophic bacteria and therefore did not

simulate field conditions. In contrast, CH4 uptake of a spruce forest soil increased

when acidic water with pH = 3 was applied, whereas water with pH 4.0 and 5.5 had

no effect on CH4 uptake (Sitaula et al. 1995). In another study, high inputs of

sulphuric acid stimulated CH4 uptake in a temperate deciduous woodland, while

those of nitric acid had no effect (Bradford et al. 2001). These authors concluded

that H2SO4 could increase the activity or population of methanotrophs. A 10-year

reduction in sulphuric and nitric acid in rainwater to pre-industrial concentrations

had no effect on CH4 uptake of a spruce forest soil at Solling (Borken et al. 2002).

19.4 Effects of Liming and Forest Harvesting

In order to decrease soil acidity, surface applications of 3–4 tons ha�1 of lime have

been employed in many forests of Germany since the mid–1980s. These small

amounts of lime increase the pH in the O horizons while the pH of mineral soils

mostly remains unaffected. A return of strongly acidic forest soils to the pre-

industrial level requires lime applications of approximately 30 tons ha�1 (Beese

and Meiwes 1995). Little is known about the effects of lime applications on CH4

uptake in forest soils, but liming could influence CH4 uptake by changes in

physical, chemical and biological soil properties.

We studied the long-term effect of liming on CH4 uptake in four different forest

stands, which previously received 6–43 tons lime ha�1 (Borken and Brumme 1997).

In three stands, mean CH4 uptake rates increased by 26–560% compared with the

control plots; the exception was the spruce stand at Solling treated with 6 tons lime

ha�1, which showed a decrease in CH4 uptake of 24%. CH4 uptake in the limed

beech stand at Solling significantly increased from 0.11 to 0.87 kg CH4 ha
�1 per

year (Fig. 19.1 and Table 19.1). We attributed the increase in the three stands to

changes in the morphology of the O horizon by increased density of epigeic earth-

worms. The earthworms have probably diminished the diffusion resistance for

atmospheric CH4 by loosening the O horizons. Nevertheless, the correlation be-

tween mineral soil pH and annual CH4 uptake rates including untreated and limed

soils was weak (r2 = 0.40).
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Contradicting results were also found in the literature. An insignificant reduction

in CH4 uptake was observed in a hardwood forest 2 years after liming using 10 tons

CaCO3 ha
�1 (Yavitt et al. 1993). A small reduction in CH4 uptake was observed in

a limed spruce stand (4 tons dolomite ha�1), which was attributed to elevated

N-mineralisation in the O horizon (Butterbach-Bahl and Papen 2002). In accor-

dance to our results, Kasimir-Klemedtsson and Klemedtsson (1997) found an

increase in CH4 uptake of 14% by liming of a Norway spruce stand. Although the

direct and indirect effects of acid rain on CH4 uptake are not clear, our results

indicate that large lime additions keep the potential of acid forest soils to consume

atmospheric CH4 constant.
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Forest harvesting may change CH4 uptake by increased soil temperature and

moisture or by increased nitrification rates as a result of a failing root uptake.

Temperature has not been found to be an important factor for the uptake of CH4 in

soils (Sect. 19.2) and did not increase in the centre of a gap (30 m diameter,

established in autumn 1989 at the Solling site (see Chap. 22). Methane uptake in

the gap, measured with closed chambers (n = 3) from January to December 1994,

never exceeded 5 mg CH4 m
�2 h�1 in contrast to the stand where rates up to 34 mg

CH4 m
�2 h�1 were measured in August at maximum soil water tension (Fig. 19.6).

Annual uptake rates significantly declined from 0.92 kg CH4 ha
�1 per year in the

stand to 0.14 kg CH4 ha
�1 per year in the centre of the gap (Table 19.1). Nitrate

losses increased after harvesting if compared to the stand (Bartsch et al. 2002) and

might be involved in the reduction of CH4 oxidation in the soil (see Sect. 19.5).

However, probably more important is the higher moisture content in the soil

(Fig. 19.6b), which controls the diffusion of atmospheric CH4 into the soil. Appli-

cation of lime to improve forest regeneration within another gap had a positive

effect on CH4 uptake (Fig. 19.6 and Table 19.1). The increase in CH4 uptake in the

limed gap is likely a result of reduced soil moisture following water consumption

by the dense ground vegetation. In agreement, Dannenmann et al. (2007) reported

reduced CH4 uptake by increasing soil moisture in a beech forest after thinning.

Soil compaction during soil harvesting caused a reduction in macro-pore volume

and an increase of the water-filled pore space and reduced the CH4 consumption at

skid trails established by applying two passes with a forwarder in three beech stands

(Teepe et al. 2004). The extent of reduction in the cumulative value of CH4

oxidation during the growing season at different sites was �92% (sandy loam)

and �77% (silt). A silty clay loam became a source of CH4 when water-filled pore

space increased to approximately 100%.

19.5 Effects of Nitrogen Input

High atmospheric inputs of inorganic nitrogen are considered to substantially reduce

the soil CH4 sink in different terrestrial ecosystems. A decrease in CH4 uptake due

to ammonium or nitrate fertilisation was first reported for a mixed hardwood and a

pine forest in Massachusetts, USA (Steudler et al. 1989). Nitrogen fertilisers may

reduce soil CH4 oxidation due to competitive inhibition of methane monooxygen-

ase by NH3 or NH4
+ (Dunfield and Knowles 1995). The similar molecular size of

CH4 and NH4
+ permit both compounds to compete for enzyme binding, whereby

the affinity of methane monooxygenase for CH4 is higher than for NH4
+. Recent

studies, however, challenge this mechanism (Whalen 2000; Saari et al. 2004; Tate

et al. 2007) since most findings were obtained from fertilisation experiments.

Observed reductions in CH4 uptake by nitrogen fertilisation do not necessarily

reflect a direct inhibitory effect of NH4
+ on methanotrophs. Indirect effects of

N-treatments such as high osmotic pressure or toxicity of specific ions could have

killed methanotrophs. From laboratory studies it is known that non-N-salts can
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reduce CH4 uptake rates of soils. Whalen (2000) found decreasing first-order rate k
constants for atmospheric CH4 uptake with increasing amounts of NH4Cl, NaNO3

and NaCl (0–20 mmol N g�1 soil), indicating that the reduction in k resulted from

salt concentration rather than from inhibition of methane monooxygenase by NH4
+.

Moreover, similar decreases in k with NH4Cl and NaCl and less decrease in k
with NaNO3 indicate a strong inhibitory effect of Cl�. From Whalen’s (2000)

study, it may be deduced that reductions in CH4 uptake by high amendments of

N-compounds result from non-specific salt effects.

The long-term effect of repeated annual (NH4)2SO4 addition (140 kg N ha�1 per

year) on CH4 uptake was investigated in the N-fertilised beech plot at Solling from

January 1993 to April 1995 (Fig. 19.1). CH4 uptake rates were 0.08 kg CH4 ha
�1

per year in 1993 and 0.14 kg CH4 ha
�1 per year in 1994, which is slightly below the

rates of the control plot (Table 19.1). The difference in the reduction between the

years resulted mainly from the growing season in 1994 when CH4 uptake rates were

generally higher due to lower soil moisture. Mean NH4
+ concentration in the soil

solution at the 10 cm depth was 7 mg N l�1 higher than in the control plot from 1983

to 1994 (Meiwes et al. 1998). Despite the long-term treatment of 140 kg NH4–N

ha�1 per year over 13 years, CH4 uptake of this soil was not totally inhibited.

The effect of repeated (NH4)2SO4, NH4-acetate, urea, NH4Cl, NaNO3, NH4NO3

and KNO3 treatments on CH4 uptake was studied in the beech forest at Göttinger

Wald from April 1994 to April 1995. Insignificant changes in the range of �11 to

10% reveal that four N-treatments each of 30 kg N ha�1 had little or no effect on

CH4 uptake within a year (Fig. 19.7). The only exception is the 21% reduction in the

plot which received 120 kg N ha�1 as (NH4)2SO4 in a single application.
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Fig. 19.7 Proportional deviation of N-treated plots to the control plot in CH4 uptake at Göttinger

Wald measured from April 1994 to April 1995 (n = 41) (a (NH4)2SO4, b (NH4)2SO4, c NH4-

acetate, d urea, e NH4Cl, f NaNO3, g NH4NO3, h KNO3). Plot a received 120 kg N ha�1 as

(NH4)2SO4 on 1 June 1994. All other plots received 30 kg N ha�1 on 1 June 1994, on 4 August

1994, on 28 November 1994 and on 27 February 1995
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The effects of repeated (NH4)2SO4, NH4NO3, NH4Cl, urea and NaNO3 treat-

ments on CH4 uptake were measured using automated chambers in a spruce stand

adjacent to the beech stand at Solling from August 1993 to December 1994. CH4

uptake rates at the control plot were 1.3 kg CH4 ha
�1 in 1993 and 1.6 kg CH4 ha

�1

in 1994 (Borken et al. 2000b). All N-fertilisers reduced CH4 uptake at the spruce

stand by 20–44% during the period from November 1993 to December 1994

(Fig. 19.8). The greatest reduction in CH4 uptake resulted from the NaNO3 treat-

ment (�44%), followed by urea (�34%), NH4Cl (�25%), NH4NO3 (�23%), and

(NH4)2SO4 (�20%). Concentrations of ammonia, nitrate and dissolved organic

nitrogen were periodically measured in soil solution at 10 cm depth and indicated

a higher ammonium and nitrate concentration at each treatment compared to the

control plot (Borken 1996). Mean NH4
+ concentrations increased after fertilisation

from 1.5 mg N l�1 in the control plot to 5.1 (urea), 5.5 (NH4NO3), 6.0 ((NH4)2SO4)

and 14.8 mg N l�1 (NH4Cl), while the NH4
+ concentration of 1.1 mg N l�1 in the

NaNO3 plot was lower than the control. NO3
� concentration increased only in the

NaNO3 plot, from 5.9 mg N l�1 (control) to 26.1 mg N l�1.

The N-treatments in the spruce stand at Solling had a stronger effect on CH4

uptake than those in the beech forest at Göttinger Wald, although the forms and

amounts of added N-compounds were not different. The insignificant effect of NH4

treatments at Göttinger Wald could result from high nitrification or immobilisation

rates that would protect methanotrophs from exposure to NH4
+. It is likely that the

reported high nitrification rate at Göttinger Wald (Chap. 13) led to rapid and

complete removal of applied NH4
+. By contrast, nitrification was incomplete in

the control plot of the beech stand at Solling (Mochoge and Beese 1983). The rather

high NH4
+ concentrations in the soil solution from the NH4

+ treated spruce plot at

Solling (Borken 1996) suggest that low nitrification rates may have contributed to

the decrease in CH4 uptake (Fig. 19.8). Gulledge et al. (1997) found no inhibitory
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Fig. 19.8 Proportional deviations of N-treated plots to the control plot in CH4 uptake in the spruce

forest at Solling using automated chambers from August 1993 to December 1994 (a (NH4)2SO4, b

NH4NO3, c NH4Cl, d urea, e NaNO3). All fertilised plots were treated four times with 30 kg N

ha�1 on 4 November 1993, on 22 May 1994, on 12 July 1994 and on 14 September 1994
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effect after (NH4)2SO4 fertilisation of a spruce soil but a delayed inhibition for a

birch soil in upland taiga in Alaska. Low nitrification rates and high NH4
+ con-

centrations were found in both soils. They concluded that different responses of the

fertilised soils resulted from physiologically distinct CH4 oxidiser communities in

the two study sites.

In accordance with our results, Castro et al. (1995) observed that CH4 uptake

rates decreased by 25–62% in annually repeated NH4NO3 fertilised plots (150 kg N

ha�1 per year) of a red pine plantation, while CH4 uptake of an adjacent mixed

hardwood stand was reduced by 15–36% following the same treatment over 6 years

(Castro et al. 1995). However, the annual repeated application of 50 kg N ha�1 per

year as NH4NO3 reduced CH4 uptake by only 17–27% in both stands, with no

temporal trend during 5 years of treatment.

Because of indirect salt effects, it is not evident whether heavy N additions

simulate the long-term effect of high N-deposition on CH4 uptake. Only a few field

studies were performed to assess the in situ long-term effect of moderate nitrogen

inputs on the soil CH4 sink of forest soils. Kasimir-Klemedtsson and Klemedtsson

(1997) reported a strong decrease in CH4 uptake from 1.6 to 0.6 kg CH4 ha
�1 per

year in a well-drained coniferous forest soil in Sweden, which received additionally

35 kg NH4NO3–N ha�1 per year, applied weekly throughout the year. However, the

poorly drained site treated with the same amount of NH4NO3 showed higher CH4

uptake rates than the respective control plot. The total N-input of the fertilised plots

was 47 kg N ha�1 per year including the ambient atmospheric deposition of 12 kg N

ha�1 per year (Klemedtsson et al. 1997). In contrast, no effect on CH4 uptake was

observed from elevated inputs of 11 kg HNO3–N ha�1 per year and 18 kg

(NH4)2SO4–N ha�1 per year added to throughfall in a mixed deciduous woodland

(Bradford et al. 2001). A 10-year reduction in nitrogen and proton input by through-

fall water to pre-industrial concentrations did not increase soil CH4 uptake in a

spruce stand at Solling (Borken et al. 2002).

From these studies it may be concluded that elevated atmospheric input of

nitrogen had no effect on CH4 uptake during recent decades. Alternatively, the

soil CH4 sink was strongly reduced by nitrogen deposition during past decades and

the recovery of methanotrophic bacteria needs some decades or centuries.

19.6 Conclusions and Indications of Human Impacts

l CH4 uptake is controlled by multiply factors, which require special attention

when any prediction is made. Temperate forest soils act generally as a sink for

atmospheric CH4, but both CH4 oxidation and production coexist in soils and

may determine the net CH4 uptake rate.
l Soil moisture mainly controls the dynamics of CH4 uptake and also has an effect

on the spatial variability of CH4 uptake. Extended summer droughts may inc-

rease annual CH4 uptake rates in temperate forests, as indicated by large
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inter-annual variation in CH4 uptake at our study sites. In contrast, temperature

has little effect on the oxidation of CH4 per se, but it may affect soil moisture and

thus the CH4 uptake rate.
l Soil acidity has diminished the soil CH4 sink in this study by decreasing

bioturbation and accumulation of organic matter in the O-horizons. Because of

the low ability to oxidise CH4, particularly thick O horizons may act as diffusion

barriers for atmospheric CH4 at high moisture contents.
l Forest harvesting decreased CH4 oxidation under conditions where root uptake

is reduced and high soil moisture content is established during growing season at

a gap study at Solling. Soil compaction during harvesting with harvesters and

forwarder reduced CH4 oxidation primary by decreased macro-pore volume.

Liming maintains or increases the potential of acid forest soils to act as a sink for

atmospheric CH4.
l Inputs of nitrogen by atmospheric deposition have probably not directly affected

the soil CH4 sink of forests in Central Europe. The observed reductions in CH4

uptake by N-fertilisation may result from non-specific salt effects or from toxic

effects of accompanying ions on methanotrophic bacteria.
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Chapter 20

Microbial Biomass in Broad-Leaved

Forest Soils

T.-H. Anderson

20.1 Introduction

Long-term analysis of ecosystem processes involves, to a great extent, inventories

of element and energy transfers between biotic and abiotic compartments. In

terrestrial ecosystems, the heterotrophic activity of soil micro-organisms plays a

central role in this element and energy transfer as it involves the release of organic

nutrients and mineral elements during microbial mineralisation activities of organic

residues from the primary producers. Chronic detrimental impacts would directly

affect this vital microbial compartment with subsequent changes in the element and

energy budget of a system. For that reason, it is an obligatory necessity to develop a

sound knowledge about the size of this microbial pool and the microbial biomass of

total fungal and bacterial cells, together with an understanding of its controlling

mechanisms. It is most likely that adverse changes in an ecosystem will more easily

and at an early stage be detectable at the microbial community level.

The objectives of this study were (1) to survey a large number of different forest

sites in Lower Saxony for microbial biomass content, microbial growth or

activity indices, in order to (2) provide the underlying principles of microbial

development in forest soils. All the methods used are well described in the pertain-

ing literature.

20.2 Regional Distribution of Microbial Carbon

of Broad-Leaved Forest Soils in Lower Saxony

More than 20 years ago, three methods were developed for microbial biomass

estimations: the fumigation incubation method (Jenkinson and Powlson 1976), the

substrate-induced respiration method (Anderson and Domsch 1978) and the fumi-

gation-extraction method (Vance et al. 1987). A detailed description of the methods
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is given by Alef (1991). It was a major breakthrough in those days to be able to

reliably quantify this total living microbial pool of a soil, rather than measuring

separate component groups of organisms as had been the case with microscopic

techniques. It opened the possibility for budget analysis of very diverse ecosystems

(Hunt 1977; Jenkinson and Rayner 1977; Paul and Voroney 1980; McGill et al.

1981; Van Veen et al. 1985; Knapp et al. 1983). In general, agricultural soils have

a microbial biomass-C (Cmic) content in the range of 100–1,500 mg C g�1 soil

while grassland and forests show considerable higher values of between 1,000

and >3,000 mg C g�1 soil (Anderson and Domsch 1980, 1986a, 1989, 1993;

Lynch and Panting 1980; Jenkinson and Ladd 1981; Insam et al. 1989).

At the beginning of 1990, data on the range of microbial biomass carbon (Cmic)

were not available for German forest soils. The long-term programme of the Forest

Ecosystem Research Centre at Göttingen allowed the thorough survey of Cmic

contents of very diverse forests in Lower Saxony. The large amount of Cmic data

recorded made it possible to empirically detect relationships between Cmic contents

and soil or environmental parameters. This kind of acquired knowledge can help to

better interpret effects of anthropogenic impacts.

Table 20.1 shows a selection of studied forest sites (beech and beech-oak stands)

of Lower Saxony which are listed in a north-south direction together with their Cmic

values. This survey included only large natural forests which are either Federal

State owned or private property, but always under the management of forest

departments. Since the goal of this intensive measuring campaign was to under-

stand the underlying principle of microbial biomass development in forest soils,

sampling was done with great care to avoid short-term effects on the micro-flora.

This included, for instance, sampling only in early spring before the emergence of

ground-cover to avoid extreme temperature or nutrient effects (root exudation of

trees or plants) (Anderson and Domsch 1989, 1993). Further, measurements were

concentrated on the mineral horizon (Ah), since it was assumed that the surface litter

layers (L, Oh) are more prone to short-term impacts, particularly to the ongoing

liming campaign, which would have made it difficult to separate such anthropo-

genic effects from the endemic interspecific soil effects on microbial biomass. A

one-way ANOVA of these sites again revealed the strong influence of the soil pH

on the level of microbial biomass as was reported earlier (Anderson and Domsch

1993). Soil pH is the main controlling factor of Cmic. Sites with a mean pH of �3.2

(n = 248) had significantly (p < 0.001) lower Cmic values compared to neutral sites

of mean pH of�6.7 (n = 150). The mean value of microbial biomass for acidic sites

amounted to 636mgCmic g
�1 soil as compared to neutral sites with 1,294 mg Cmic g

�1

soil which was almost twice as high. Independent of the location, the high

microbial biomass levels can be expected in soils with a neutral pH together

with high Corg contents. Despite the different soil types (i.e. Cambisol, Gleyic

Cambisol, Podzol, Fluvisol, Vertic Cambisol, Rendzic Leptosol and Gleysols,

according to FAO nomenclature) of the forest sites, soil type itself does not show

any relation to Cmic values and soil genesis might indirectly affect Cmic

by determining pH and Corg content in a particular climatic region. This has

already been shown earlier for different soils under agricultural management
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(Anderson and Domsch 1989) and was also confirmed by Insam et al. (1989) and

Kaiser et al. (1992).

The influence of the Corg content on microbial biomass development is not easy

to detect because soil pH exerts a superimposing effect. In general, it was observed

as stated above that high levels of Corg were related to high Cmic contents, provided

that the soil pH is optimal (neutral) for microbial development. Table 20.2 shows

this relationship by comparing the Ah and Oh horizons of sampling locations at five

different forest sites. As expected, the Corg content of the Ah horizon is always

considerably lower than the Corg content of the corresponding upper Oh horizon and

the Cmic content in the Oh horizon is accordingly higher.Oh horizons can contain up

to 7-fold more Cmic than Ah horizons. For example, Meerdorfer Holz and Ummeln/

Hepstedt, with a high pH together with a high Corg content in Oh horizons, show

also the highest Cmic level. No Cmic values of Oh horizons of pH above 6.0 are

available since such soils hardly develop any Oh horizon.

20.2.1 The Significance of the Cmic-to-Corg Relationship
and the Specific Respiration Rate, qCO2

Micro-organisms need carbon for survival and growth for which they depend on

the soil organic matter. Micro-organisms form an integral component of the total

soil organic matter itself. Early reports on this microbial biomass carbon (Cmic) to

organic carbon (Corg) relationship showed ranges from 0.27 to 7.0% of the total Corg

to be microbial carbon (literature search in Anderson and Domsch 1989), together

with a linear relationship of these two parameters (Anderson and Domsch 1980).

Further intensive studies on agricultural soils showed that a linear relationship

Table 20.2 Comparison of Cmic contents of Ah and Oh horizons along with Corg and pH values of

selected forest sites of Lower Saxony

Sitea Horizon Cmic (mg C g�1 soil) Corg (%) pH (KCl)

Meerdorfer Holz (5) Ah 361 � 89 10.3 � 4.8 3.1 � 0.2

Oh 2,625 � 656 30.5 � 5.9 4.8 � 0.6

Fürstenauer Holz (10) Ah 451 � 97 11.9 � 5.8 3.2 � 0.2

Oh 2,396 � 477 30.0 � 4.3 4.1 � 0.8

Lecheln Holz (6) Ah 267 � 67 4.4 � 0.9 3.3 � 0.04

Oh 1,340 � 247 14.6 � 2.3 3.2 � 0.1

Oderwald (6) Ah 604 � 131 7.2 � 0.9 3.9 � 0.4

Oh 2,522 � 895 21.9 � 3.3 4.7 � 0.9

Ummeln/Hepstedt (9) Ah 408 � 185 7.6 � 3.3 3.4 � 0.7

Oh 2,830 � 485 27.6 � 6.9 5.2 � 0.8
aCmic, Corg and pH values of sites are means (� SD) of the number of locations (in brackets)

sampled per site. Five replicate samples per location were taken and bulked
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between the level of microbial biomass carbon and soil carbon would be expected

when the soils of similar soil pH and nutrient inputs are compared (Anderson and

Domsch 1989). This was also observed with forest soils as reported by Domsch and

Anderson (1993) and Anderson (2000). The sites listed in Table 20.2 have a percent

Cmic in Corg content in a range between 0.35 and 1.15%. This wide range of

microbial biomass build-up results from the different growth conditions which

would exist on these sites. Microbial growth is not an erratic process but follows

cell-physiological principles. For example, it is known from chemostat cultures

that, under the same set of carbon, nutrients and specific environmental conditions,

the same amount of cell mass is always produced, whereby the available carbon is

always divided into two portions, a portion needed for maintenance and another

used for growth (Pirt 1965, 1975). The maximum value for growth based on the

amount of carbon used is called yield and is a constant under the particular set of

environmental conditions. This constant gives an insight into the pattern of the total

carbon utilised by the cells: the more is used for growth, the less is used for

maintenance purposes, and the more efficient is a cell in its C use and vice versa

(Pirt 1975). To what extent the soil pH will play a role with respect to the level of

microbial build-up in relation to soil carbon can be seen in Fig. 20.1a. Under neutral

soil conditions, up to four times more microbial biomass will develop than under

acidic conditions for the same level (mg g�1) of soil carbon. Multiple regression

analyses show that the dependent variable microbial biomass-C can be predicted

from a linear combination of Corg (p < 0.001) and pH (p < 0.001) of plots in the

figure, with the exception of the plot beech-oak stand with neutral conditions where

pH (p < 0.136) was no longer an influential factor. Particularly, under acidic soil

conditions pH exerts a strong influence on a linear relationship between Cmic and

Corg. Comparing acidic beech stands within a pH range of 2.6–3.9 (Fig. 20.1a) to

beech stands of a very narrow pH range, such as pH 2.6–2.9 or pH 3.5–3.9, and

considering only stands older than 75 years, the correlation coefficient will improve

significantly (Fig. 20.1b).

If this cell-physiological principle as outlined above was applied to the higher

aggregated level – the microbial community or the so-called synecological level,

the Cmic-to-Corg relationship would be analogous to the growth yield. The parame-

ter percent Cmic-to-Corg is therefore an internal indicator of how much of the

organic carbon is used for growth by the indigenous microbial cell mass. Further,

in order to assess the portion of carbon available for maintenance of microbial cells,

Anderson and Domsch (1985a, b) suggested that basal respiration of the cell mass

(unit CO2–C released per unit microbial biomass, qCO2) would provide a useful

approximation of that amount. These so-called eco-physiological parameters have

found a wide range of applications (e.g. Insam and Domsch 1988; Insam and

Haselwandter 1989; Anderson and Domsch 1990; Höper and Kleefisch 2001;

Dilly et al. 2001; Moscatelli et al. 2005) since their introduction to soil ecological

studies (Anderson and Domsch 1986b). The following considerations will concen-

trate on these two parameters ‘‘percent Cmic-to-Corg’’ and the ‘‘specific respiration,

qCO2’’ which were tested on the ecological theory of Odum (1969) ‘‘the develop-

ment of diversity in ecosystem concomitant with an efficient use of energy’’.
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In Table 20.3, some criteria are extracted from Odum (1969) for ecosystem

development which seem applicable and which could be extrapolated to the micro-

bial biomass.

Fig. 20.1 Examples of the linear relationship between microbial biomass-C and soil organic

carbon of (a) beech and beech-oak stands in acid and neutral soils (age 10–260 years) and (b) of

beech stands below pH 3.0 and in the range of pH 3.5–3.9 (>75–260 years)
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20.2.1.1 Beech Monocultures Versus Beech–Oak Stands

For soil microbial communities, the ecological theories put forth by Odum (1969)

would imply that, together with an increase in diversity of substrate inputs from the

primary producer, a more efficient utilisation by the established and adapted micro-

flora could be expected. This would mean that, in more complex systems, percent

Cmic in Corg should be higher and qCO2 lower than in less complex systems (see

Table 20.3). We tested this assumption by comparing forest sites of acidic and

neutral stands of either beech or beech-oak stands over 75 years since, as was shown

above (Fig. 20.1a), pH had a strong influence on microbial biomass development

and, further, former investigations had indicated that the age of forest stands was

also an influential factor (Anderson and Domsch 1993). Figure 20.2a demonstrates

that percent Cmic in Corg of the more complex system of beech-oak stands was found

to be higher than that of pure beech stands which suggested a more efficient use of

the available carbon by the beech-oak micro-flora. Differences are small and more

pronounced under neutral conditions but are statistically significant for each pH set

when tested by one-way ANOVA (p < 0.001 – p 0.004). The mean values of

percent Cmic in Corg for old beech stands on acid soils (n = 47) was 0.61 compared to

0.75 for old beech-oak stands (n = 97); for old beech stands on neutral soils, the

mean value was 2.31 (n = 89) compared to 2.7 for old beech-oak stands (n = 66).

Also, as expected, unit respiration released per unit microbial biomass (qCO2) is

lower in beech-oak stands than in beech stands (Fig. 20.2b) (p < 0.001 – p 0.024).

These results are further supported when pure old spruce stands on acid soils

were analysed. In these stands, the type of organic matter input is even less diverse

as in, for instance, beech stands. This is reflected in a still lower value of percent

Cmic in Corg of only 0.44 concomitant to a higher qCO2 of 2.5 mg CO2–C mg�1 h�1

(not shown) than those of beech stands (see above). An earlier publication

(Anderson and Domsch 1993) presented similar results with even fewer numbers

Table 20.3 Expected trends in ecosystem succession after Odum (1969)a as applicable to the soil

microbial community

Ecosystem characteristics Developmental stages Mature stages

Primary producer community

Community respiration/total biomass High Low

Biomass supported/unit energy Low High

Secondary producer community

Microbial community respiration/unit Cmic (qCO2) High Low

Microbial biomass supported/unit C (% Cmic in Corg) Low High

General

Total organic matter Low High

Species diversity Low High

Biochemical diversity Low High

Nutrient exchange rate High Low
aPartially extracted and modified from Fig. 2.1 and Table. 2.1 (Odum 1969) and selected with

relevance to the contents of this chapter
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of forest soils analysed. Parallel studies on Chinese forest soils support these results

(Ding et al. 1992).

It was surprising that the data found for this C:C relationship of neutral forest

soils were very close to agricultural soils where percent Cmic in Corg values of 2.3%

for monocultures (=simple system) and 2.9 for crop rotation (=complex system)

were found (Anderson and Domsch 1986a, 1989). These similar values suggest that

microbial biomass build-up following decomposition of organic matter must be

very similar in both terrestrial systems and may follow the same principle.

Taken all together, it comfirms the assumption of the manifestation of a more

efficient microbial community in terrestrial systems with increasing diversity of

organic matter input. Whether the observed differences of efficient carbon use is

indeed related to a microbial community of greater species richness cannot be

answered at the moment. However, this question of possible linkages between

above-ground biodiversity as a controlling agent of below-ground species diversity

has attracted a great deal of interest (Wall and Moore 1999; Hooper et al. 2000).

Fig. 20.2 Comparison

between beech and beech-oak

stands with (a) respect to

build-up of microbial biomass

expressed as percent Cmic in

Corg and (b) specific

respiration, qCO2 in acid and

neutral soils (Ah horizon)
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20.3 Microbial Communities as Affected by Soil pH

Considering that microbial cells have to keep up a species-specific ‘internal’ cell

pH which lies on average at about pH 6.0 (Langworthy 1978), it is expected that

more maintenance energy would be needed by the cells if the surrounding pH is

lower than that of the internal cell pH. Chemostat-grown microbial cells stressed by

lowering the pH had an increased maintenance carbon demand and a decreased

growth rate (Brown et al. 1980). There is every reason to assume that the same cell-

physiological principle would apply to micro-organisms when living under soil

conditions.

20.3.1 pH Dependent Changes of the Cmic- to- Corg Relationship,
qCO2 and the Fungal–Bacterial Ratio of Broad-Leaved
Forest Stands

In order to determine the underlying relationship between soil pH and microbial

growth, percent Cmic in Corg and qCO2 values of mature (>75 year) beech forest

stands (Ah horizon) were related to soil pH as the independent variable. Figure 20.3

shows a very good linear correlation with a correlation coefficient of 0.88 (p �
0.001) for the relationship between percent Cmic in Corg and pH indicating that

about 77% of the variances in the data were accounted for by this relationship,

while other factors were responsible for the remaining 23%. Figure 20.3 also clearly

demonstrates the interdependency between biomass build-up and respiration – with

a decrease in the percent microbial C in total Corg (Fig. 20.3a), the qCO2 rises in an

equal manner (Fig. 20.3b). The coefficient of determination (r2) for the regression
on qCO2 and pH indicated that 56% of the variances of the data were accounted for

by this regression. This shows that production of CO2 is linked to factors which do

not effect Cmic to the same extent.

We assume that site-specific factors play an additional role since long-term

measurements on particular sites repeatedly produced the so-called ‘outliers’,

values which were always positioned far away either above or below the regression

line. The regression line of Fig. 20.3a cuts the X-axis at about pH 2.0 providing an

additional proof of the quality of the data, since below pH 2.0 no active soil

microbial flora would be expected to exist. Bewley and Stotzky (1983) found no

respiratory activity at this pH under controlled laboratory studies of soils. Similar

good regressions (not shown) can be generated for beech-oak forest (r2 = 0.77; n =

272) or pure spruce stands (r2 = 0.79; n = 152) which verify the results given above

where pH was identified as the major controlling factor for microbial growth.

This strong relationship between soil pH and the total microbial biomass was

further investigated to find out if special groups of micro-organisms were particu-

larly affected by low soil pH. For instance, it was investigated whether and to what
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extent the two major groups – bacteria and fungi – would react to pH changes. To

study this, we used the selective inhibition method (Anderson and Domsch 1973,

1975), where the respiratory activity of fungal and bacterial groups are separated by

the application of specific inhibitors. Previous studies on the inhibitor concentra-

tions for forest soils had shown that the optimal concentrations of both inhibitors

depended on the level of the total prevailing biomass. We found a good selectivity

of the inhibitor combinations of streptomycin (bacterial inhibitor) and cyclohexi-

mide (fungal inhibitor) with the following combinations: 1–3 mg streptomycin

together with 6–10 mg cycloheximide g�1 soil for acid soils and 2–4 mg strepto-

mycin together with 6–8 mg cycloheximide g�1 soil for neutral soils.

Figure 20.4 shows changes in the fungal-bacterial respiratory ratio where the

bacterial respiratory activity is given as percentage of the total CO2 evolution along

a pH gradient. The generated correlation is best described (best fit) by an exponen-

tial function y =cxb. The test is very time-consuming and only 61 broad-leaved
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Fig. 20.3 Correlation of (a) microbial biomass (percent Cmic in Corg) and (b) qCO2 with the

pertaining soil pH of mature (>75 years) beech forest stands (n � 260)
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forest soils in total were investigated. Because of this limited number of observa-

tions no separation of the age of forest stands or type (beech or beech–oak) was

done. Despite this, the coefficient of determination, r2 = 0.79, was impressive. In

earlier publications, soil fungi were found to be quite acid tolerant (Bååth et al.

1980; Domsch et al. 1980; Bewley and Parkinson 1985; Gams 1992). Surveys on

acid tolerance of fungi or bacteria rested in many cases on observations from in

vitro studies on single isolates. Comparative observations showing shifts in the

fungal–bacterial respiratory ratio with changes in soil pH have so far not been

investigated. Our data give clear evidence that bacteria are extremely sensitive to an

acid environment, for instance at pH 3 only about 5% of the total CO2 evolution

would be attributable to the respiratory activity of bacteria (Fig. 20.4). This

indicates a decrease in bacterial activity under acidic soil conditions. New studies

on bacterial community structures by phospholipid fatty acids analysis point to a

decrease of mainly Gram-negative bacteria under acidic conditions (Bååth and

Anderson 2003).

Our data on the fungal–bacterial ratio of forest soils comply with published data

for agricultural soils when neutral soils are compared (Anderson and Domsch

1975). Somewhat higher bacterial respiratory contributions were determined by

Alphei et al. (1995) for Ah horizons of a beech stand with a pH range of 5.0–7.0

(H2O) or by Parkinson et al. (1978) for the L, H layers of a spruce stand. For acidic
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sites, no information is available on fungal–bacterial ratio studies done by the

selective inhibition technique other than those shown here.

20.4 Conclusion and Management Implications

Acidification of soils will affect the microbial community in two ways. Firstly, high

H+-ion input will affect the microbial cell, whereby the degree of the detrimental

effect would depend on the specific cell-physiological make-up of the micro-

organisms. Evidence hitherto can be seen from an experimental approach under

controlled laboratory conditions (Blagodatskaya and Anderson 1999) where excess

H+-ions had immediately eradicated part of the (probably high proton sensitive)

microbial biomass. This loss was irreversible as long as the acid environment

prevailed. One major group of sensitive organisms was found to be bacteria

(Sect. 20.3.1).

The immediate question which follows is will the changes in microbial biomass

and composition change the capacities to mineralise soil organic matter? The

preliminary study by Kreitz and Anderson (1997) has shown a decrease in miner-

alisation whereby bacteria from an acid environment utilised organic substrates

which differed from those which bacteria used in a neutral environment. Particu-

larly, the ability of bacteria from acid soils to mineralise carboxylic acids was

lacking (Kreitz and Anderson 1997). Besides the loss in functional capacities of a

soil community, the microbial diversity may be reduced with lowering of soil

pH as shown by the fungal-bacterial respiration ratio of a microbial community

(Sect. 20.3.1).

The second effect is of a possible change in the substrate quality on soil

acidification. Many reports indicate that a loss of nutrients from the soil system

(Ulrich 1980; Verstraten et al. 1990; Raubuch and Beese 1995) or a decrease in

nutrient availability (Curtin et al. 1998; Miltner and Zech 1998) or Al+3 toxicity

(Rosswall et al. 1986) may reduce the activity of the decomposer organisms.

Although the amount of Corg was found to be very similar in forest soils of pH

3.5 and those of pH 6.0 of mature stands (see Table 20.1), their C availability may

differ, as indicated by three times higher percent Cmic in Corg values under neutral

conditions (Fig. 20.3). This difference cannot solely be explained by the optimal

conditions for microbial growth which occurs under this pH regime, but points to a

higher level of species diversity under neutral soil conditions.

These results provide evidence that the ecological theories can be applied to the

soil microbial community in a promising way. This holistic approach is a subject of

discussion (Wardle and Giller 1996; Ohtonen et al. 1997). Among many attempts to

test Odum’s postulates regarding soil biological properties, Skujins and Klubek

(1982) were the first to examine successional trends relating to microbial diversity.

Odum (1985) cited 18 effects which could be expected to appear in stressed

ecosystems and, when adapted to field studies, stress effects were particularly

prominent at the structural (species) level (Odum 1990). Our studies have shown
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that changes of both structural (shift in the fungal-bacterial ratio) and functional

changes would occur under acid stress.
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Bodenkundlichen Gesellschaft 93:120–123

Anderson T-H, Domsch KH (1985a) Maintenance carbon requirements of actively-metabolizing

microbial populations under in situ conditions. Soil Biol Biochem 17:197–203

Anderson T-H, Domsch KH (1985b) Determination of ecophysiological maintenance carbon

requirements of soil microorganisms in a dormant state. Biol Fertil Soils 1:81–89

Anderson T-H, Domsch KH (1986a) Carbon link between microbial biomass and soil organic

matter. In: Megusar F, Gantar M (eds) Proceedings of the 4th international symposium on

microbial ecology, Slovene Society for Microbiology, Lubljana, pp 467–471

Anderson T-H, Domsch KH (1986b) Carbon assimilation and microbial activity in soil. Z

Pflanzenernaehr Bodenk 149:457–468

Anderson T-H, Domsch KH (1989) Ratios of microbial biomass carbon to total organic-C in arable

soil. Soil Biol Biochem 21:471–479

Anderson T-H, Domsch KH (1990) Application of eco-physiological quotients (qCO2 and qD) on
microbial biomasses from soils of different cropping histories. Soil Biol Biochem 22:251–255

Anderson T-H, Domsch KH (1993) The metabolic quotient for CO2 (qCO2) as a specific activity

parameter to assess the effects of environmental conditions, such as pH, on the microbial

biomass of forest soils. Soil Biol Biochem 25:393–395
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Bååth E, Berg B, Lohm U, Lundgren B, Lundkvist H, Rosswall T, Söderström B, Wiren A (1980)
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Ohtonen R, Aikio S, Väre H (1997) Ecological theories in soil biology. Soil Biol Biochem

29:1613–1619

Parkinson D, Domsch KH, Anderson JPE (1978) Die Entwicklung mikrobieller Biomassen im

organischen Horizont eines Fichtenstandortes. Oecol Plant 13:355–366

Paul EA, Voroney RP (1980) Nutrient and energy flows through soil microbial biomass.

In: Ellwood DC, Hedger JN, Latham MJ, Lynch JM, Slater JH (eds) Contemporary microbial

ecology. Academic, London, pp 215–237

Pirt SJ (1965) The maintenance energy of bacteria in growing cultures. Proc R Soc Lond B

163:224–231

Pirt SJ (1975) Principles of microbe and cell cultivation. Blackwell, Oxford

Raubuch M, Beese F (1995) Pattern of microbial indicators in forest soils along an European

transect. Biol Fertil Soils 19:362–368
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Chapter 21

Soil Organic Carbon and Nitrogen

in Forest Soils of Germany

R. Brumme, M. Egenolf, C. Aydin, J. Block, K.J. Meiwes, and K.v. Wilpert

21.1 Introduction

Soils contain the largest terrestrial organic carbon pool on the earth, about two to

three times more organic carbon than is present in vegetation or atmosphere (IPCC

2001). The high fraction of organic carbon stored in soils is of concern because

organic compounds could easily be oxidised to CO2, N2O and nitrate in a changing

environment and would increase the greenhouse effect and nitrate losses. Several

studies have indicated that the amount of organic matter in soils is highly variable

due to possible losses or gains of soil organic carbon and nitrogen predominantly

under changing environmental conditions (e.g. Schulze 2000; Puhe and Ulrich

2001; Matzner 2004). Testing the effect of environmental variables on soil organic

carbon is a very complex task. The very long residence time of a large fraction of

soil organic carbon requires long observation periods from the time when an

environmental factor was changed experimentally. Other processes may alter

under experimentally changed conditions and may increase or decrease the resul-

tant effect and may require an extended period for a new steady-state condition

to establish. Another approach which has frequently been used is to study soil

C-stocks along environmental gradients (e.g. Schlesinger 1990; Schulze 2000; de

Koning et al. 2003; Thuille and Schulze 2006). One advantage of such chronose-

quence studies is the assumption that the state of soil C present at an undisturbed

site is the product of natural change and thus would include the adaptation to

existing climate factors (steady-state conditions). All factors known to affect soil

organic carbon have to be considered in such studies. Moreover, any order of

predicting parameters may be questioned because it is commonly not possible to

determine the valid cause and effect relationships in most cases as many potentially

confounding factors may be involved in the changes in soil C observed along

environmental gradients (Garten et al. 1999).

The goals of this study were: (1) to quantify the relationship among soil C, N,

soil, and environmental variables for about 500 forest plots along a north-south

gradient in Germany, and (2) to describe any changes in the quality and quantity of

R. Brumme and P.K. Khanna (eds.), Functioning and Management of European Beech 405

Ecosystems, Ecological Studies 208,
DOI: 10.1007/b82392_22, # Springer-Verlag Berlin Heidelberg 2009



surface organic matter layer in relation to environmental and anthropogenic

changes.

Database. The dataset for this study included about 500 forest soil profiles which
were sampled on a 8 � 8 km grid between 1987 and 1993 in Baden-Württemberg,

Niedersachsen, Rheinland Pfalz, Schleswig-Holstein and Saarland, Germany.

These data are part of a much larger dataset which were analysed in a joint initiative

of the federal states of Germany represented by their forest research institutes and

the Federal Ministry of Food, Agriculture, and Consumer Protection (BMELV) to

evaluate the current forest soil conditions of Germany (Soil Conditions Survey,

Bundeszustandserhebung im Wald, BZE) and were published as a report

(‘‘Deutscher Waldbodenbericht 1996’’; Wolff and Riek 1997a, b).

Two of the federal states are located in the north of Germany (Niedersachsen,

Schleswig-Holstein), primarily on the lowland, which was formed by glaciers and

consists of Pleistocene sediments. Saarland and Rheinland Pfalz represent the

middle and Baden-Württemberg the south of Germany and range from low to

high mountain ranges. Of the four most dominant tree species, pine, oak, beech

and spruce, pine dominate the lowland of Niedersachsen and Schleswig Holstein,

and spruce dominate in Baden-Württemberg and higher altitudes in Saarland,

Rheinland Pfalz, and Niedersachsen. Since mixed forests are common in Germany

and the litter of conifer trees is known to be more resistant to decomposition than

litter from deciduous trees, we use the fraction of conifer trees to consider this

factor in the analysis. The clay content was not measured at the sites which are

known to have a large effect on the C-sequestration in soils. Therefore, we

calculated the particle surface area of the mineral soil using the ‘‘feel’’ method in

the field which is not an absolute but a relative measure of the surface for binding

soil organic carbon. The north–south gradient covers the whole range in altitude,

climate, vegetation and soil conditions in Germany (Table 21.1).

Table 21.1 Percentiles of site characteristic values (0% = minimum, 50% = median, 100% =

maximum (n = 534 for C in mineral soil)

Unit 0% 10% 50% 90% 100%

Altitute m 5 48 330 675 1,160

Mean annual air temperature �C 4.5 6.5 8.0 8.6 9.7

Annual precipitation mm per year 550 650 800 1,230 1,900

Fraction of conifer trees % 0 0 85 100 100

Particle surface areaa cm2 cm�3 1,080 1,200 5,050 9,900 22,200

Soil pH(H2O) (0–30 cm) 2.9 3.7 4.2 5.2 8.3

Exchangeable Al (0–30 cm) mmolc g
�1 0.1 15 40 80 176

Exchangeable Ca (0–30 cm) mmolc g
�1 0 1 4 51 728

C-concentration (0–30 cm) mg kg�1 3.1 12.4 21.8 49.1 128

N-concentration (0–30 cm) mg kg�1 0.2 0.7 1.4 3.1 16.0

C/N (0–30 cm) 6.3 11 16 25 39

C stock (O horizon) Mg ha�1 0 3.3 17 50 128

N stock (O horizon) Mg ha�1 0 0.09 0.69 2.0 5.1

C/N (F horizon) 14.7 20 23 30 48
aEstimated from ‘‘feel’’ method in the field
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21.2 Carbon and Nitrogen Stocks in Temperate Forest Soils

The mean amount of soil organic carbon in German forest soils stored in the surface

organic horizon to 90 cm depth is 99MgC ha�1 (Wolff and Riek 1997a, Table 21.2).

Of the total amount of soil, 60% of organic carbon is stored in the top 30 cm of the

mineral soil, followed by 15% in 30–60 cm and 6% in 60–90 cm depth. The surface

organic layers contribute about 19%. The total amount of nitrogen in forest soils

of Germany is 6.8 Mg ha�1 as an overall median. Nitrogen followed the depthwise

distribution of carbon in the soil profiles, but with a much larger proportion of N

stored in deeper soil depths (12%, 53%, 22% and 13% in the surface organic layer,

0–30, 30–60 and 60–90 cm, respectively), probably due to a higher amount of fixed

nitrogen in clay minerals and lower C/N ratios at greater depths.

Humus classes are commonly used to estimate the nutrient availability in forest

ecosystems in Germany (Ponge and Chevalier 2006). The classification based on

morphological studies of the surface organic layer which increased in thickness

with decreasing pH and nutrient availability. Carbon and nitrogen stored in the

surface organic layer increased from 6.2 Mg C ha�1 in mull to 31.7 Mg C ha�1 in

mor humus (Table 21.3). Mull humus contribute with 6% C to the total stocks in

L–90 cm which equals about three annual litterfalls. These soils are less acid

(pH(KCl) 4, 0–10 cm depth) and had a high base content which promote the activity

of earthworms and litter decomposition in the mineral soil. These soils are com-

monly interpreted as soils with a high nutrient turnover. In contrast, mor humus

contributes 29% C to the total stocks which equals about 15 annual litterfalls and

indicates a low nutrient turnover and low pH (pH(KCl) 3.2, 0–10 cm depth). The

lowest total C-stock in L–90 cm was found in mull–moder soils and increased with

decreasing pH up to 110 Mg C ha�1 in mor humus soils and with increasing pH to

97 Mg C ha�1 in mull humus soils. The low C-stock in mull–moder soils resulted

from a low C-content in 0–30 cm depth and the surface organic layer.

The N-stock shows a similar pattern in the surface organic layer as observed for

carbon and increased from 0.28 Mg N ha�1 in mull to 1.3 Mg N ha�1 in mor humus

(Table 21.3). In contrast to carbon, the N-stocks decreased continuously from mull

(8.3 Mg N ha�1) to mor humus soils (5.4 Mg ha�1) in L–90 cm depth. The decrease

of nitrogen in the mineral soil with soil acidity is primary related to the 0–30 cm depth

and is not balanced by a steady increase of nitrogen in the surface organic layer.

Table 21.2 Median values of carbon and nitrogen stocks in forest soils of

Germany (10 and 90-percentile values are given in parentheses) (Wolff and

Riek 1997a, b)

Mg C ha�1 Mg N ha�1 n

O horizon 18.4 (4.4, 43) 0.77 (0.18, 1.84) 1,699

0–30 cm 58.5 (28.4, 105) 3.50 (1.33, 7.44) 1,631

30–60 cm 14.3 (5.0, 38.5) 1.43 (0.45, 3.25) 1,198

60–90 cm 5.8 (0.9, 19.3) 0.82 (0, 2.47) 1,111

Total 99.0 (53, 192) 6.8 (3.4, 13.4) 1,110
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For many of the sites included by Wolff and Riek (1997a), the density of the fine

earth and the rock fraction had been estimated in the field, and were not measured

by laboratory methods. This leads to considerable uncertainties of the figures in

Table 21.2 and Table 21.3. Wirth et al. (2004) undertook a new determination of

soil densities and rock fractions for the sites situated in the state of Thüringen using

laboratory measurements. They found lower soil density values and about 40%

less carbon than in the first study that had used site estimates. The rock fraction in

soils was overestimated in the estimate of Wolff and Riek for the Thüringen

sites and lowered the errors by 20%. Thus, the data presented in Tables 21.2 and

21.3 may lie in the lower range due to incorrect estimates of soil density in some

federal states.

The amount of carbon and nitrogen stored in the soils of the world were

estimated by Post et al. (1982, 1985). They aggregated the data from 3,100 soil

profiles which were classified by natural vegetation as per Holdridge life-zone. For

cool temperate moist forests, mean values of C- and N-stock were estimated to be

120 and 6.3 Mg ha�1 to a depth of 1 m. These values were similar to those estimated

for Germany. Similarly, Batjes (1995, 1996) estimated C- and N-stocks in the soils

of the world which were based on 4,353 soil descriptions (492 belonged to Europe)

and were aggregated as per Holdridge life-zone classification. C-stock for temper-

ate forest region was estimated to be 121 Mg C ha�1 and the N-stock 11.8 Mg N

ha�1. Most soils in this estimate were primarily under agricultural use which might

explain the high N-stock of the soil. Except for the data presented for Germany,

most data did not include the surface organic layer in the estimate. An estimate of

the C-stock by Jobbágy and Jackson (2000) based on three global databases reported

174 Mg C ha�1 (n =60) in temperate deciduous and 145 Mg C ha�1 (n =123) in

evergreen forests in the 0–100 cm soil depth. For the Swiss Alps, Perruchoud et al

(2000) calculated for forest soil (8� 8 km grid sampling) a mean mineral soil stock

of 98 Mg C ha�1.

Table 21.3 Carbon and nitrogen storage (median) in soils of different humus classes in Germany

(according to Forstliche Standortaufnahme (1996), mull-type humus combine L–mull and F–mull,

mull–moder-type humus equals mullartiger moder, moder-type humus combine feinhumusarmer

and feinhumusreicher moder, moder–mor-type humus equals rohhumusartiger moder, and mor-

type humus equals Rohhumus. (Mg C ha�1, Mg N ha�1) (Wolff and Riek 1997a, b)

Mull Mull–Moder Moder Moder–Mor Mor

C N C N C N C N C N

O horizona 6.2 0.28 10.2 0.46 20.5 0.88 27.2 1.11 31.7 1.30

0–30 cm 67.2 5.18 55.5 3.77 58.1 3.37 59.4 3.03 56.9 2.41

30–60 cm 15.2 1.88 15.4 1.54 14.0 1.42 14.9 1.63 16.3 1.23

60–90 cm 8.0 0.94 6.5 1.39 5.6 0.95 5.5 0.78 5.5 0.50

Total 96.6 8.28 87.6 7.16 98.2 6.62 106.9 6.55 110.4 5.44
an refers to number of sites for C in O horizon: mull (n ¼ 347); mull–moder (n ¼ 177); moder

(n ¼ 577); moder–mor (n ¼ 218); mor (n ¼ 234)
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21.3 Environmental Controls on C- and N-Sequestration

Complex relationships between SOM content and environmental variables were

obtained as shown by correlation analysis. Carbon concentration in the mineral soil

ranged from 3 to 128 mg g�1 and positively correlated with precipitation, pH,

particle surface and altitude, and negatively with temperature (Table 21.4). One of

the most important factors for C-sequestration is altitude although it is likely that

altitude is not a direct cause of this relationship; rather, elevation is related to the

variation in climate, fraction of conifer trees in the stands, C/N and particle surface

area along the German altitudinal gradient (Table 21.4). Multiple regression analy-

sis where predictors with the highest reduction in residual variance were added

successively explained 37% of the variation (Table 21.5). Altitude was not included

in the multiple regression analysis. Temperature covariates with precipitation and

accounted for a similar percentage of the variation (Table 21.4). Soil pH reduced

the residual variance by 9% if added to temperature as the first variable in multiple

regression analysis and indicated the importance of soil chemical properties for

C-sequestration in the mineral soil. Soil pH determines the C-sequestration in soils as

controller of C-concentration in the multiple regression analysis because Al, Fe and

Ca contents, which are related to soil pH, form complexes with organic compounds

and may strongly bind humic substances to clay (Stevenson 1994) (see Sect. 21.4).

The altitudinal gradient in Fig. 21.1 revealed that precipitation might be respon-

sible for increased C-sequestration with increasing altitude in the mineral soil. A

review of dissolved organic matter in temperate forests indicated that precipitation

had a positive effect on the leaching of dissolved organic carbon (DOC) and

nitrogen (DON) from the surface organic layer to the mineral soil layers (Michalzik

et al. 2001). Dissolved organic matter increases the acidity in the surface mineral

soil and may well explain the observed increase of exchangeable Al (and Fe, not

shown) in the surface mineral soil at higher altitudes (Fig. 21.1b). These conditions

may encourage the sequestration of DOC and DON in the mineral soil by forming

co-ordination complexes with Al and Fe (Stevenson 1994). Other parameters which

affected the sequestration of DOC and DON were the particle surface area and the

fraction of conifer trees which also increased with altitude (Fig. 21.1b). However,

these factors did not change at an altitude higher than 800 m. Thus, climatic

parameters and Al concentration are the most important factors controlling the C-

and N-sequestration at higher altitudes.

Our results agree with other studies which were conducted along altitudinal

gradients mostly showing increased C-sequestration in the mineral soil (Jenny

1980; Brady 1974; Garten et al. 1999; Perruchoud et al. 2000; Powers and Schle-

singer 2002; de Koning et al. 2003; Thuille and Schulze 2006). The observations at

the Fresno altitude transect (U.S.A.) indicated increased C-content from 0.8% at

300 m to 2.2% at 2,400 m (Jenny 1980). Although the vegetation composition

varied, the main conclusion was that the accumulation of organic carbon in the soil

was predominantly controlled by climate. Brady (1974) analysed SOM accumula-

tion in grassland soils in a north–south transect in the Mississippi Valley region of
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Table 21.5 Multiple regression for the prediction of soil C-concentration (mg kg�1) in the top

30 cm of the mineral soil (Cm) (r2 = 0.37) and of C-stock (Mg C ha�1) of the surface organic layer

(Co) (r2 = 0.31) (arranged for decreasing values of reduction in residual variance, predictors with

reduction of residual variance of r2 < 1% were excluded) (particle surface area: par. sur.; fraction

of conifer trees: conifer)

Cm ¼ 114� 26 tempþ 0:57 pH2 þ 0:0000085 prec2 þ 0:51C=N2 þ 1:41 temp2 þ 0:55 par:sur

Co ¼ 87þ 1:05C=N� 29:7 pHþ 0:09 coniferþ 2:12 pH2
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the USA and found a marked decrease with increasing temperature. Correspond-

ingly, an increase in the annual rainfall from west to east was reflected by an increased

accumulation of organic matter in soils. Along an elevation gradient between 235 and

1,670 m in the AppalachianMountains in the USA, the C-concentration increased from

9 to 23 mg g�1 in 5–20 cm soil depth (Garten et al. 1999). Despite many interacting

environmental factors that affect soil organic carbon along the elevation gradient,

mean annual temperature was a reasonable predictor of the turnover time of

unprotected soil organic carbon (O layer and labile C in the mineral soil). Powers

and Schlesinger (2002) reported positive correlations between C-concentrations

and elevation along an altitudinal gradient in Costa Rica. At the low elevation site,

C was positively correlated to Al in organo-metal complexes and to the amount of

non-crystalline clays in the high elevation soils, indicating the importance of changing

soil properties along altitudinal gradients. Elevation changes in this study represented a

weathering gradient where younger, allophanic soils occurred at higher elevations and

older soils with gibbsite, goethite and kaolinite as dominant clay minerals in the

lowlands (Powers and Schlesinger 2002).

At lower elevations (below 100 m), high values of surface organic layer stock of

carbon may be explained by low temperature, higher fraction of conifers (pine) and

the dominance of sandy soils with low pH, all the factors leading to reduced

decomposition of organic matter (Fig. 21.1). High surface organic layer mass is

commonly associated with stands located at higher elevations or latitudes (Wollum

1973; Vogt et al. 1986; Garten et al. 1999). For example, a study in forests of the

Sacramento mountains in southern New Mexico indicated a strong increase in

surface organic layer mass with altitude. The surface organic layer mass increased

from 9.4 to 80.8 Mg ha�1 from the lower, dry and warm area (290 mm per year,

26�C in July) dominated by pine trees to the higher, cold and wet end (655 mm per

year, 15�C in July) of the gradient dominated by white fir (Wollum 1973). A study

with 14C labelled standard plant material incubated along an altitude gradient in the

tropical Andes showed a clear decrease in decomposition rate with increasing altitude

(Coûteaux et al. 2002). The decrease in decomposition was primarily related to the

recalcitrant fraction whereas the labile fraction decomposed very quickly indepen-

dent of the altitude. However, in our study, the altitude gradient did not show any

relationship with the mass of surface organic layer. The reasons may be related to

relatively low temperature gradient of 5�C along the elevation gradient.

Spruce forests are present along the whole altitudinal gradient described here,

but beech and pine forests are less important at elevations higher than 700 m, and

oak forests commonly occurred below 500 m. Figure 21.2 shows the C- and N-

stocks of the surface organic layer for a defined climate range (altitudinal range

from 200 to 400 m) and similar soil chemical properties (<100 mg exchangeable

Ca per kg) of deciduous (<20% conifer) and conifer (>80% conifer) forests. This

stratification criterion included forests dominated by deciduous and conifer trees

under the same climatic conditions and similar soil properties (except C/N ratio and

exchangeable Fe content which were significantly lower under deciduous trees, not

shown). Conifer forests showed significant lower element concentrations of base

cations, P, Al, Fe but higher C-concentrations and C/N ratios in the F horizon (only
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shown for Ca and C/N) and more than two times higher C- and N-stocks in the

surface organic horizon than those of deciduous forests. C- and N-concentrations in

the mineral soil were not different between deciduous and conifer sites although the

C/N ratio was significantly higher (p = 0.016) under conifer trees. Thus tree species

can have a significant effect on C- and N-stocks and a number of other related soil

properties.

21.4 Soil Control on C- and N-Sequestration

Whereas much is known about the inhibitory effect of acid deposition and soil

acidity on decomposition and microbial activity (Swift et al. 1979; Persson et al.

1989; Salonius 1990; Wolters 1991; Persson andWirén 1993; Wolters and Schaefer

1994), little is known about the long-term effect of soil acidity on the dynamic of

carbon and nitrogen sequestration and their depthwise distribution in the soil. Soil

pH correlated positively with C in the mineral soil (Table 21.4) but indicated that

there were two minima, at pH(H2O) values of 4.8 and 3.0 (Fig. 21.3c). The increase

in C-concentration in soils with pH of >4.8 correlated with an increase in ex-

changeable Ca2+ (r2 = 0.40, n = 80, Fig. 21.4a). Less important parameters were

altitude, precipitation, and temperature (r2 of about 0.2). Below pH 4.8, the increase

in C showed the best correlation with the increase in exchangeable Al3+ (r2 = 0.38,

n = 454) whereas precipitation and temperature showed lower values (r2 of about
0.2). The correlation between C-concentration and exchangeable Al increased if

sites with a fraction of conifer <95% and exchangeable Ca >15 mg kg�1 were

excluded (r2 = 0.52, n = 235, Fig. 21.4b).
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It is well known that the composition of exchangeable cations on soils changed

with soil acidity from prevailing base cations like magnesium and calcium in base-

rich soils to aluminium, iron and protons in acid soils (Ulrich 1966; Prenzel and
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Fig. 21.3 Relationship between soil pH and mean values of exchangeable aluminium, iron and

calcium in the mineral soil (a); mean values for the fraction of conifers in the stand and the particle
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mineral soil (c); single values and mean values of C-stock in the surface organic horizon (Co) and
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values for 13 pH classes were included

414 R. Brumme et al.



Schulte-Bisping 1994). The main polyvalent cations responsible for the binding of

humic and fulvic acids to clay are Ca2+, Fe3+ and Al3+ (Stevenson 1994; Sollins

et al. 1996). Ca2+ does not form strong complexes with organic molecules and is

only effective in making a bridge linkage; in contrast, Fe3+ and Al3+ form co-

ordination complexes with organic compounds. Varadachari et al. (1991) observed

a decreasing binding of humic acid on illite, montmorillonite, and kaolinite follow-

ing the order: Al > Ca > Mg > K, Na. Adsorption isotherms of DOC on pure

kaolinite, synthetic geothite and hematite showed that the maximum adsorption

capacity of Fe oxides for DOC was about five times higher than the maximum

adsorption capacity of kaolinite in tropical soils (Benke et al. 1999). Miltner and

Zech (1998) reported from an incubation experiment with beech litter that decom-

position of litter was lower in the presence of ferrihydrite (12%) than aluminium

hydroxide (65%). Generally, toxic effects, adsorption processes or complexation

processes with Fe3+ and Al3+ lowers the microbial degradation of organic matter

and therefore increased their sequestration in acid soils.

The high C-stock in the base-rich mineral soils and the low C-stock in the

surface organic horizon of such soils (Fig. 21.3) are maintained by the presence

of deep burrowing anecic earthworms like Lumbricus terrestris (Chap. 7). Anecic
earthworms incorporate leaf litter from the soil surface deep into the mineral soil

and provide fresh organic resources for high activity of heterotrophic biomass.

Anecic earthworms are highly sensitive to soil acidity and only a few individuals

survive in soils with pH <4.3 (Edwards and Bohlen 1996). High soil pH and base

saturation support their activity of steady litter incorporation into the mineral soil.

In one of the first studies on the morphology of surface organic layer along an acid

gradient in northern Germany, the base cation content in the mineral soil was the

most important factor regulating the accumulation of humus in the surface organic

layer (Wittich 1933). This was confirmed in a study based on 440 soil profiles in the

state of Nordrhein Westfalen, Germany, by v. Zezschwitz (1968). He concluded

that decomposition of organic matter increased with base saturation of the mineral
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soil through improvement in the microbial and earthworm activities. A detailed

study on decomposition along soil acidity gradient is presented in Chap. 12. In our

study, carbon sequestration is thus related to low Ca2+, Fe3+ and Al3+ contents and

low incorporation of leaf litter by anecic earthworms which have led to low C-

content in forest mineral soils at pH 4.8. This pH is identical with the exchanger

buffer range (pH 4.2–5) which is defined by the replacement of exchangeable base

cations by aluminium (Ulrich 1981, 1987).

The amount of N in the mineral soil increased together with C at pH values of

>pH 4.8, but was very small below pH 4.8, as indicated by increased C/N ratios in

Fig. 21.3c, which could be explained by the different origin or quality of organic

matter in the mineral soils of different pH values. Soils with a high pH had mull

humus type where decomposition of organic matter occurred primarily in the

mineral soil. Through intensive microbial decomposition, nitrogen is released and

accumulated in the mineral soil whereas carbon is mostly lost as CO2 leading to a

decrease in the C/N ratio. Under acid soil conditions, leaf litter accumulates in the

surface organic layer and the organic matter in the mineral soils originates from root

detritus and from the dissolved organic matter that has eluviated from the surface

organic layer to the mineral soil. Both of these organic matter fractions have high

C/N ratios. Moreover, decomposition rate in acid mineral soils is low, releasing less

carbon. Soils under conifer stands may differ from those under deciduous forests. For

example, the amount of soluble organic carbon and nitrogen retained in the mineral

soil was slightly higher at a coniferous site (260 kg C and 6.7 kg N ha�1 per year)

than at a deciduous site (187 kg C and 6.2 kg N ha�1 per year) (Kalbitz et al. 2004).

The surface organic layer contained low amounts of C and N under high soil pH

values of >4.8 (mean values were 7.9 mg C and 0.36 Mg N ha�1), but this amount

increased exponentially with soil pH of <4.8 (mean values were 26 Mg C and 1.1

Mg N ha�1) (Fig. 21.3d). The C-stock in the surface organic layer showed relation-

ships with soil properties in the mineral soil as C/N ratios, particle surface area, soil

pH and the fraction of conifers (Table 21.4). Multiple regression analysis where

C/N, pH and the fraction of conifer were added successively explained 31% of the

variation (Table 21.5). Even though C/N and pH accounted for a similar percentage

of the variation (Table 21.4), soil acidity was the key factor controlling C-seques-

tration in the surface organic layer since soil pH controls the bioturbation in soils.

The total C-stock (O horizon plus 0–30 cm soil depth) along the pH gradient had

two maxima of similar amplitude that occurred due to higher C-stocks in the surface

organic horizon in soils of pH <4.8 and due to a high amount of C-stocks in the

mineral soils of pH>4.8 (Fig. 21.3d). The total C-stock in soils of pH 4.8 was lower

by about 40 Mg C ha�1 suggesting that variation among soil properties may have a

strong effect on the C-sequestration in forest soils which has so far not received

sufficient attention. In this context, soils containing high content of silicates may be

close to a balanced C budget, assuming other factors such as climate and manage-

ment have not been changed over several decades. More susceptible to soil acidifi-

cation are those soils which have pH values from 5 to 6.2 and occur in the silicate

buffer range and may have lost considerable amounts of carbon from the mineral

soil by humus degradation (Puhe and Ulrich 2001; Chap. 16). Most German forest
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soils have soil pH <5 (86%, Wolf and Riek 1997b) and the majority were acidified

during recent decades by acid deposition (see next paragraph), thus humus degra-

dationmight have been an important process during that period. Thus C-sequestration

in the surface organic horizon of acid forest soils may be the prevailing process for

C-sequestration in the recent past.

21.5 Environmental and Anthropogenic Control on C-

and N-sequestration in Surface Organic Horizons

Carbon and nitrogen stored in the surface organic layers increased from mull,

moder to mor humus types (Table 21.6) and equalled to amounts of about 2, 6

and 14 times that of annual inputs of C through litterfall. This reduction in litter

decomposition and nutrient turnover is related to soil pH in the mineral soil which

decreased from 5.1 in mull to 4.0 in mor humus types.

The amount of carbon present in the surface organic layers of ten different

humus types is presented in Fig. 21.5. The amount showed an exponential increase

from mull to mor humus types. Carbon content in the L/F horizons followed a

hyperbolic curve in contrast to the H horizon where an exponential increase in

humus accumulation from mull to mor humus types was observed. In the L/F

horizons, highest microbial activity and most of the mineralisation occurred

(Chap. 6+13). The end products of the decomposition are fairly recalcitrant

humic compounds which are then retained in the H horizons. The exponential

increase in the H horizon indicated that the production of recalcitrant material

produced in the F horizon exceeded the microbial decomposition in the H horizon,

probably in response to soil acidification.

Acid depositions interfere in the decomposition and humification processes

causing an increase of the humus sequestration in soils. Several studies have

indicated that the addition of acid often reduced, whereas liming increased, the

microbial activity in the short-term (Persson et al. 1989; Salonius 1990; Wolters

1991; Persson and Wirén 1993). In the long-term, an effect of soil acidity on

microbial activity is evident from studies comparing soils of different pH (Chaps.

20 and 6). Soil acidification by atmospheric depositions may thus have contributed

Table 21.6 Mean stocks of C (Mg ha�1), N (Mg ha�1), P (kg ha�1) of mull (n =132), moder

(n =335) and mor (n =33) humus layers, and pH(H2O) of the surface mineral soil (Sd standard

deviation)

pH C N P

Mean Sd Mean Sd Mean Sd Mean Sd

Mull 5.1 1.1 7.51 6.91 0.32 0.29 19.8 16.9

Moder 4.2 0.5 25.81 17.16 1.10 0.76 58.6 45.8

Mor 4.0 0.3 59.27 28.94 2.20 1.04 97.9 47.2
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to the increase of humus in the surface organic layer of soils with low proton buffer

capacity. Ulrich et al. (1989) found a decrease of soil pH(H2O) by an average of

0.45 and a decrease of base saturation from 31 to 6% between 1954 and 1986 in

Germany. Falkengren-Grerup et al. (1987) reported a reduction of base cation

storage during a 15- to 35-year period in Sweden of on average 50%. In 90 soil

profiles sampled for pH measurements in 1927 when resampled in 1986, indicated a

general decrease in pH(H2O) from 0.3 to 0.9 units in south-west Sweden (Hall-

bäcken and Tamm 1986). Veerhoff et al. (1996) summarised the literature on soil

acidification and concluded that soils which had previously pH(KCl) of 3–4 de-

creased by 0.4–0.6 units, and those at pH >5 (except clayey and calcareous soils)

decreased by 1–2 units within the last 20–30 years.

Several studies indicated that the higher deposition of nitrogen has decreased

the C/N ratio in the surface organic horizons as the comparative values shown in

Fig. 21.6 for the 1970s to those measured in the 1980s and 1990s. Comparison of
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data analysed in the 1970s by v. Zezschwitz (1980) in western Germany with those

of the 1980s and 1990s by Wolff and Riek in Germany (1997a) showed that C/N

ratios had decreased in the less active humus layers of moder andmor types (Fig. 21.6).

A similar study where C/N ratios were analysed in 1961–1965 by Evers et al. (1968)

and about 30 years later by Buberl et al. (1994) in Baden-Württemberg in southern

Germany showed that the frequency distribution of C/N ratios had shifted towards

lower values (Fig. 21.7). A decrease in C/N ratios with time was also observed in

the surface organic layers in pine forests in northern Germany on Pleistocene

substrate which were sampled first in 1959 and then again in 1997 (Nieder et al.

2000). In this study, the C/N ratios of seven pine forests which already had low

values (C/N = 28) in 1959 did not change, but they decreased in 12 pine forests from

34.5 (n =3) to 29 and from 40.3 (n =9) to 28 after 38 years.

In addition to the changes in the quality of organic matter in the surface organic

layer by atmospheric N-deposition, the long-term study at the Solling site showed

an increase of C and N in the surface organic layer of 347 kg C and 21 kg N ha�1 per

year during a 30-year period at the beech stand (Chap. 4; Meiwes et al. 2002). The

accumulation was even higher at an adjacent spruce stand at the Solling site and

amounted to 999 kg C and 42 kg N ha�1 per year. Both stands showed no significant

change in C/N ratio between 1966 and 2001 indicating that N-sequestration was

accompanied by an adequate amount of C since the beginning of the measurement.

In a similar study, decreasing C/N ratios and increasing amount of C and N in the

surface organic layer (mor humus type) was observed over a period of 22–30 years

in two Scots pine stands (Pinus sylvestris L.) in southern Germany (Prietzel et al.

2006). At these sites, the soils were heavily degraded by historic litter-raking.

Decomposition studies by B. Berg (Berg et al. 1995; Berg and McClaugherty

2003) indicated that a greater amount of litter with high N-concentration was lost

through decomposition at the beginning but the loss was low in later stages of

decomposition. The high amount of litter accumulation in surface organic horizons,

as was observed at the Solling site (Chap. 4), may be a result of high N-concentrations
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in litter from N-depositions. Accumulation of the amount of organic matter in

surface organic horizons may be a widespread process in polluted areas. A number

of methods are used to study the sequestration rate of organic matter in soils. A

study on the comparison of three different methods showed that similar sequestrations

rates occurred in Swedish forest soils. The results obtained for the three methods were:

mean value of 180 kg C ha�1 per year for the ‘limited value approach’, 96 kg C ha�1

per year for the ‘N balance approach’ and 180 kg C ha�1 per year for measurements

of changes of humus depth over 40 years (Berg et al. 2007). An estimate for

European forests based on the ‘N balance approach’ gave an average C-sequestration

value of 143 kg C ha�1 per year in European forest soils for the period 1960–2000

(de Vries et al. 2006).

21.6 Conclusions

l The carbon and nitrogen stocks in Germany are 99 Mg C and 6.8 Mg N ha�1

between the L layer and 90 cm depth. The surface organic layer contributes up to

19% to the C– and 11% to the N-stocks. Classification of soils according to

humus forms (mull, moder and mor type humus) revealed increased C-stocks

from mull to mor humus type soils of about 13% down to 90 cm depth and a

decrease in soil pH. Increased C-stocks are related to a decrease in the mineral

soils which is more than balanced by increased sequestration of C in surface

organic layer of acid soils. In contrast, nitrogen is 35% lower in mor (5.4 Mg N

ha�1) than in mull humus type soils (8.3 Mg N ha�1). This decrease from mull to

mor humus type soils is related to an enormous decrease of N in the surface
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mineral soil depth which is not balance by increased sequestration of N in the

surface organic layer. A higher biological activity and bioturbation was made

responsible for the high N-stocks in less acid soils. A forest management

supporting mull humus soils would significantly increase the N-retention from

atmospheric deposition in forest soils.
l Carbon concentrations in the mineral soil correlated positively with altitude,

precipitation, soil pH and particle surface area and negatively with temperature.

Of less importance is the fraction of conifers in the stand. At pH 4.8, C-

concentration value was the lowest. A high concentration of C in soils with

>pH 4.8 was related to the biological activity. Soils with <pH 4.8 also had high

values which was explained by high DOC eluviation from the surface organic

layer and high root turnover in acid mineral soils.
l The N-concentration increased together with C in mineral soils with>pH 4.8 but

was less important in soils with <pH 4.8. This was related to the quality of

organic matter (high C/N material from roots and DOC) and the low microbial

activity in acid soils.
l The amount of surface organic layer is small in soils with >pH 4.8 but increases

as the soil becomes more acid. Soil pH, the C/N ratio in the mineral soil and the

fraction of conifers in the stand explained some of the variation of the C-stock in

the surface organic layer. The surface organic layer of deciduous forests stored

less than 50% of the carbon and nitrogen stored in this layer of conifer forest

under similar climate and soil conditions.
l C/N ratios in moder and mor humus types of surface organic layers have

decreased in Germany due to high atmospheric N-depositions. The amount of

organic matter has not decreased but increased at the Solling site indicating that

high amounts of N are probably retained by the surface organic layers in forest

soils of Germany.
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Chapter 22

Management Options for European Beech

Forests in Relation to Changes in C- and

N-Status as Described by the Three Study Sites

N. Bartsch and E. Röhrig

22.1 An Introduction to European Beech

22.1.1 Geographic Range and Current Distribution

The genus Fagus dominates large areas of the cool temperate forest regions in the

northern hemisphere. It is divided into two main areas of distribution: Fagus
sylvatica L. (and Fagus orientalis Lipsky, which is very similar) in Europe and in

the western region of Asia Minor, and Fagus grandifolia Ehrh. in eastern North

America. The occurrence of the genus in Japan (Fagus japonica Maxim. and

F. crenata Bl.) and in China, represented by a number of species, is somewhat

more limited (Schmucker 1942; Barnes 1991; Ching 1991; Jahn 1991; Peters 1997;

Dierschke and Bohn 2004).

As one of the last broadleaved trees to survive the last ice age, European beech

(F. sylvatica) spread out very slowly from the small refuges it occupied in southern

France, southern Italy and the western Balkans into Central Europe (Magri et al.

2006). The expansion of beech into Central Europe started when the climate

became increasingly colder and more humid (Tinner and Lotter 2001). Due to the

limited distribution of its seeds and the slow growth rate of young trees, European

beech required a period of about 7,000 years before it was able to compete with the

light-demanding trees that were dominant at the time (Firbas 1949; Lang 1994;

Gliemeroth 1995). European beech was very successful as it turned out (Bohn et al.

2004; Bolte et al. 2007). Leuschner et al. (2006) claims that beech is the ‘‘most

successful Central European plant species’’.

The nature of its expansion probably explains why the genetic differences

between stands across their entire distribution range are smaller than those for

many other European tree species (Konnert et al. 2000; Sander et al. 2001),

although essential genetic differences can occur within a single stand (Dähne

et al. 1997; Konnert and Henkel 1997; Ziehe 2007).
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F. sylvatica has been able to maintain its dominant role in most broadleaved

stands due to the following biological characteristics:

l Broad site tolerance especially in relation to soil conditions (Ellenberg 1996;

Leuschner 1998; Leuschner et al. 2006).
l High shade tolerance (Ellenberg 1996; Röhrig et al. 2006).
l Production of dense foliage to produce dark shade (Hagemeier 2002).
l Prolonged period of height growth increment and the capacity of dominant and

predominant trees to expand their crown (Guericke 1999; Leuschner 1998).
l High plasticity and competitiveness in the rooting pattern (Hertel 1999; Horn

2002).
l Scant browsing attraction for ungulates compared to other broadleaved tree

species (Ellenberg 1989; Ammer 1996; Schulze 1998; Partl et al. 2002).

In Germany, the proportion of beech of the total forest area has steadily decreased

during the last two centuries. At the beginning of the Middle Ages, Germany was

still densely forested and about 80% of the forest consisted of beech. As the

population increased, many forest areas were cleared for agriculture and were

increasingly used to fulfill other household needs. Thus, there was an expansion

in the use of forest areas for grazing livestock, the collection of litter, obtaining

wood for charcoal production and for extracting salt and other minerals. European

beech was affected more than any other tree species. Beech was less suited than

other tree species to coppice, and coppicing was the primary system of forest

management until the mid-1900s. Thereafter, coinciding with industrial develop-

ment, the demand for conifer wood increased leading to the reforestation of clear-

felled areas and non-forest open areas with coniferous species, primarily with

Norway spruce (Picea abies (L.) Karst.) and Scots pine (Pinus sylvestris L.).

Reforestation with coniferous species proved to be simpler and cheaper to imple-

ment. Thus, by 1960, the percentage of Scots pine and European larch (Larix
decidua Mill.) had increased to 35%, and of Norway spruce and other conifers to

37%, of the forest area in Germany. While beech forests on limestone soils were

least affected by this conversion, beech forests on acidic soils were affected the

most.

More recently, the proportion of broadleaved trees in the forested area in

Germany, and of European beech in particular, is once again increasing. Between

1960 and 1990, this percentage increased from 21 to 25%, largely at the expense of

pine and larch (which decreased from 35 to 31%) and to a lesser extent to spruce

and other conifers (37% to 35%). In 1990, beech occupied 14% of the forest area in

Germany (=1.465 million ha), of which pure stands comprised 46%, mixed forests

with other broadleaves 28% and mixed forests with conifers 26% (Bick and Dahm

1993; BML 1994, 2003). The conversion of pure coniferous stands to mixed

broadleaved–coniferous stands on sites unsuitable for growing broadleaved forests

has continued in keeping with the stipulation that the mixed stands contain a

significant proportion of spruce, Douglas fir (Pseudotsuga menziesii (Mirb.)

Franco) and pine. A number of factors are taken into account when making such

management decisions (Lüpke 2004; Knoke et al. 2008):
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l In many areas of the temperate regions in Central Europe, broadleaved forests

comprising a high percentage of beech are the best adapted forests in terms of

their physiognomy, element cycling and ability to regenerate after disturbance.
l Species diversity and resistance to windthrow, forest fires and insect pests are

usually higher in broadleaved and mixed stands than in pure coniferous stands.
l Broadleaved and broadleaved–conifer forests correspond to the characteristics

of the natural landscape, particularly in the hilly to montane elevations, and as

such fulfill most socio-cultural expectations and aspirations.
l Improved stand management and the application of site-specific regeneration

methods have assisted in increasing the net income from appropriate beech

forest management practices.

22.1.2 Environmental Amplitude

F. sylvatica has a wide distribution across the cool to moderately warm climatic

zone with evenly distributed rainfall. In the northern reaches, there is no lower

elevation limit to its distribution. From the Central Mountain Range to the south,

F. sylvatica occurs predominantly in the sub-montane and montane elevations. It is

excluded from areas where long severe winters and pronounced dry summer

periods prevail. The minimal annual rainfall requirement for beech forests is

assumed to be about 500 mm (Leuschner 1998). Beech is susceptible to the

occurrence of late frost in the early growth stages, even where conditions are

otherwise suitable.

In the temperate region, no other broadleaved species thrives on sites with such

different pedological substrates as does beech, where it is found on soils derived

from weathered limestone (calcium carbonate buffer zone) to sedimentary soils

which are very poor in nutrients and are close to the iron buffer zone. The soil water

regime tends to be the limiting factor to its distribution. Beech is less competitive

than other species (primarily Quercus robur L., Carpinus betulus L., Fraxinus
excelsior L.) on sites with temporary or permanent water-logging in the surface

soils (Ellenberg 1996; Leuschner 1998; Fig. 22.1).

Innumerable attempts have been made to develop a systematic classification

describing the ecological diversity found in beech forests. Some are based on the

plant sociological characteristics (e.g. Oberdorfer 1992; Pott 1992) whereas others

place more emphasis on the overall ecological parameters (Ellenberg 1996;

Leuschner 1998). In this chapter, we have adopted the latter classification and

have confined the discussion to three widely distributed forest types:

l Beech forests on rendzina and pararendzina soils occur primarily in limestone

mountainous areas. The water regime differs considerably and the forest com-

munities range from ‘‘moist beech forests on limestone’’ to ‘‘dry beech forests

with a sedge under-storey on dry slopes’’. Beech forests are found at almost all

altitudes, from the hilly to the montane zones (with Abies alba Mill.) and in the
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sub-alpine zone (forests comprising Acer pseudoplatanus L. and F. sylvatica).
They are all characterised by a species-rich ground vegetation (number of

species decreasing from south to north) and a mull type of litter layer (beech

forests on mull). Example: Göttinger Wald research site.
l Beech forests, and mixed beech forests on rich to moderate brown earths occur

primarily on (sandy) loams. Some soils are formed from glacial deposits but

more often from the weathering of rocks containing mineral-rich silicates and

are often covered by a thin loess layer. The water supply in these soils is variable,

although most are primarily moist soils that sometimes have gley characteristics

in the subsoil. Noble hardwood species (primarily A. pseudoplatanus, F. excelsior)
may also be found on these sites, and even oak on flat and sub-montane sites.

Plant sociologists have classified numerous ground vegetation communities in

these forests that have developed in response to altitudinal differences and

variability in water supply. The litter layer ranges from moder with mull

characteristics to mull. Example: Zierenberg research site.
l Beech forests, and mixed beech forests on very acidic soils are derived from

silicate rocks, sandstone or from partly sandy glacial sediments which are poor

in nutrients. The soils often have a surface layer of decalcified loess. They occur

Fig. 22.1 Ecological characteristics of forest tree species in the sub-montane zone in Central

Europe in relation to soil moisture content and acidity (from Ellenberg 1996; Leuschner 1998).

The dotted line defines the approximate areas where Fagus sylvatica is dominant. The size of the
print describes the approximate extent of its presence in the canopy layer
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primarily in the Central Mountain Ranges (submontane to montane zone) and

occasionally in the lowlands. The number of species in the ground vegetation is

distinctly lower due to the low base cation content. Although differences in these

communities are distinguishable and classified accordingly, they are often col-

lectively referred to as Luzulo-Fagetum communities due to the frequent occur-

rence of Luzula luzuloides. In these communities, the litter layer is usually

moder type, which can become mor like when soil conditions become unfavour-

able. A small percentage of oak is occasionally present, particularly where a

moderately developed pseudogley occurs (Q. robur) or where dry summers limit

the competitiveness of beech to oak (Quercus petraea Liebl.). Example: Solling

research site.

22.1.3 Growth

European beech is a typical shade tolerant tree species. When the amount of light

entering the stand is limited, generally shade leaves develop. These are conspicu-

ously thinner than sun leaves and have a larger surface area. Young seedlings of the

natural regeneration can survive when photosynthetically active radiation (PAR) is

less than 10% of full sunlight, albeit with little if any growth increment. At radiation

levels of up to 20%, shoot height growth is minimally whereas diameter increment,

aboveground biomass and particularly root growth are significantly reduced. After

about a decade, however, this growth pattern of beech places it at an advantage over

other more light demanding species (with the exception of A. alba and Taxus
baccata L.) in closed stands.

The formation of a large leafy, dense crown is a characteristic of dominant and

predominant beech trees. Such a crown casts dark shade over the surface organic

layer corresponding to the stand area it occupies. Ellenberg (1996) classified the

beech alongside fir (A. alba), hornbeam (C. betulus) and yew (T. baccata) as one of
the tree species which casts the darkest shade on the surface organic layer in Central

Europe. In order to capture crown space and produce shade, beech consumes less

nutrients and biomass than other tree species (particularly pioneer species) (Hage-

meier 2002). Even as a mature tree it is capable of expanding into free canopy space

by 10–30 cm annually when the opportunity arises (Guericke 1999).

Height and diameter growth of young beech trees is slow by comparison to more

light-demanding tree species but the duration of its continual growth with age is

comparatively longer (Fig. 22.2). Consequently, in pure stands, the volume of

timber produced, although dependent on site conditions, is considerable. In classi-

cal forest mensuration, yield tables based on tree height are used to assess stand

production. An example is provided in Table 22.1. It is now known that a signifi-

cantly higher wood production can occur on good and moderately good sites

(Spiecker et al. 1996; Pretzsch et al. 2000).
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Beech develops a dense semicircular root system (heart root system) with an

irregular pattern of coarse and fine root growth. In contrast to P. abies and

P. sylvestris, the horizontal roots do not extend far beyond the breadth of the

crown. However, on flat limestone sites, beech root systems do extend further

with deep roots in joints of the bedrock. The intensity of fine roots in the humus-

rich surface soil is normally high. If oxygen levels in soils are low, or the soil acidity

is high, or where a mechanical impediment occurs in the soil, then beech develops

a flat root system.

The beech root-ball is small compared to that of other tree species (including

P. abies). The large number of highly ramified fine roots indicates that beech has
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Fig. 22.2 Height growth of Fagus sylvatica and Quercus in yield classes I and II (moderate

thinning) (data from yield table of Schober 1987)

Table 22.1 Yield table for Fagus sylvatica for moderate thinning treatment (DBH, diameter

breast height) (from yield table of Schober 1987)

Yield

class

Age

(years)

Mean

height

(m)

Mean

diameter

(DBH)

(cm)

Basal

area

(m2)

Stand

volume

(m3)

Mean

annual

increment

(m3)

I 100 32.4 33.6 31.0 472 7.8

140 37.3 50.2 33.3 617 8.6

II 100 27.4 29.3 30.2 426 6.4

140 32.7 43.7 32.5 533 7.2

III 100 23.3 25.2 29.3 338 5.0

140 28.2 38.2 31.7 451 5.7

IV 100 19.2 21.1 28.4 270 3.7

130 23.7 32.8 30.7 369 4.4
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a large root surface area and a heavy root-ball that provides a stable anchor for trees

on most sites (Polomski and Kuhn 1998, 2001; Kuhr 2000; Fehrmann et al. 2003).

This root morphology renders beech very stable in storms during the winter months

when leaves are absent and most storms occur (Otto 2000).

22.1.4 Crown Damages and Tree Mortality

After it had become apparent towards the end of the 1970s that the forests were in a

poor condition, environmental monitoring was introduced in Germany in 1984 (and

later in other European countries). As part of the process, an estimation of the crown

condition for the most common tree species was undertaken in all German states.

These data on the annual state of the forest are provided in reports published

regularly by the German Federal government since 1984. Beech stands have

revealed variable crown damage, with 30% of trees on average having extensive

visible crown damage. Only 20–25% of the trees were found to have no visible

damage in the last 20 years. Initially, it was assumed that this damage was caused by

the impact of air pollution on the trees and on the soil. Since then, however, crown

damage has been attributed to other causes that may be related indirectly to pollu-

tion, for example weather conditions, fructification, insects and diseases. Damage

caused by insects and diseases is now termed the ‘‘complex beech disease’’. It begins

with the infestation of the stem by the beech woolly aphid (Cryptococcus fagisuga),
which then often attracts the fungus Nectria coccinea. As a result, necroses develop
on the stem with very different outcomes, varying from complete tree recovery

to death of the tree following infestation with white rot and xylobiotic beetles

(Lunderstädt 1992, 2002; Eisenbarth et al. 2001). This disease occurs in beech

stands in epidemic proportions every few decades. Such stands need careful

monitoring to identify any latent infestation, with particular attention to stands on

moist sites and to dominant trees. About 40 years ago in southern Lower Saxony,

major damage was recorded in beech stands (Wagenhoff and Wagenhoff 1975).

Stands occurring on sites with dolomite and red clay soils rich in base cation soils,

such as those found at the research site in Göttinger Wald, were most affected. Dead

trees were rarely found in stands on sandstone soils poor in base cations.

22.1.5 Wood Quality

Wood from beech is not particularly valuable because it does not possess any

outstanding technical or decorative characteristics. Moreover, wood defects often

occur in older stems, reducing the wood value (spiral grain, large branch knots,

wood discoloration; see Knoke and Schulz-Wenderoth 2001). Although small

stems and stems with major defects are difficult to sell, good stem cuts are in

high demand for plywood, and good sawn timber can be readily marketed.
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The percentage of usable stemwood during a single forest generation is generally

lower for beech than for some other species (for example, spruce and Douglas fir).

22.2 Common Forest Management Practices

for European Beech

22.2.1 Regeneration

Natural regeneration is of paramount importance for beech, more so than for any

other tree species in Central Europe. As a typical shade tolerant species in closed

forests, beech regeneration can occur under relatively limited light conditions. It is,

however, sensitive to late frost as a young plant if it becomes too exposed and is

susceptible to competition from ground vegetation. The natural regeneration of

beech is usually more economical than its planting, which is time consuming and is

associated with high risk of failure.

Large quantities of seed (heavy crops have more than 250 beech nuts m�2) occur

in beech stands every 5–15 years (Körner 2005). In places, one can find more than

1,000 nuts m�2 (Röhrig et al. 2006). The frequency of the fructification for beech

(and also for other forest trees) appears to have increased in the last 30 years

compared to earlier years. Reasons for this change in the frequency of fructification

may be an increase in nitrogen inputs, intensification of thinning practices and

climate change (Schulze and Eichhorn 2000; Eichhorn et al. 2003; Paar et al 2004;

Röhrig et al. 2006, Schmidt 2006). The quantity of seed in different cropping years

at Solling is provided in Table 22.2. In the stand at Zierenberg, more than half the

mature beech trees had developed fruit in the period 1989–2000 and in the years

1992, 1995 and 1998 (Schulze and Eichhorn ; Paar et al. 2004). In 2000, heavy crop

was produced on all the three sites (Chap.11).

Only a modest proportion of the large quantity of seed reaching the surface

organic layer in the crop years germinates as observed from seedling numbers in the

following spring. This occurs primarily due to the seed being removed by birds and

Table 22.2 Quantity and quality of beech seed in a beech stand in Solling in different years

Year Number of seeds (n m�2) Empty or parasitised

seeds

Mean Maximum (% of mean)

1987 356 722 15

1989 70 120 25

1990 451 668 15

1992 652 1,276 13

1994 28 132 87

1995 996 2012 21

1998 128 348 22
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rodents, the infestation of seedlings by fungus and desiccation. Soil cultivation may

restrict seed losses (see below).

Natural regeneration is regarded as successful if at least 20 seedlings m�2 fairly

evenly distributed across the regeneration area are found in the following autumn,

and if five seedlings m�2 are found in the 10th year after regeneration (Huss 1972;

Dohrenbusch 1990).

The high shade tolerance of the young growth, the rapid increase in diameter

growth increment of beech when the stand is opened up and the relatively low

danger of windthrow in a storm suggest that regeneration under the canopy of a

mature stand is particularly suited to beech. Shelterwood harvesting and group

selection harvesting methods have proven to be appropriate regeneration methods.

Both methods, depending on intensity and frequency of the seed crop, on the micro-

site conditions and on harvesting progress in the mature stand, result in more or less

uneven-aged regeneration areas. As this growth dynamic resembles what would

occur in virgin forests dominated by beech (see Sect. 22.4), these regenerated

forests are regarded as close-to-nature forests. However, in contrast to unmanaged

natural forests, forest management practices prevent managed beech forests from

attaining the mature and senescent growth phases of stand development, as the trees

are removed once they have reached certain optimal sizes for which the dimensions

are specified (Thomasius and Schmidt 2003).

The aim of the shelterwood harvesting method is to obtain regeneration over a

larger area (�1 ha) within several years or a few decades. By opening up the crown

fairly evenly in the mature stand, uniform ecological conditions are created to

encourage the development of even-aged pure stands (Fig. 22.3). Open regeneration

areas ease further harvesting operations (reduction of damage to old trees and

young saplings) and fencing, which is often necessary for the protection of seed-

lings from grazing. It also assists additional silvicultural practices in the young

stand (replanting, removal of poor quality plants).

The group selection harvesting method of regeneration differs from the shelter-

wood system in that the crown is deliberately opened up in an irregular manner to

encourage regeneration. In some areas, canopy gaps are created either by cutting

groups of trees (0.03–0.1 ha) or clumps of trees (0.1–0.5 ha). In other parts of the

stand, smaller openings are created, or a closed crown is retained. As the harvesting

progresses, the size of stand area that has been opened up increases until the

remaining mature stand is eventually cleared (Fig. 22.4). In this way, from the

beginning of the regeneration felling to the clearing of the last old trees, ecologi-

cally diverse areas are created within the stand. At some stage in the regeneration

period, most tree species will encounter the specific ecological requirements that

favour its growth. Group selection logging is thus first and foremost a method

applied for the natural regeneration of mixed stands. It is largely used for mixed

stands of fir, spruce and beech, but also for other species mixtures, e.g. noble

hardwoods with beech or for the artificial introduction of admixed tree species.

In the last 10 years, efforts have been made by the State Forest Departments in

Germany to replace the traditional regeneration methods of shelterwood harvesting

and group selection harvesting with target diameter harvesting. This method is
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Fig. 22.3 Shelterwood cutting diagram (from Röhrig et al. 2006). (a) In a crop year after the seeds

have fallen, a shelterwood harvesting operation is carried out fairly evenly across the entire area

(seed harvesting). The intensity of the operation is dependent on the actual crown density, the

anticipated development of the ground vegetation and the light requirements of the regeneration in

the first few years. Skidding by harvesting vehicles often causes some soil disturbance which may

favour regeneration. If a thick surface organic layer is present or dense ground vegetation is likely,

additional soil amelioration is undertaken. (w west, e east). (b) Following the earliest harvesting

operations, the regeneration commences in the second year after the seed harvesting (light

secondary harvesting). The intensity and the frequency of the secondary harvesting depend upon

the light requirements of the regeneration and its sensitivity to frost. (c) In a final harvest the last

remaining trees in the mature stand above the regeneration are removed. (d) Result of the

shelterwood cutting: predominantly even-aged stands with evenly spaced trees
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Fig. 22.4 Group selection cutting diagram (from Röhrig et al. 2006). (a) The tree regeneration is

initiated with an irregular harvest to open up the canopy. The first cutting (preparatory harvesting)

is conducted mainly to free the regeneration from slow growing shade tolerant trees in the sub-

canopy (fir, beech). Groups of stunted trees exist in most mature stands. If these trees have the

potential to grow and develop they are freed from competition. Otherwise, the stand is opened up

in mast years (seed harvesting) in areas that appear to be suitable for regeneration depending on the

condition of the mature stand (species composition, age, crown cover) and the soil (humus type,

soil cover). This may be achieved through the creation of small gaps in the stand (gap cutting) or

small-scale shelterwood harvesting. (b) and (c) The regeneration nuclei (selected groups) are

expanded by a secondary harvest in the mast years. This involves harvesting of trees from small

circular patches primarily in the shady boundaries (on the south to the west side) of the regenera-

tion core, and a somewhat wider peripheral felling of trees to open up the canopy. In addition to the

expansion of the existing selected group, new groups are laid down during the regeneration life

span. (d) Result of the group selection harvesting: uneven-aged stands with irregularly spaced

trees
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based on the principle of utilising each tree individually once the diameter has

attained a specific economically optimal size, that is its target diameter (for beech:

60–70 cm diameter at breast height, 1.3 m above the ground, commonly at 100–110

years of age). The trees that are still too small to harvest are left until they have

reached the target diameter. Beech is capable of regenerating adequately in the

small gaps that are created through the application of this method. However, the

light conditions at the surface organic layer are inadequate for the regeneration of

tree species that are less shade tolerant (see below). In addition to opportunities to

increase the production yield from the harvest, the aim of using the target diameter

harvesting is to create a structurally diverse forest (Otto 1992). However, target

diameter harvesting initially reduces structural diversity due to the absence of the

larger diameter trees that had been removed because they reached the target

diameter. The average size of the trees harvested is lower and more uniform as a

result. The aim to increase the structural diversity can be achieved in the next

generation, however, as the next generation grows on small areas under canopy

cover for long periods.

When tree species with a lower shade tolerance than beech are present in the re-

growth, it is necessary to achieve a balance between the shelterwood and target

diameter harvesting methods so that the crown density is appropriate for the

regenerating species. To correspond with the higher light demands of the admixed

species, the density of the canopy needs to be reduced by creating larger stand gaps

(Table 22.3). By harvesting small areas so that the light intensity reaching the

surface organic layer is 7–15% of full sunlight, favourable conditions are created

for shade-tolerant tree species (order of increasing light demand: A. alba, F. sylvatica,
C. betulus, Tilia cordataMill. and T. platyphyllos Scop., Pseudotsuga menziesii). If
moderately-sized gaps are cut with an associated light intensity of 15–30% of full

sunlight, species requiring more light such as P. abies, Q. robur, and Q. petraea,
A. pseudoplatanus, Acer platanoides L., and A. campestre L., F. excelsior, Sorbus
aucuparia L., and Sorbus torminalis (L.) Crantz can regenerate and survive for long
periods, though beech on such sites remains more competitive. For larger cuttings

with 30–70% of full sunlight reaching the surface organic layer, the middle group of

Table 22.3 Light intensity on the surface organic layer (PAR in % of full sunlight) at the centre of

gaps for different harvesting methods in mature beech stands (from Lüpke 2004)

Cutting method Gap size Light

intensity

Height

of mature

Reference

Diameter

(m)

Area

(m2)

(% full

sunlight)

stand (m)

Single tree selection 11 97 7 32 Tabaku (1999)

Shelterwood n/a n/a 11 34 Lüpke (1982)

Target diameter

harvesting

13 140 14 34 Tabaku (1999)

Group selection 17 250 12–15 34 Lüpke (1998)

Group selection 30 710 20–30 32 Schmidt et al. (1996)

Group selection 50 2,000 45–60 34 Lüpke (1982)
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trees mentioned above can grow well and can hold their own against beech. The

growth conditions are also sufficient for the light-demanding tree species Betula
pendula Roth. and B. pubescens Ehrh., S. aucuparia, P. sylvestris, Larix decidua,
Populus tremula L., Salix alba L. and Alnus glutinosa (L.) Gaertn. (Lüpke 2004).

The ground vegetation often becomes increasingly dense as the stand develops and

forms a major hindrance for regeneration, especially in stands comprising light

demanding species. This lack of regeneration is not always the consequence of

errors in stand management (lack of shade-tolerant admixed tree species in the

under-storey, opening the stand up too quickly). It often corresponds to natural

successional processes with or without prior disturbance of the stand structure.

22.2.2 Soil Scarification

Soil scarification, where ground vegetation and humus layer are mechanically

disturbed and mixed into the upper mineral soil, has been found to be most effective

for the success of natural regeneration especially during the years when a heavy

seed crop is produced. In some cases, soil scarification is a necessity, for example

on sites with a deep moder humus layer (Solling research site) or where ground

vegetation inhibits regeneration (Zierenberg research site). In shelterwood harvest-

ing, the soil is treated in strips. The benefits of soil treatment increase when

conducted after seedfall as the seeds are then worked into the upper mineral soil

(Burschel et al. 1964). The depth of soil treatment is usually between 10 and 20 cm

and the percentage area treated lies between 30 and 70% (Dohrenbusch 1990).

However, soil scarification may damage fine root systems of standing trees and

induce an over-stimulation of mineralisation (see Sect. 22.5).

22.2.3 Liming

Humus types on sites with acidic soils (Solling research site) that do not favour

germination and initial growth can be improved by liming. This is commonly

carried out in conjunction with soil treatment (Rehfuess 1990; Ammer and

Makeschin 1994; Eberl 2001; Nilsson et al. 2001; Schüler 2002). Generally 3–5

t ha�1 of lime, mostly dolomitic limestone, is spread over acid soils which are poor

in base cations to prevent, or at least impede, acidification due to atmospheric

pollutants and to improve the availability of the base cations, Ca and Mg.

Larger amounts of lime may accelerate mineralisation, causing nutrient losses.

Liming may reduce soil acidity, improve litter decomposition and the availability

of nutrients to plants, improve soil humification processes, increase activity

of micro-organisms and soil flora and improve bioturbation and the physical soil

structure (Rehfuess 1990; Marschner 1993; Wolters et al. 1995; Blume et al. 2002,
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Ammer and Huber 2007). Generally, liming becomes effective in improving the

soil conditions after a number of years depending on the ecological conditions

and may remain effective for a few decades (Immer et al. 1993; Nilsson et al. 2001;

Ammer and Huber 2007). Where Mg is more readily exchanged in the soil, the

response to liming is quicker (Hüttl 1990; Munk and Rex 1992; Meiwes 1994;

Illmann et al. 1997; Blume et al. 2002) and can affect soils to deeper depths.

22.2.4 Thinning

For thinning operations, single trees are selected and removed to increase the high

valued growth increment in the remaining stand. However, in the above-men-

tioned target diameter harvesting method, the best valued timber is removed.

Thinning operations in young beech stands (diameters <15 cm at 1.3 m height)

are exclusively implemented to promote the growth of admixed species and to

remove particularly vigorous trees of poor quality. Only minimum silvicultural

measures are carried out for economic reasons since the timber obtained is non-

merchantable. In beech stands, a major reduction in stand density is avoided until

the trees, by virtue of growing up in the shade of the crown, have developed a

clean bole of about 6–8 m length. This is reached when the trees in the upper

canopy have attained a height of about 15 m (tree age 40–60 years). Afterwards,

the good quality trees (80–160 trees ha�1) are favoured by the removal of the

competition trees every 4–6 years to promote diameter growth increment. The

crowns of the less shade-tolerant tree species that are potentially more valuable

than beech, present on sites with soils rich in base cations such as in Göttinger Wald

and at Zierenberg, are freed up from the more competitive beech. With increasing

stand age, silvicultural operations provide merchantable timber. These operations

are continued until all the trees are finally removed in a target diameter cutting, or

until shelterwood or group selection harvesting methods are initiated to promote

natural regeneration.

22.3 Specific Silvicultural Characteristics and Treatments

of the Three Beech Ecosystems

The three beech forest ecosystems presented in this volume differ essentially in

relation to soil conditions (Chap. 3), in species mix in the canopy and herbaceous

layers (Chap. 5), as well as in management practices within the forests to date

(Chap. 5). These factors determine the specific forest management practices for the

stands.
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22.3.1 Solling

Stand establishment and silvicultural practices (Chap. 5) carried out in the approxi-

mately 165-year-old beech stand at the Solling site are typical for forests growing

on soils poor in base cations in that area. These conditions are considered optimal

for beech as it outgrows all other indigenous tree species. The shelterwood harvest-

ing system in conjunction with soil treatment to remove the moder humus layer that

inhibits regeneration results in a pure single-storey stand in the optimal growth

phase.

Only a fraction of beechnuts germinate and survive for more than one growing

season. An investigation of the 1983 seed crop at the Solling research site showed

that 18% of the seeds (177 beech nuts m�2) germinated in May 1984 under 95%

canopy cover. Of these, 11.4% survived until November. On a limed area (60 tons

ha�1 dolomite), the germination rate of 1.7% was much lower due to greater losses

during the winter. Yet by the end of the growing season, the rate of survival of 50%

was considerably higher. Liming had increased the biomass of seedlings by 50%.

This was entirely due to an increase in the aboveground biomass (Jansen 1987).

Light conditions are of minor importance for the development of beech regener-

ation. However, the amount of light at the surface organic layer is critical for

seedling development. In a beech stand bordering directly onto the research site

at Solling, with similarities to the Solling site in terms of its age, the nature of its

formation, and past silvicultural practices, an investigation of the beech regenera-

tion was carried out in gaps 30 m in diameter (Bartsch et al. 2002). Ten years after

the stand was opened up, about eight beech seedlings m�2 were found both at the

centre of the gap and under the crowns of the boundary trees at the north edge.

Under the crowns of the boundary trees at the south edge of the gap, there were 13.5

seedlings m�2. The seedlings originated from several seed crops and had reached a

maximum height of 50 cm. In contrast, in the closed stand, only isolated seedlings

of up to 2-years-old were found with a maximum height of 10 cm. Sparse soil

vegetation that developed in the gaps presented no impediment to natural regenera-

tion. This differed in the gaps where lime was applied after harvesting (3 tons ha�1

dolomite was spread during cultivation of surface soil layer). On these sites, beech

regeneration was more prolific after the first three seed-crops than on the unlimed

gaps. However, in the following years, regeneration was almost entirely absent on

the limed gap where a dense layer of Rubus fruticosus and R. idaeus vegetation had
developed and provided major competition. The light conditions on the surface

organic layer under the ground vegetation cover emulated those in a closed beech

stand. The plant densities under the boundary trees of the limed gap at the north

(20.4 seedlings m�2) and south edge (13.8 seedlings m�2) were higher than for the

corresponding areas in the unlimed gap (Bartsch 1997; Bartsch et al. 2002).

The aims of the current silvicultural strategies adopted by the state forest

departments are to promote mixed stands which have structural diversity

(NMELF 1996a, b). In the Solling area, P. abies is considered the most important

admix species in beech stands due to its relatively high growth rates, although the
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species is not native to the area. On sites with better base cation availability,

A. pseudoplatanus is also a suitable admix species (Otto 1991). In order to introduce

admixed tree species with higher light demands, it is proposed to open up of the

existing beech stands with higher intensity and more irregularity than has so far

been achieved by the shelterwood harvesting system (Pampe 2000; Kühne and

Bartsch 2003; Lüpke 2004). The absence of seed trees for the admixed species

would need the planting of desired species.

22.3.2 Göttinger Wald

On the limestone sites in southern Lower Saxony, a small-scale mosaic of soils with

shallow to moderate rooting depth occurs. These soils are biologically very active

with low water storage capacity but a high nutrient supply, particularly of base

cations. There is little inhibition to regeneration. Thus, measures to promote

regeneration such as soil treatment and liming are unnecessary.

The Göttinger Wald is comprised of a species-rich mixed forest of broadleaved
tree species with different light demands and different growth patterns. The shade-

tolerant beech is dominant in the stands and covers up to 90% of the surface area

(Chap. 5). The light-demanding tree F. excelsior is the most common admixed

species in the stand. Additional noble hardwoods with different levels of shade

tolerance are present in isolation and include A. pseudoplatanus, A. platanoides,
Ulmus glabra Huds., Tilia platyphyllos, T. cordata, Prunus avium L., S. torminalis,
Acer campestre and C. betulus. The oak species (Quercus petraea,Q. robur), which
were favoured in past coppice of standard forest systems, are present on isolated

areas. T. baccata, the only coniferous species present, was of common occurrence

in the past.

The overriding dominance of beech in Göttinger Wald (Chap. 5) may be

attributed to past silvicultural practices. Until 1855 the stand, presently 120–135

years old, was managed as a coppice where beech was suppressed and oak and ash

species fostered. Well-stocked areas within the stand that promised a good supply

of timber were kept whereas other areas were subjected to a large-scale shelterwood

harvesting to promote natural regeneration. The under-storey trees were thinned

lightly to keep the canopy closed. This regeneration method and the thinning

regime were more favourable for beech than for the noble hardwoods, which

created forests of low structural diversity. The cessation of harvesting more than

40 years ago has further reduced the species mix (Wagenhoff 1975, Chap. 5).

Beech–noble hardwood forests on limestone sites produce ample regeneration

under the appropriate light conditions. The composition of tree species in the

natural regeneration is usually extremely different from that of the mature stand.

At the research site in Göttinger Wald, with its closed canopy, regeneration consists

primarily of F. excelsior and beech. A. pseudoplatanus, A. platanoides, U. glabra
and S. aucuparia are present in decreasing proportions. In 2001, about one-third of
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the area was covered with regeneration. Some regeneration formed part of the shrub

layer (Chap. 5).

If the canopy is opened up further, such as may occur in group selection harvest-

ing, the density, the height increment and the proportion of noble hardwoods would

remain higher. In two gaps with diameters of about 30 mwhich were established in a

neighbouring mixed beech stand in 1989 the amount of regeneration cover was

closely linked to light availability (Schmidt 1997; Lamberts and Schmidt 1999). On

themicro-sites within the gapwith no canopy cover, the noble hardwoods dominated

beech for tree height and density. Ash, in particular, proved to be very competitive. It

was able to survive in the shade for many years and, once gaps were created, grew

rapidly to form the upper tree canopy. Height growth of young beech seedlings was

comparatively slow but outgrew the admixed species in later years. Height and

density of regeneration trees indicated that F. excelsior and other noble hardwood

species were suppressed at the gap edges due to their higher demand for light than

of beech. When A. pseudoplatanus, A. platanoides and U. glabra were present in

the gap regeneration they were able to outgrow ash (Wagner 1996).

The competition among tree species may be altered by ungulate game. The

regenerating beech with noble hardwood species is less affected by selective

browsing of ungulates, mainly roe deer (Capreolus capreolus) (Brötje and Schmidt

2005; Huss and Butler-Manning 2006). Ulmus and Fraxinus are often more

browsed than Acer (Ellenberg 1989; König 1997).

22.3.3 Zierenberg

The 157-year-old stand on basalt at Zierenberg was converted to high forest from a

coppice with standards forest system, partly by planting beech (Chap. 5). In

addition to beech, other species such as F. excelsior and A. pseudoplatanus are

also present in the mature stand. Oak trees from the previous coppice are no longer

present. In contrast to the stands of Solling and Göttinger Wald which when opened

by harvesting did not result in the development of ground vegetation that restricted

regeneration, the stand at Zierenberg developed a dense under-storey of Urtica
dioica affecting the success of regeneration practices.

Despite many years of heavy beech fructification and silvicultural practices in

the Zierenberg stand to encourage natural regeneration over the last three decades,

the quantity of regeneration remained inadequate. In 1970, practices to open up the

stand were commenced. In the following years, three additional harvesting opera-

tions were carried out. In 1972, stinging nettles were sprayed with herbicide. In

1980, the soil was cultivated in some areas. The natural regeneration of beech and

other tree species (F. excelsior, A. pseudoplatanus, A. platanoides) is especially

poor in the areas dominated by U. dioica (Fig. 22.5). Beech regeneration was

inhibited where the degree of U. dioica cover was more than 30%. Beech cannot

regenerate on areas where U. dioica cover exceeds 90% (Fenner et al. 2000). Such

areas are characterised by a high fraction of magnesium on exchange sites in the
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soil and by a higher light intensity (Mrotzek 1998; Schulze and Eichhorn 2000;

Eichhorn et al. 2003). Light conditions of 2–4% of full sunlight are necessary for

U. dioica growth and, where they exceed 8–10% of full sunlight in the stand, this

species can become dominant in the under-storey (Mrotzek 1998; Fenner 1999).

Thus, control over the intensity of light in the stand is required for tree regener-

ation to be successful. Values of under canopy cover below 60% and big gaps

should not occur. This may be achieved by maintaining a sub-canopy layer and

under-storey. Once the number and quality of the established regeneration is

adequate, the stand can be opened up further with due care.

Areas with dense U. dioica growth can only be regenerated by planting. Tall

seedlings (Fraxinus and Acer as well as Fagus) need to be introduced under the

canopy of the mature stand. On the fenced areas with rendzina soils in Zierenberg,

the natural regeneration of Fraxinus and Acer is as successful as on the limestone

sites in Göttinger Wald.

Soil treatment did not eradicate Urtica. It did, however, cause excessive nitrifi-
cation leading to nitrate leaching and the loss of base cations. Application of lime is

unnecessary on this soil as this basalt soil is rich in base cations.

22.4 Naturalness of the Forest Management Practices

Due to the absence of virgin forests or forests that have remained unmanaged for

long periods (natural forests) in Central Europe, the knowledge of structure and

processes in such close-to-nature beech forest ecosystems is primarily based on

the virgin forests still found in Southern and Eastern Europe (Albania, Slovenia,

Slovakia, Poland, and Ukraine). These forests are located at higher elevations in

mountainous regions and represent forest types that are comparable to forest

Fig. 22.5 Density of beech regeneration and degree of cover of Urtica dioica in areas within the

stand with different degrees of light on the surface organic layer of beech stands in Zierenberg

(from Eichhorn et al. 2003)
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communities in Central Europe. From research undertaken in these forests, the

following characteristics of close-to-nature beech forests can be derived (Falinski

1986; Korpel 1995; Tabaku and Meyer 1999; Saniga and Schütz 2001; Meyer et al.

2003; Standovár and Kenderes 2003; Christensen et al. 2005):

l A clear dominance of beech. Depending on successional processes and site

conditions admixed species may be present periodically or continuously in

small numbers.
l Major differences in tree diameter and stand structure in small areas. Beech

forest regeneration occurs in small canopy gaps resulting in a mosaic of small

areas at different stages of development. The development of single-layered

stands tends to occur in the young to early mature development stages.
l Presence of mature trees as single trees or in groups.
l Presence of standing or fallen deadwood of large dimensions in isolation or in

clumps.

At the three research sites, the ecological conditions are optimal for the growth of

beech (Sect. 22.1). Without forest management, beech (with the exception of

micro-sites at Göttinger Wald with shallow rendzinas and a dry summer period)

would dominate the forests in the long-term, and the admixed species that had

previously been favoured by forest management practices would regress.

In order to evaluate how natural an ecosystem is, the degree of hemerobity is

determined. Hemerobity is a measure of human cultural influence on the develop-

ment of an ecosystem that hinders an ecosystem reaching the final stage of

succession. Criteria for the determination of the degree of hemerobity include

species composition, indicator values, the continuity of landuse and structural

parameters (including deadwood) (Kowarik 1999). The influence of liming has

proved difficult to assess since, as yet, there is no known way of reversing the

effects of liming on species composition (Schmidt 2002). Research in the Solling

area has shown that in limed stands only a few ruderal species that are generally

absent in forests have increased in number. The Luzulo-Fagetum species composi-

tion is maintained with or without liming treatments.

Due to intensity and timing of the harvesting operations in the three above-

mentioned beech forests and the application of regeneration methods adapted to the

natural forest dynamics, these forests demonstrate the lowest degree of hemerobity.

As such, they constitute forests with the highest degree of naturalness that may be

achieved in managed forests (Dähne et al. 1997; Kowarik 1988, 1999; Weckesser

2002; Thomasius and Schmidt 2003).

Canopy gaps in close-to-nature beech forests originate primarily from the death

of individual trees as a result of old age or windthrow. The expansion of these small

gaps due to sun scald or windthrow is uncommon. Thus, the expanse of gaps is, on

average, smaller than that of the projected crown area of mature beech trees

(Tabaku and Meyer 1999; Standovár and Kenderes 2003). Large-scale disturbances

are rare in the broadleaved forests of Central Europe (Bengtsson et al. 2000), but

they may result from storms of extraordinary severity. In 1990 a severe storm
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caused windthrow in large areas across southern Lower Saxony and northern

Hessen, but the research sites were not affected (Winterhoff et al. 1995).

Gaps created in beech stands by shelterwood harvesting, group selection har-

vesting or target diameter harvesting are similar in size to those occurring in virgin

forests and close-to-nature forests (Table 22.4, compare Table 22.3). However, in

contrast to gap creation in a natural forest, which takes place primarily in the over-

mature and senescent phases (Thomasius and Schmidt 2003), gaps in managed

forests are created in the optimal phase before wood quality decreases (stand age

about 120 years).

European climate-warming projections predict a large increase in temperature

anomalies in central Europe, which will result in more frequent and intensive

drought periods (IPCC 2007). An increase in temperature should not be an eco-

physiological problem for beech in Central Europe, but drought stress could be

critical for growth (Manthey et al. 2007). There are some indications that beech,

similarly to oak, maple and ash, are likely to be less affected by climate change than

the widely cultivated conifers P. abies and P. sylvestris (Bolte et al. 2007; Kölling
and Zimmermann 2007; Kölling et al. 2007; Manthey et al. 2007). However,

growing conditions could become critical for beech in areas where the precipitation

is less than 500 mm per year or about 250 mm during the months of May to

September (Bolte et al. 2007).

22.5 Effects of Forest Management Practices

on C- and N-Dynamics

Silvicultural practices in beech forests are confined to light thinnings to create

small openings in the canopy for regeneration and harvesting. The large-scale

clear-felling for regeneration of beech is not practiced in Central Europe

Table 22.4 Gap size (arithmetic mean and maximum) and gap area (percentage area per 10 ha

research plot) in Albanian virgin forests, unmanaged forest reserves and managed stands in Central

Germany (from Tabaku and Meyer 1999)

Stand Gap size (m2) Gap area

Mean Maximum (% of stand area)

Virgin forest

Miridita 74.2 273.3 6.6

Puka 60.6 132.9 3.4

Rajca 68.7 208.6 3.3

Forest reserve

Heilige Hallen 183.0 1094.4 13.3

Limker Strang 102.4 808.0 4.9

Managed stands

Bleicherode 97.4 348.5 8.4

Dassel 142.3 530.3 17.9

Stauffenburg 175.4 682.6 28.7
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(Sect. 22.2). The establishment of regeneration on sites with acidic soils may be

assisted by liming and soil treatments. In order to investigate the effects of these

management practices on nutrient cycling, gaps in the canopy were created in the

three beech stands. At the Solling site, liming in conjunction with soil treatment was

carried out (Table 22.5). Total C- and N- pools in soil, measured from the litter

layer to 40 cm depth, did not change at the Solling site. However, significant

changes in the distribution of soil C and N occurred within the profile.

Although the gaps were found to have substantially reduced litter inputs, there

was no significant decline in surface organic layermass over a 10-year period in the

unlimed gaps (Bauhus et al. 2004). The apparent absence of accelerated decompo-

sition in gaps was supported by field measurements of CO2 emissions, which

showed that the differences in CO2 values between gap and stand were largely

attributable to root respiration (Brumme 1995, Chap. 17). Further micro-climate

changes did not accelerate litter decomposition on this site.

As in the Solling stand, the creation of gaps in Göttinger Wald did not lead to a

definite long-term increase in nitrogen mineralisation (Fig. 22.6). While there was

only a small difference in mineralisation rates measured in the stand, at edge and

gap positions in the Göttinger Wald, they were significantly lower in the gaps on the

acid soils at the Solling site than in the stand. This may be explained by the very

small soil temperature differences between the gaps and the surrounding stand and

by consistently high soil moisture content in the gaps (Bauhus and Bartsch 1996).

This, in turn, may have resulted in seasonally anaerobic conditions in the surface

organic layer indicated by two to five times higher N2O losses in the gap compared

to the stand (Chap. 17). Losses of N2 are much lower than losses of N2O in the

centre of the gap at Solling (Wolff and Brumme 2003) while no measurements have

been conducted on NO. Additional causes of reduced N-availability may be immo-

bilisation of nitrogen and a reduced mycorrhiza activity (Bauhus 1994; Vor 1999).

A reduction in surface organic layer mass was only achieved in the Solling stand

when the creation of gaps was accompanied by the amelioration of the acid soil

conditions which increased earthworm population and activity, produced lush

under-storey vegetation and provided high quality litter (Chap. 12, 13). While the

turnover rate of 3.8 years for beech litter in limed gaps is still larger than would

Table 22.5 Gap cutting and liming in beech stands in the Solling (Bartsch et al. 2002), Göttinger

Wald (Schmidt 2002) and Zierenberg sites (Godt 2002)

Solling Göttinger

Wald

Zierenberg

Date of gap cutting October 1988 March 1988 September 1990

Gap size (diameter) 30 m 25 m 30 m

Number of gaps 4 6 1

Liming 2 gaps with 3 t ha�1

dolomite and soil scarification

� �

Monitoring period 1990–1998 1988–1998 1990–1996
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occur in mull humus, a change in humus type from a typical moder to a mull-moder

during 8 years was evident. The decrease in surface organic layer mass in limed

gaps corresponded with an increase in soil C- and N-concentrations in the surface

(1–10 cm) mineral soil (Bauhus et al. 2004).

The unlimed gaps in the Solling stand showed increased N losses in the form of

nitrate leaching (Fig. 22.7) and N2O emissions when compared with the limed gaps

and the intact stand (Bauhus and Bartsch 1995; Brumme 1995; Bartsch 2000;

Bartsch et al. 2002, Chap. 18), Low N-retention in unlimed gaps may be related

to low microbial biomass (Bauhus and Barthel 1995; Vor 1999) and fine-root

density (Bauhus and Bartsch 1996). At Zierenberg, the nitrate concentration in

the seepage water below the root zone increased in the first year only after the gaps

were created (Godt 2002), while N2O emissions did not change (Chap. 18). In the

closed mature stand at Zierenberg, nitrate concentration of 500 mmolc l
�1 (middle

of the year 1990) were considerably higher than those at Göttinger Wald (69 mmolc
l�1) and Solling (9 mmolc l

�1) (Chap. 16). At the Solling site, losses of N in the

seepage water in the unlimed gap ranged between 118 kg ha�1 per year in 1991 and

64 kg ha�1 per year in 1996 (Bartsch et al. 2002), and this compared to about 1 kg

ha�1 per year in the closed stand. At Zierenberg, the N-outputs doubled in the four

years after the gap was cut when compared to the undisturbed plot (Godt 2002).

Fig. 22.6 Nitrogen net mineralisation (mean and standard deviation) of beech stands in Göttinger

Wald (Hordelymo-fagetum) and the Solling (Luzulo-Fagetum) (data from Runge 1974; Gadow

1975; Grimme 1977; Eickmeyer 1978; Reichhardt 1981, 1982; Ibrom and Runge 1989; Schneider

1992; Bauhus 1994; Vor 1999; Schmidt 2002; Weckesser 2002). The numbers below the columns
represent the number of research plots (growing season of mostly 30, partly 38 or 52 weeks). In

situ-incubation experiments using polyethylene bags or steel cylinders in the biologically active

top soil, mostly to a depth of 20–40 cm including the top humus layer (O horizon)
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N-output data for the gaps at Göttinger Wald were not available, but Schmidt

(2002) estimated that the maximum value of N-output in the gaps 10 years after

they were created was similar in magnitude to that of N-inputs.

At Solling, the disruption of the nitrogen cycle as a result of gap cutting lasted

longer and was greater than on the Göttingen and Zierenberg sites. The high N losses

may have resulted from increased nitrification and insufficient plant N-uptake

(Bartsch et al. 2002; Bauhus et al. 2004).

At the Göttinger Wald and Zierenberg sites, there was dense ground vegetation
and under-storey in the gaps which may have taken up N, taken otherwise by the

forest stand (Godt 2002; Schmidt 2002). There was a substantial delay in the

colonisation of unlimed gaps by plants at the Solling site (Bartsch et al. 2002). In

the fourth year after gap creation, the aboveground and belowground biomass of the

ground vegetation at the centre of the gap amounted to about 600 kg ha�1. In the

seventh year, it was 1,420 kg ha�1. This corresponded to the N-retention of 9.5 kg

ha�1 in the fourth and 22.2 kg ha�1 in the seventh year after gap creation (Bartsch

et al. 2002). The concentration of N in seepage water over time reflected the

vegetation development in the gaps (Fig. 22.7). In the fourth year after creating

the gap, N stored by ground vegetation and under-storey at the centre of the gap was

70 times higher at Zierenberg than at Solling (Godt 2002).

At Solling, liming had a major influence on biomass development, the amount of

nitrogen stored by the ground vegetation, and the N-outputs in the seepage water

(Fig. 22.7) and into the atmosphere (Chap. 18). In the fourth year after gap creation

and lime application, the above ground and below ground biomass of the ground
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Fig. 22.7 NO3–N concentrations in soil solution below the rhizosphere (80 cm soil depth) of the

stand at the centre of the unlimed gap and the limed gap in the Solling beech forest for the years

1990 to 1993 and 1995 to 1998. The European Union standard for maximum tolerable NO3–N

concentrations is indicated by the dotted line (from Bartsch et al. 2002). The gap was established in

October 1988
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vegetation (herbaceous vegetation and tree regeneration) at the centre of the limed

gap was about 4,016 kg ha�1 and in the seventh year 6,460 kg ha�1. At the centre of

the unlimed gap the biomass was 597 kg ha�1 in the fourth year and 1,427 kg ha�1

in the seventh year. This corresponded to a N-storage in the ground vegetation of

63 kg N ha�1 (fourth year) and 118 kg N ha�1 (seventh year) in the limed gap and

9.5 kg N ha�1 (fourth year) and 22.2 kg N ha�1 (seventh year) in the unlimed gap

(Bartsch et al. 2002).

The ground vegetation on the limed and unlimed gaps was fundamentally

different at the Solling site. At the centre of the limed gaps, the biomass of the

herbaceous vegetation, comprised predominantly of nitrophilic species, was 10

times (3,701 kg ha�1 in the fourth year) to 7 times (6,448 kg ha�1 in the seventh

year) higher than on the unlimed gaps. In contrast, the tree regeneration biomass

was higher in the unlimed gaps. The lush herbaceous vegetation in the limed gaps

out-competed the beech regeneration. At the centre of the limed gaps, the beech

seedlings from the 1989 and 1990 seed crops disappeared almost entirely (Sect.

22.3). In the unlimed gaps, in contrast, the biomass of beech regeneration was

highest at the gap centre.

The gap experiments demonstrated that even small-scale disturbance in mature

beech stands can cause substantial changes in element fluxes and may lead to high

element losses. In this context, the resilience of sites on limestone and basalt with

regard to nutrient retention was higher than on the base cation poor site in the

Solling. Because the gaps represented only a small part of a watershed and the

changes occurred in a limited space of time only, the overall effect on the quality of

ground and spring water may not be significant. However, the regeneration of

mature beech stands takes place over a long period of time (more than 40 years)

during which small areas of the stand are sequentially cleared, and this operation

may affect the ground water quality.

The high losses of nitrate and N2O on the unlimed Solling gaps corresponded to

the N losses in large-scale clear-cuts and cleared sites of northern hardwoods in the

Hubbard Brook study (New Hampshire, USA) (Bormann and Likens 1979). In both

cases, the removal of nutrient uptake by plants played a major role in changing the

soil and seepage water chemistry, indicating the importance of effective and early

coupling of decomposition and nutrient uptake by new vegetation after tree removal.

If soil acidity or gap size inhibit rapid re-vegetation of the gap or an expansion of

the roots of surrounding trees into gaps (Bauhus and Bartsch 1996), liming may be

regarded as an important vegetation management practice. However, in such cases,

the strong competition by ground vegetation may hinder beech regeneration.

The carbon stored in beech forests under different management regimes were
investigated in 16 different stands of different ages on soils developed from

limestone and overlayed by loess of varying thickness in Thüringen (about 100–150

km east of the research sites in southern Lower Saxony and northern Hessen)

(Mund 2004; Mund and Schulze 2006). The shelterwood and selection manage-

ment regimes showed no difference in the amount of C stored in the soil.

However, the absence of forest management has led to an increase in the carbon

pool (Fig. 22.8). With the exception of the possible influence of tree species
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composition on carbon storage in the mineral soil, no direct relationship was found

between changes in the characteristics of the tree stand (density, area, woody

biomass) through forestry practices and the carbon content in mineral soil. The

organic carbon content in the mineral soil in shelterwood systems ranged from 70 to

98 tons C ha�1. In selection systems, it ranged from 65 to 107 tons C ha�1. In the

natural forest, which has not been managed for 35 years, the carbon content in the

mineral soil was about 20% higher than in the managed forests.

22.6 Conclusions

Of the around 50 tree species indigenous to Central Europe, F. sylvatica stands out

because of its ecological characteristics and its broad environmental amplitude. As

a tree species with a high shade tolerance, beech is particularly suited for regenera-

tion under the canopy of a mature stand in shelterwood and group selection harvest-

ing methods. Target diameter harvesting in the absence of additional measures to

assist regeneration may promote the development of pure beech stands as the crown

gaps created are inadequate for light-demanding species.

The silvicultural goal for the three sites is to develop a continuous stocking of

broadleaved trees (Sect. 22.2) in order to maintain high levels of nutrient cycling

and minimum nutrient losses from forest ecosystems. These aims are largely met
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through the application of shelterwood and group selection harvesting practices

presently used in these stands. The relatively new silvicultural concept of target

diameter cutting will also prove useful, as it mimies gap dynamics in virgin forests.

A reduction of losses of nitrate and N2O under high N-input systems during

regeneration require active root uptake possibly by trees and to some extent by

the under-storey vegetation. Some of the essential silvicultural practices may

include appropriate thinning operations for the maintenance of an under-storey

and sub-canopy layer, and assistance to develop advanced regeneration under

the canopy of the mature stand, which may require planting of tall seedlings

where competition from ground vegetation is high and where natural regeneration

is absent (Zierenberg), or through application of liming materials on sites poor

in base cations (Solling). Large gaps that do not allow canopy closure within a

few years should only be cut if light-demanding mixed forest species are to be

encouraged.

The regeneration and timber utilisation methods employed in beech stands do

not show major differences in the C retention by soils. As the carbon retention by

mineral soil represents the balance of carbon inputs and outputs over many decades

and centuries, its relationship to the actual stand characteristics is difficult to assess.
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BML (Bundesmin Ernährung, Landwirtschaft u. Forsten (2003) Gesamtwaldbericht der Bundes-

regierung. Berlin
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Temperate deciduous forests. Ecosystems of the world 7. Elsevier, Amsterdam: pp 539–555
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cae 317. J Cramer, Berlin
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Konnert M, Ziehe M, Tröber U, Maurer W, Janßen A, Sander T Hussendörfer E, Hertel H (2000)

Genetische Variationen der Buche (Fagus sylvatica L.) in Deutschland: Gemeinsame Auswer-

tung genetischer Inventuren über verschiedene Bundesländer. Forst u Holz 55:403–408

Körner C (2005) An introduction to the functional diversity of temporate forest trees. In: Scherer-

Lorenzen M, Körner C, Schulze E-D (eds) Forest diversity and function – temperate and boreal

systems. Ecol. Studies 176, Springer, Berlin, pp 13–37
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Chapter 23

Stand, Soil and Nutrient Factors Determining

the Functioning and Management of Beech

Forest Ecosystems: A Synopsis

R. Brumme and P.K. Khanna

23.1 Background and Issues

The three European beech ecosystems described in this volume differ in their soil

chemical properties which are related to the differences in their soil parent materials.

The ecosystems are located in an undulating landscape primarily formed by differ-

ent geological formations of Triassic limestone (Göttinger Wald) and sandstone

(Solling) with locally interspersed tertiary volcanic materials (Zierenberg) and

loess. The difference in elevation between the three sites is less than 100 m and

the distance is about 70 km, which provided comparable climatic conditions at the

three sites. Fagus sylvatica L. is the dominating tree species at all three sites.

F. sylvatica possesses wide physiological amplitude and can occupy a variety of

sites, though its growth performance varies depending upon a number of factors

such as genetics, climate and soil. The chemical state of a forest soil affects

decomposition and bioturbation processes through its effects on the litter quality

and faunal activity, and thus is the main driving variable for nutrient availability,

acidity related stress, the productivity and stability of beech ecosystems.

The natural development of soils has, however, undergone significant changes

in recent times due to atmospheric depositions which have accelerated soil

acidification processes, have changed the activity of soil biota, have affected

decomposition and nutrient turnover processes (short-term changes) and may

have led to long-term changes in the soil organic matter content. High inputs of

nitrogen by atmospheric deposition have increased forest growth. These inputs

together with the increased application of dolomitic lime to improve soil acidity

may have further affected the forest productivity. Emission control measures have

reduced the deposition of H, S, N and base cations since the late 1980s causing

additional impact on the future development of forest ecosystems (Meesenburg

et al., Chap. 15). Considering these recent changes and their interactions, it still

remains very difficult to predict the future development with respect to the

productivity and stability of these forests.
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We envisioned that the wide differentiation in various ecosystem characteristics

among the three beech sites described in this volume might provide ample back-

ground material to describe the functioning of these and other similar beech

ecosystems. Therefore, data on N status from these three beech sites were compared

with those of other beech forests in Germany, providing useful information on

future trends in ecosystem development and relationships for developing site and

stand management strategies. This synthesis section deals with some of these

relationships where site factors and nutrient turnover processes are used to describe

productivities (health and vitality) of these three ecosystems under the following

headings:

(1) Productivity, C stocks, C balances, and their relations to soil chemical state of

the three beech ecosystems

(2) N stocks and N balances at the three beech ecosystems

(3) Nutrient status and productivity of European beech ecosystems in a changing

environment

(4) N-status and its significance for European forest ecosystems

(5) Dynamics of C and N sequestration in European forests

(6) Bioturbation as a central process of C and N dynamics: role of soil biota

(7) Forest management strategies – future perspectives

23.2 Productivity, C Stocks, C Balances, and Their Relations

to Soil Chemical State of Three Beech Ecosystems

The three F. sylvatica stands are of similar age and have accumulated 520–690 m3

ha�1 of merchantable wood in the above ground biomass (>7 cm diameter;

Rademacher et al. Chap. 8). Annual increments in the long-lasting tree biomass

compounds (branches, bark, wood and coarse roots) at the three sites were 1.15 Mg

C ha�1 (Solling), 1.7 Mg C ha�1 (Zierenberg) and 3.3 Mg C ha�1 (Göttinger Wald)

(Table 23.1). The annual net primary production (NPP) which included the annually

recycled biomass compounds was lower at the Solling and Zierenberg sites (5.1 and

5.0 Mg C ha�1 per year) compared to the Göttinger Wald site (6.5 Mg C ha�1).

These NPP values are in the range reported for four beech forests (>100 years old)

along a transect from Denmark to Italy (4.4–6.5 Mg ha�1 per year, Scarascia-

Mugnozza et al. 2000). Differences in the carbon allocated to the leaves did not

explain long-lasting biomass increment differences among the three beech sites, as

their contribution to the NPP of the trees was similar (2.6–2.7 Mg C ha�1 per year)

(Table 23.1). However, the production of fine roots on the three sites was different,

it was about 1.3 Mg C ha�1 per year at the acid Solling site, and that compared to

0.6 Mg C ha�1 per year at the calcareous Göttinger Wald site. Positive effects of

base cations on the growth and functioning of roots (Murach et al., Chap. 9) is expected

to increase the uptake of nutrients and water, and to decrease the C-allocation to
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the fine root biomass by increasing the longevity of fine roots. The higher amount of

NPP required for the production and the maintenance of fine roots at the Solling site

may partly explain the relatively low carbon gain for aboveground growth at this

site. The high soil acidity at this site may create additional soil chemical stress for

the aboveground growth by limiting the availability of base cations. Low soil

availability of base cations has resulted in very low content of Ca, Mg and K in

the leaves, whereas high values of leaf N content indicated its luxurious nutrition

(Khanna et al., Chap. 11). Relationships between N uptake for growth increment, an

index of NPP, soil pH and the content of Mg in leaves of 17 beech forests in

Germany indicated that growth rates were low on soils with low base saturation

(Fig. 23.3). However, the low NPP value at the base-rich Zierenberg site may be the

result of low tree density in comparison with the Göttinger Wald site (Rademacher

et al., Chap. 8) which in turn favoured the growth of ground vegetation by providing

high light intensity below the tree stands (Schmidt, Chap. 5). The luxuriant growth

Table 23.1 Net primary production (NPP) (Mg C ha�1 per year), annual C-balances (tree litter-

fall, Khanna et al., Chap. 11; tree fine roots, Murach et al., Chap. 9; herb litter, Schulze et al., Chap.

10), and changes in C-pools per ha at Solling, Göttinger Wald, and Zierenberg (DOC losses,

Brumme et al., Chap. 16; above ground increment, Rademacher et al., Chap. 8; C-changes in soil,

Meiwes et al., Chap. 4). (sd or range in parenthesis)

Solling Zierenberga Göttinger Wald

NPP of vegetation 5.1 5.4 6.7

NPP of trees 5.1 5.0 6.5

Soil C-Balances

Litter production Tree litterfall 2.6 (0.7) 2.7 2.6 (0.8)

Fine-roots from trees 1.3 ND >0.6b

Herbe 0.01 0.42 (0.36–0.82) 0.22 (0.04–0.43)

Total 3.9 �3.7 >3.4

Decompositiond 2.6/1.6 �/2.1 �/2.4

DOC losses 0.01 0.02 0.02

Total C-production – decomposition +1.3/+2.3 �/+1.6 �/+1.0

C-pool changes

Tree incrementc +1.15 +1.7f +3.3

O-horizon increment (1966–2001) +0.35 ND ND

Mineral soil increment (1966–2001) 0 ND ND
aAssuming a fine-root litter production similar to that at Göttinger Wald
bThis value could be higher since it considers only 0–20 cm soil depth (Solling 0–50 cm) due to

high stone content
cIncluding branches, bark, wood and coarse roots
dDecomposition refers to field measurements of soil respiration at rooted and nonrooted locations

(Brumme et al., Chap. 17) and to C-mineralisation studies (values given behind the slash; Brumme et al.,

Chap. 13)
eWeighted mean values and range of means of different facies calculated by the use of

C-concentrations of 45% for Göttinger Wald and Solling and 42% for Zierenberg (Bolte 2006)
fCalculated by using an average of the functions between biomass of various tree components and

tree basal area for Göttinger Wald and Solling (Chap. 8, personal communication, Rademacher)
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of ground vegetation has increased the NPP of the Zierenberg site by about 0.4 Mg

C ha�1 per year and of the Göttinger Wald site by 0.2 Mg C ha�1 per year.

Data on balancing of C fluxes and on periodic inventories of soil C (Table 23.1)

indicated that the soil at the Solling site was accumulating C. The total carbon input

to the soil at the Solling site was 3.9 Mg C ha�1 per year and consisted primarily of

litterfall (67%) and fine-root litter (33%). The litter input by ground vegetation is

low. The total carbon loss by decomposition processes ranged from 1.6 to 2.6 Mg C

ha�1 per year and the remaining 1.3–2.3 Mg ha�1 would have accumulated

annually. Soil inventories conducted periodically at the Solling site partly con-

firmed these results. The organic carbon stock in the surface organic layer increased

by about 0.35 Mg ha�1 per year over a period of 35 years (Meiwes et al. 2002,

Chap. 4). No change in the carbon stocks of the mineral soil layer at the Solling site

was observed due to large spatial variation primarily in the 0–10 cm of the mineral

soil. Amount of leaffall, however, appears to be constant at the Solling site as

shown by the data since 1990 despite the temporal annual variation in these values

(Khanna et al., Chap. 11). However, fructification has more than doubled the total

litterfall and frequency of fructification has increased during the last few decades.

Thus, litter production and its decomposition may not be in equilibrium. Additional

factors reducing decomposition are related to atmospheric depositions. Many

studies on N fertilisation has shown that fertilisation leads to retarded decomposi-

tion (e.g. Fog 1988; Berg and Matzner 1997; Olsson et al. 2005). Therefore, high

N depositions are expected to have a similar effect in retarding litter decomposition.

However, Sjöberg et al. (2004) suggested that humus accumulation under high acid

depositions might result from more than one factor.

The carbon dynamics at the Göttinger Wald and Zierenberg sites differed from

that at the Solling site due to higher productivity of the vegetation on the former

sites. At the Göttinger Wald and Zierenberg sites, the surface organic layer was

small and was mostly covered by ground vegetation. Ground vegetation produced

about 0.2 and 0.4 Mg C ha�1 per year litter at these sites (Table 23.1). Production of

high amounts of ground vegetation litter and low amount of fine root litter may

commonly occur on less acid soils (Murach et al., Chap. 9 and Schulze et al., Chap. 10).

Amounts of C retained when assessed from soil-C balance indicated values of +1.0

Mg at Göttinger Wald and +1.6 Mg C ha�1 per year at Zierenberg site.

Amounts of C retained annually by the soils of the three beech sites was similar

to the value estimated by Schulze (2000) (1.44 Mg C ha�1 per year) for a European

transect. The values obtained by using models indicated that 100–600 kg C ha�1 per

year were retained in soils which were primarily related to differences in litterfall

and thus tree growth (Nabuurs and Schelhaas 2002; Liski et al. 2002). Our estimates

of C retention are not confirmed by the nitrogen balance measured on these three

beech sites (see Sect. 23.3) suggesting that C mineralisation rates may be under-

estimated which would overestimate the C sequestration in the soils. Our C miner-

alisation estimates are based on differences between rooted and root-free areas at

the Solling site which would depend on a number of factors, e.g. the dynamic of

roots and associated root exudates after clearing (Brumme et al., Chap. 17).

Incubation studies may under- or overestimate C mineralisation, e.g. by excluding
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root related inputs of C or by causing higher decomposition through physical soil

disturbance (Brumme et al., Chap. 13). However, N balances seem to be a useful

alternative to estimate C sequestration in forest ecosystems (Holland et al. 1997;

Nadelhoffer et al. 1999; deVries et al. 2006). Based on calculated N retention rates

in soils (N deposition minus net N uptake minus N leaching) and their C/N ratios,

deVries et al. (2006) estimated an annual net C sequestration of 143 kg ha�1 for

forest soils in Europe. Berg et al. (2007) reported similar values of between 96 and

180 kg C ha�1 per year for Sweden which they estimated with three different

methods. Since an annual sequestration rate of 120 kg C ha�1 equals only 3% of

litter production which is lower than the error involved in such measurements, for

example, by soil respiration measurements, it illustrates the performance of using

soil N changes as a useful method.

23.3 N Stocks and N Balances at Three Beech ecosystems

Atmospheric depositions of N at the three beech sites ranged from 21 to 25 kg N

ha�1 per year in the period 1990–2002 and were not significantly different among

the sites (Table 23.2). However, N-balance on these sites indicated a completely

different fate of the atmospheric deposited nitrogen. Losses of N by seepage water

at the three sites were 1.7 kg ha�1 per year (Solling), 21 kg ha�1 per year (Zieren-

berg) and 4.5 kg N ha�1 per year (Göttinger Wald). The gaseous N-losses as nitrous

oxide were of the same magnitude as the leaching losses at the Solling site but were

negligible at theGöttinger Wald and Zierenberg sites. Therefore, about 84 and 76%

of the atmospheric deposited nitrogen were retained at Solling and Göttinger Wald

sites, respectively, with much lower values (13%) at the Zierenberg site.

When the N-balance method is employed to calculate the amount of N retained

at the Solling site, the value was quite high, being 21 kg N ha�1 per year for the

period 1990–2002 and 36 kg N ha�1 per year for 1981–1989 (Table 23.2). Similar

values were obtained by periodic soil N-inventories conducted on the site since

1966. The amount of N-retention in the surface organic layer was large (about 21 kg

N ha�1 per year) and was three to four times higher than that observed in the long-

lasting tree components (branches, bark, wood and coarse roots) at the Solling site

(6 kg N ha�1 per year). During the period 1969–2002, the total N deposition

decreased from 40 (1969–1989) to 25 kg N ha�1 per year (1990–2002) (mean for

the whole period was 35 kg N ha�1 per year). The mean value was close to the

amount that was calculated (27 kg N ha�1 per year) to accumulate in the tree growth

and the surface organic layer increments during the same period. The decrease in

atmospheric N depositions has resulted in an equivalent reduction in the amount

retained by the soil while the leaching losses did not change during this period

(Fig. 23.1). The soil N-balance conducted by the amount of annual nitrogen input

by litter minus the net N-mineralisation confirmed the observation from the ecosystem

N-balance that nitrogen is sequestered in this soil at the Solling site.
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The sequestration of N in the surface organic layer provided an estimate of C

sequestration at the Solling site. Assuming a C/N ratio of the sequestrated organic

matter to be 19, the same as in the surface organic layer, the annual amount of C

sequestration was calculated to be 580 kg ha�1 for the period 1981–1989 and

313 kg ha�1 for 1990–2002. The mean C sequestration value for the whole

observational period is thus 422 � 170 kg ha�1 which comes close to the amount

estimated by soil inventories (347 kg C ha�1; Meiwes et al., Chap. 4). It also

suggests that the sequestered organic matter may have a lower C/N ratio. A C/N

ratio of 15.5 in the sequestrated organic matter would meet the amount of carbon

estimated by inventories.

The amount of N retained annually (input-output) at the Göttinger Wald site for

the period 1990–2002 was 16 kg N ha�1 which was 2 kg N ha�1 lower than the

annual amount of N retained by the aboveground tree increment (18 kg N ha�1

Table 23.2). For the period 1981–1989, total N-deposition was about 5 N ha�1 per

year higher. The higher depositions during 1981–1989 led to equivalently higher

Table 23.2 N-balances on the three beech sites for the period 1990 – 2002 (period 1981–1989 in

parenthesis for Solling and Göttinger Wald). Values were taken for input (Meesenburg et al.,

Chap. 15); output (Brumme et al., Chap. 16); N2O (Brumme and Borken, Chap. 18); tree litterfall

(Khanna et al., Chap. 11); tree fine roots (Murach et al., Chap. 9); herb litter (Schulze et al., Chap.

10); uptake by trees (Rademacher et al., Chap. 8, for Zierenberg Brumme et al., Chap. 16); and

C-changes in soil (Meiwes et al., Chap. 4). All values are given in kg N ha�1 per year

Solling Zierenberg Göttinger Wald

Ecosystem N-Balances

Uptake by trees 110–113 98–110a 99–107

Input Wet and dry deposition 25 (40) 24 21 (26)

Output Leaching losses 1.7 (2.0) 21 4.5 (9.5b)

N2O losses 1.9 0.4 0.2

Input – Output +21 (+36) +3 +16 (+16)

Soil N-Balances

Litter-N input Tree litterfall 68 75 63

Fine roots from treesd 36–39 ND 18–26

Herb <0.4 36 21–31

Total 104–107 129–137a 102–120

NMMe 74/90 80/128–167 99/ND

N-Pool Changes

Tree incrementc 6.0 5–9 18

O horizon increment 21 ND ND

Mineral soil increment 0 ND ND
aAssuming a fine-root production similar to that on the Göttinger Wald site
bFirst year of measurements with untypical high N losses (see Chap. 16) was excluded
cIncluding branches, bark, wood and coarse roots
dRange refer to dead and living roots containing different N concentrations
eNMM (net N mineralisation, is given for ‘‘long-term soil column field experiment’’ and the

‘‘in situ sequential coring method,’’; Brumme et al., Chap. 13)
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leaching losses indicating that the capacity to immobilise additional N in the soil

and through plant uptake at this site is independent of the amount of N present in

atmospheric depositions (Fig. 23.1). This is quite a different result from that

observed at the highly acid Solling site where the amount of N input by depositions

was nearly completely retained in the soil.

At the Zierenberg site, a small fraction (13%) of the total N deposited as

atmospheric inputs was retained (3 kg N ha�1 per year) because most of it was

lost by leaching (Table 23.2). Considering the amount of N required for plant

growth at the Zierenberg site, stored soil N remains the main source of nitrogen

supply (2–6 kg N ha�1 per year). Nitrate leaching increased with an increase in

precipitation suggesting that the general trend to higher precipitation during the

non-growing season (Panferow et al., Chap. 2) is expected to increase leaching

losses at this site. Assessing N-retention from litter production and mineralisation

studies does not always provide reliable values. By using the leaching method, low
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Fig. 23.1 Time series of budgets (5-year moving average) of TD (total deposition, dry and wet
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Solling and (b) Göttinger Wald (mmolc m�2) (adopted from Meesenburg et al. Chap. 15 and
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mineralisation rates (74 � 14 kg N ha�1 per year) suggest an accumulation of N at

Zierenberg site. The high mineralisation rates of 128–167 kg N ha�1 per year

measured with the in situ sequential coring method would cover the amount of N-

input by litterfall. Ulrich (1987) suggested that high N mineralisation rates might

result from humus degradation in this soil. The degradation would occur when soil

is acidified and is shifted from the silicate type of proton buffer range to the

exchanger type of proton buffer range (see Sect. 23.4 for more information).

23.4 Nutrient Status and Productivity of European Beech

Ecosystems in a Changing Environment

Atmospheric depositions of acidity and nitrogen have changed the soil chemical

and nutritional status of forests, particularly of those having low buffering to soil

acidification changes. The trend of increasing atmospheric depositions peaked in

1980–1985 across Europe (Ferrier et al. 2001). By that time, it has reduced soil pH

by up to 2 units and base saturation by up to 50% and has increased the N content in

the litter layer (Brumme et al., Chap. 21). Long-term monitoring at the Solling and

Göttinger Wald sites indicated that atmospheric depositions have declined when

emission control measures were introduced in Europe and structural changes in the

industry had occurred. Total depositions decreased for sulphur (-60% at the Solling

and Göttinger Wald sites) and H (�72% at the Solling and Göttinger Wald sites)

between the 1981–1989 and 1990–2002 periods (Meesenburg et al., Chap. 15).

These changes in the atmospheric inputs caused an increase in the dissolution of

aluminum sulphate stored in soils and led to the release of stored acids in the

drainage water. However, this decrease in acid inputs also simultaneously

decreased the inputs of base cations (�60% at Solling and Göttinger Wald).

Long-term annual budgets indicated that the Solling soil which was previously a

sink for Ca and sulphate became a net source of these elements during the last three

decades (Fig. 23.2), and thus delayed the recovery of this soil from acidification.

The nutritional status of 17 beech forests in Germany (Haußmann and Lux

1997), which belonged to the intensive forest monitoring programme (Level II)

of the international cooperative program on assessment and monitoring of air

pollution effects on forests, ICP Forests, indicated that Ca was insufficient at

seven beech sites, Mg at four sites, P at three sites and K at two sites, whereas no

forest site had insufficient nutrition of N (Table 23.3). Among these sites, eight had

moder type humus, of which five sites had Ca deficiency. Similar results were

observed, with an exception for P, for the German forest inventory sites (Wolff and

Riek 1997a, b) which included a higher number of beech stands (n ¼ 75) in

Niedersachsen, Brandenburg, and Bayern States. Among these stands, about 54%

of the beech forests were described as P-deficient. Despite a reduction of N

deposition caused by emission control in Europe (�38% at Solling and �20% at

Göttinger Wald), N deposition was in excess of the demand for plant increment at
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all stands of the Level II sites by up to 27 kg N ha�1 per year. The net N retention by

beech trees ranged from 6 to 20 kg N ha�1 per year (mean value of 13 kg N ha�1 per

year, Becker et al. 2000). The Solling site thus has N retention value at the lower

end (6 kg N ha�1 per year), whereas the Göttinger Wald site is at the upper end

(18 kg N ha�1 per year), and the Zierenberg site is between the two (5–9 kg N ha�1

per year), of the range of values given for annual amounts of N retained

(Table 23.2).

The retention of N at the German Level II beech forests is correlated significantly

with Mg (r2 = 0.45) and Ca contents (r2 ¼ 0.33) in leaves and with the soil acidity

given as pH in soil solution (r2 ¼ 0.41), pH in humus layer (r2 ¼ 0.48) and the base

saturation in the surface mineral soil layer (r2 ¼ 0.36) (Fig. 23.3). Since plant N

increment is not correlated with indices of N availability (total N depositions, N

content in the foliage and soils, C/N of surface organic layers, N content in soil

solutions), base cations may be considered as an important factor determining plant

growth in these high N ecosystems. This would suggest the need for an additional

supply of Ca and Mg by liming the forest sites. Liming has significantly increased
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Fig. 23.2 Time series of Ca budgets (total deposition + weathering – plant increment – seepage

losses) and sulfate budgets (total deposition – seepage losses) (5-year moving averages, mmolc m
�2)

at the Solling site (adopted from Brumme et al. Chap. 16)

Table 23.3 Number of beech forests (17 German forest sites (Level II) including Solling (SO),
Göttinger Wald (GW), Zierenberg (ZB), Haußmann and Lux 1997) with element content (1996–

2003) in leaves in the ranges of insufficient, sufficient, or luxurious plant nutrition for N (<20.3,

20.3–23.8, > 23.8 mg g�1), Ca (<5.8, 5.8–8.6, 8.6 mg g�1), Mg (<0.99, 0.99–1.43, > 1.43

mg g�1), P (<1.14, 1.14–1.52, > 1.52 mg g�1), K (<5.4, 5.4–7.3, > 7.3 mg g�1), according to

Krauß and Heinsdorf (2005)

N Ca Mg P K

Insufficient 0 7, SO 4, SO 3, GW 2

Sufficient 10, ZB 6 6, GW 13, SO, ZB 9, SO, ZB

Luxurious 7, SO, GW 4, GW, ZB 7, ZB 1 6, GW
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the Ca and Mg content in foliage at several sites in the Solling area which received

dolomite (Rademacher et al., Chap. 8) and has contributed to an increase in growth

(Fig. 23.3). The mean foliage level of the 17 beech sites indicates sufficient N

concentrations (23.9 mg g�1) indicating clearly that atmospheric N depositions

have removed the N limitation in these forests.

In recent decades, aboveground growth of trees has increased (Spiecker 1999;

Kauppi et al. 1992), with values of 25–30% increase in Europe during 1971–1990

(Kauppi et al. 1992). For most cases, tree growth increments since the 1950s have

much higher values than could be predicted by common yield tables (Pretzsch

1996). Forest inventories have indicated an increase of 10–20% in the standing

volume during 1971–1987 in southern Germany which exceeded the yield table

values by 12–43% (12% for broadleaved, 27% for oak, 31% for spruce and fir, 43%

for pine and larch). A weighted mean growth increment considering the proportions

of tree species showed an annual increase of 29% in Germany. By assuming an

annual aboveground wood increment of 2.6 Mg C ha�1 per year between 1987 and

1993 (Dieter and Elsasser 2002), the additional C-sequestration can be calculated to

be about 0.58 Mg C ha�1 per year in Germany. This increase in the growth of wood

may be due to many reasons. Firstly, N status of European forests has improved due

to high atmospheric inputs. Availability of some other nutrients in soils may have

been reduced by acid depositions, but depositions of base cations prior to emission

control measures were implemented might have compensated for any losses.

Secondly, dolomitic lime has been extensively applied to many forests in Germany

to improve the calcium and magnesium availability in soils. Thirdly, an increase in

the concentration of atmospheric CO2 and nitrogen depositions may have increased

the photosynthetic activity to compensate for losses of foliage and fine roots

turnover due to acid depositions.
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Level II sites in Germany
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23.5 N-Status and Its Significance for European Forest

Ecosystems

N enrichment of forest ecosystems has a number of consequences relating to their

productivity, vitality, soil acidification, N use, N losses via different means and

effects on neighboring systems. Input–output analysis has been shown to be a useful

tool to quantify small changes of elements which occur in large stocks of elements

in soils (Ulrich 1992; Matzner 2004) that could otherwise remain undetected by

repeated sampling commonly done in ecological studies. Brumme and Khanna

(2008) used 8-year records (1996–2003) of input–output analysis to evaluate

changes in the N status of 53 German forest sites (Haußmann and Lux 1997;

Block et al. 2000) belonging to the intensive forest monitoring program (Level II)

of the international cooperative program on assessment and monitoring of air

pollution effects on forests (ICP Forests) operating under the UNECE Convention

on Long-range transboundary air pollution. Of the 53 forest sites, 17 sites are

occupied by beech, 15 by spruce, 12 by pine and nine by oak. Trees are 60 to

more than 130 years old. Some important site and stand characteristics are given in

Table 23.4. Of the 17 beech forests, nine had mull type humus and eight had moder

type humus with C/N ratios of 14–21 in the upper mineral soil (mull type humus)

and 19–39 in the surface organic layer (moder type humus).

These forest sites were distinguished into three groups based on the following

criteria where total deposition (TD) referred to the annual amount of total N

deposition including wet and dry depositions, WI to the amount retained by wood

increment and O to the amount lost by nitrate leaching.

Amounts of gaseous N-losses were not included here because estimates of fluxes

of all gases (N2O, NO, N2) do not exist on the regional scale. High fluxes of gaseous

N losses are estimated to occur at only a few sites (Barton et al. 1999; Brumme et al.

2005; Kesik et al. 2005) and are assumed to be equal to atmospheric N fixation at

most of the sites. Considering this uncertainty and other errors in the estimates of

water fluxes, total N deposition, wood increment and leaching losses, an annual

uncertainty of �5 kg ha�1 above and below the 1:1 line in Fig. 23.4 was used to

distinguish the patterns of N changes among different sites.

Forest sites between the two parallel lines in Fig. 23.4 represent those where the

excess of total deposition (TDex) is balanced by nitrate leaching assuming an

uncertainty of �5 kg N ha�1 per year. Such forest sites are considered to be of

the (quasi-) Steady-State Type with respect to N (n ¼ 23 of which eight were

occupied by beech). Sites located on the outside to the left of the lines lose nitrogen

in excess of total N-deposition larger than 5 kg N ha�1 per year suggesting that soil

TD – WI ¼ O (quasi-) Steady-state type (I)

TD – WI > O Accumulation type (II)

TD – WI < O Degradation type (III)
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N loss is associated with a decrease of the amount of soil organic matter (Degrada-

tion Type, n ¼ 3, one site with beech) whereas those on the right of the lines

accumulate more than 5 kg N ha�1 per year (accumulation type, n ¼ 27, eight sites

with beech).

23.5.1 Forests of the Accumulation Type

Of the 53 forest sites, 27 sites accumulated nitrogen in the soil and annual accumu-

lation values ranged from 6 to 21 kg N ha�1 (Table 23.4). Plants accumulated 4–16 kg

N ha�1 for annual plant increment which is lower than the amount required for the

soil. Out of 21 sites with moder type humus, 11 had C/N ratio values<25 (two were

occupied by beech) and showed the same mean annual N retention in the soil (11 kg

N ha�1) as those with C/N ratios >25 (two of these sites were occupied by beech)

indicating that factors other than C/N ratio are responsible for N retention in these

soils. The C/N ratio has often been shown to be a potentially useful predictor of the

level of nitrate leaching from forest ecosystems (Matzner and Grosholz 1997; Dise

et al. 1998a, b; Gundersen et al. 1998; MacDonald et al. 2002; Borken and Matzner

2004). A new analysis by van der Salm et al. (2007) revealed that N deposition by
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Fig. 23.4 Nitrate leaching (Block et al. 2000) versus total nitrogen deposition (Gehrmann et al.

2001) in excess of N-uptake by aboveground wood increment (Becker et al. 2000) of 53 Level II

forests in Germany occupied by beech, oak, spruce and beech trees. The lines divide forests into
three N-states, forests with decreasing amount of soil organic matter and N losses from soil organic

matter (degradation type), forests with additional N-sinks in the soil (accumulation type), and

forests showing no change [(quasi-) steady-state type] (lines provide estimates of uncertainties of

�5 kg ha�1 above and below the 1:1 line). Beech sites at Solling (SO), Göttinger Wald (GW), and

Zierenberg (ZB) are highlighted by solid circles. (Figure adopted from Brumme and Khanna 2008,

modified)
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throughfall was more important than C/N ratio of the organic layer. However, the

sinks in plant and soil have not been studied exclusively on these sties.

Accumulation type forests of the moder–mor type humus showed a significant

correlation between N retention and total N deposition (r2 ¼ 0.38; Fig. 23.5a).

Factors affecting organic matter accumulation in mature stands are not well known

but may probably relate to the high N depositions (Fog 1988; Berg and Matzner

1998). A decrease in decomposition activity following the addition of ammonium

fertiliser to the litter layer was reported in the literature review (Berg and Matzner

1997) suggesting the stabilisation of the humus in the surface organic layer in the

presence of high N content. Decomposition studies by Berg et al. (1995) showed

that high N content of the litter accelerated its decomposition in the beginning, but

reduced the decomposition in the long-term leading to the accumulation of litter. It

therefore implies that high N depositions may probably stabilise the organic matter

of moder and mor humus after its enrichment in leaves and needles or by microbial

immobilisation during decomposition. Whether N stabilises organic matter or

changes the microbial community or the litter quality cannot be deduced from the

literature (Fog 1988; Berg and McClaughterty 2003; Olsson et al. 2005). However,

positive correlations between N retention and the thickness of the surface organic
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layer (r2 ¼ 0.43), and the atmospheric depositions of nitrogen (r2 ¼ 0.38)

(Fig. 23.5) of the 21 forests of the accumulation type suggest that factors other

than N depositions might also be involved.

One such factor may be soil acidity. Soil pH has decreased during the last

decades by up to 2 units in Europe, especially in soils of low proton buffer

capacities. This decrease in soil pH may have caused an imbalance in the processes

of decomposition and sequestration of soil organic matter since the thickness of the

surface organic layer generally increased with soil acidity (Brumme et al., Chap. 21).

Soils of the accumulation type showed positive correlations between surface

organic layer thickness and pH in soil solution (r2 ¼ 0.43). Additional N sequestra-

tion may occur in the H-horizon when its amount in L and F horizons remains

unchanged when moder type of litter layer is being formed (Fig. 23.12). Moreover,

acid deposition might directly be involved in N sequestration as is suggested by the

correlation between N retention and sulphate deposition (r2 ¼ 0.39) and has been

shown to reduce C-mineralisation in experimental acidification studies when pH

was reduced with diluted sulphuric acid (Persson and Wirén 1993).

Solling beech site presents itself as a typical accumulation type. It accumulated

in the soil annually by 36 kg N ha�1 from 1981 to 1989 and by 21 kg N ha�1 from

1990 and 2002 (Table 23.2) following a decrease in total depositions of similar

amounts. However, during this period, leaching losses of N remained low and

unchanged at about 2 kg N ha�1 per year and point to the potential for further

sequestration of atmospheric deposited nitrogen. N retention in the Solling soil

significantly increased with N deposition with a rate of 0.96 kg per kg deposited N

(Fig. 23.6). Since the beginning of Solling project in 1968, the C/N ratio of the litter

layer has remained unchanged but surface organic layer mass has increased as

indicated by the repeated inventories during the last 35 years of the observation

period (Meiwes et al., Chap. 4). The same process may have caused N retention in

other moder type humus soils as 11 sites of the accumulation type have C/N ratio

<25. At sites of the accumulation type with high C/N ratio>25 (n¼ 10), additional
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N sequestration may occur through an increase in N concentration in the organic

layer. Repeated inventories conducted between 1974 and 2004 indicated that C/N

ratios had decreased and C stocks increased in two Scots pine ecosystems in

Southern Germany (Prietzel et al. 2006). On the two pine sites, carbon had

increased by about 210 and 400 kg ha�1 per year and nitrogen by 13 and 18

kg ha�1 per year, respectively, while C/N ratio declined from about 36 in 1974 to

23 and 29 in 2004. These changes were attributed to a recovery of the degraded

ecosystems through former litter-raking practices.

Of the 27 forest sites of the accumulation type, six hadmull type humus, and four of

them were occupied by beech which retained 6–10 kg N ha�1 per year (Table 23.4).

These beech forests had high soil N content and high base saturation in the mineral

soil. However, soil pH values were as low as were observed on soils with moder

type humus. Such conditions are considered typical for soils where humus degra-

dation may be occurring. It is not clear if this process is active in these soils as

the amount of humus accumulation in the surface organic layer may exceed that of

humus degradation in the mineral soil.

N balance has been shown to be a highly sensitive parameter for calculating

changes in C content in soils (Holland et al. 1997; deVries et al. 2006). Annual N

retention in soils of the accumulation type with moder–mor type humus (n = 21)

ranged from 6 to 21 kg N ha�1 (mean 11 � 5 kg N) which would mean C

sequestration of 150–590 kg C ha�1 per year (mean 290 � 113 kg C) assuming

no change in N to C ratios. For the whole of Germany, forest soils with moder–mor

type humus will sequester about 1 Tg C per year when 66% of the forested area of

10.15 � 106 ha in Germany are considered to have such soils and of these 51% of

sites accumulate N. The total C sequestration rate in German forest soils may

diverge from the calculated value as other soils such as those with mull type

humus may also accumulate N or accumulate N without C sequestration (constant

C/N ratio). However, Hyvönen et al. (2008) reported a mean increase in soil

C-stock of 11 � 1.7 kg C per 1 kg added N in long-term fertilisation experiments

in northern European forests. This number is close to the value of 13 � 5 kg

C (sequestered) kg N�1 (added) calculated for the accumulation type with moder–

mor type humus by C sequestration divided by total N deposition.

23.5.2 Forests of the Degradation Type

Of the 53 forests presented in Fig. 23.4, three sites belonged to the Degradation type

where the amount of N loss exceeded the inputs in excess of plant increment. Two

of these sites are occupied by oak and have untypical thick surface organic layers of a

moder-humus type. Commonly, the oak forests have thin mull humus type litter

layers. Low C/N ratios<20 in the surface organic layer material suggest degradation

of humus in this layer. The third site which is losing N from the soil through

degradation in the mineral soil is the beech Zierenberg site (see Sects. 23.2 and 23.3).
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23.5.3 Forests of the (quasi-) Steady State Type

Among this collective of forest sites, 23 sites are of the (quasi-) Steady-State Type

(Table 23.4). Eight forests of this type with mull humus type had higher N content

in mineral soil than those of the moder humus type (n¼ 15). They also had a higher

pH and a much higher base saturation in the mineral soil. Mg and Ca contents in the

leaves were also higher by about 30 and 60%, respectively, than in the leaves of

trees on moder humus type soils. Uptake of N by forest trees which have developed

on mull humus type soils is higher than on moder humus type soils at the (quasi-)

Steady State Type sites and higher than by forest trees at the accumulation type

sites. The negative relationship between soil N change and plant N increment of

pine, spruce, oak (Brumme and Khanna 2008) and beech trees (Fig. 23.7) in the

(quasi-) Steady State and the accumulation types is explained by soil acidity which

positively influenced the retention of N in the soil with increase in surface organic

layer thickness (Fig. 23.5b) and negatively influenced the plant growth with de-

creasing base cations (Fig. 23.3).

The Göttinger Wald site is a typical case of the (quasi-) Steady-State Type (see

Sects. 23.2 and 23.3). N dynamics on this site followed the amount of N deposited

annually. A decrease in total N depositions after emission control measures were

introduced decreased the leaching losses which were in equivalent amounts to the

decrease in depositions (Table 23.2). This indicates that the soil at the Göttinger

Wald site has a limited capacity to retain any more nitrogen. It is not clear why

those forests with mull humus type very low base saturation did not accumulate

organic matter in the surface organic layer.

Low mineral N content values in forest soils of moder humus type (Table 23.4,

n ¼ 15) indicate that these forests had gone through the phases of humus degrada-

tion and N accumulation in the surface organic layer and have approached the

(quasi-) Steady State phase through a decrease in C/N ratio of about 25 in the

surface organic layer (Fig. 23.10). The beech forests in this group currently lose

deposited N in excess of plant increment of up to 16 kg N ha�1 per year indicating

that N accumulation in such forests is of a transient nature.
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23.6 Dynamics of C and N Sequestration in European Forests

Chemical status of soils may affect the soil C- and N-stocks in a forest. Temporal

changes of C- and N-stocks of soils are difficult to follow because the mechanisms

involved in the sequestration of C and N and humus degradation processes are not

well understood.

The Göttinger Wald site has a thin surface organic layer and contains 115 Mg

C ha�1 in the surface soil (L layer to 30 cm depth, pH(H2O) 6.7) which compares

well with the mean C-stock of German forest soils with pH(H2O) >5.5 (110 Mg

C ha�1). The N-stock in the surface soil of Göttinger Wald site is about 30% more

than the mean for German sites of similar pH (7 Mg N ha�1 in German forest soils

at pH(H2O) >5.5). Soils in the carbonate buffer range had the highest carbon and

nitrogen stocks in the mineral soil layer (Figs. 23.8, 23.9). This is related to high

earthworm and decomposer activity and the stabilisation processes through clay-

humus complex formation in the mineral soil. Although the carbonate content in the

surface mineral soil of the Göttinger Wald site occurs as small gravels, and the

surface soil layer at Göttinger Wald lies between the carbonate and silicate buffer

ranges, further acidification of this soil is expected to be a slow process. This slow

process may be related to root uptake of bases from deeper soil depths and to the

bioturbation by earthworms, and to the relatively high clay content of the surface

soil. The input–output balance of the Göttinger Wald site, a typical representative
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of the (quasi-) Steady-State Type, indicated that nitrogen was not retained in the

soil (Table 23.2). Thus, soils in the carbonate buffer range may show the (quasi-)

steady-state conditions where decomposition of organic matter equals litter produc-

tion and the amount of soil organic matter does not change with time.

In an earlier study byWittich (1952), similar values of N content as reported here

were observed in the surface mineral soil which had developed on calcareous or

basaltic bedrock. Thus, atmospheric N depositions did not change N levels in such

soils. Wittich (1952) reported that, in two Rendzic Leptosol soils, total N values of

4% and 4.8% were observed which were in the similar range (3.9%) as observed at

the Göttinger Wald site. Similarly, for a Eutric Cambisol developed on basaltic

bedrock (Meißner site), Wittich (1952) reported a value of 4.03% which was also

close to that for the Zierenberg soil (4.3%).

Soil at the Zierenberg (0–30 cm depth, pH(H2O) of 5.5) site occurs in the

transitional range of high and low C- and N-stocks among the soil collective of

different pH values (Figs. 23.8, 23.9). Below soil pH value of 5.7, the C- and

N-stocks in soils decreased with a minimum value approaching in soils of pH 4.4 to

5.2. Zierenberg soil occurs in the silicate buffer range which, due to moderate buffer

rate, has undergone acidification through high atmospheric acid loads (Eichhorn

and Hüttermann 1994, 1999). Acidification would reduce exchangeable base

cations and increase the content of aluminum. Ca-humates are not stable as Al

inhibits polymerisation of low to high molecules through formation of soluble
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complexes of organic matter and Al. Consequently, the humus in the mineral soil

starts to degrade (humus degradation or humus disintegration) as indicated by high

nitrate leaching (Table 23.2) causing further acidification (Ulrich 1984; Eichhorn

and Hüttermann 1994). The C-stock at Zierenberg (76 Mg C ha�1 for L-30 cm

depth) equals the minimum value of C-stocks observed in Germany for soils at pH

4.4–5.2; but the amount of N-stock (6.6 Mg N ha�1 for L–30 cm depth) is about

35% higher than the mean for forest soils in Germany.

C-stock at the Solling site is slightly higher than the overall mean observed for

German forest soils at pH(H2O) 3.9 (126Mg C ha�1 at Solling compared to mean of

110 Mg C ha�1 for German sites), and the N-stock is 35% higher (7.2 Mg N ha�1 at

Solling compared to 5.3 Mg N ha�1 in German sites for L–30 cm depth) (Figs. 23.8,

23.9). At this site, high retention of nitrogen by the surface organic layer causes

very low nitrate leaching despite high N depositions (Table 23.2). The high N-input

of 40 kg ha�1 per year during the period 1981–1989 resulted in only a slight

increase in N-leaching of 0.3 kg N ha�1 per year when the values are compared

with the period 1990–2002. Organic matter accumulation on such sites which have

moder type of litter layer may therefore retain high amounts of N caused through an

increase in the thickness of the surface organic layer.

Of the forested area in Germany, 86% of sites have soils with pH(H2O) < 5 (Wolff

and Riek 1997b). They may have undergone soil acidification, humus degradation

or organic matter accumulation in the surface organic layer, and some have reached

a new (quasi-) Steady-State of moder humus type (Fig. 23.10). Ulrich in his forest

ecosystem theory (1984, 1987, 1992, 1994) suggested that most forest soils (except

some sandy soils) in Germany, due to the influence of glaciation processes, were not

acidified during the Sub Atlantic period (0–2,500 B.P.). At that time, soils had

developed mull type humus of litter layers (Puhe and Ulrich 2001) and contained

high C and N contents in the mineral soil. Further acidification which moved the

soils from the exchanger to the Al/Fe buffer ranges is primarily related to acid

precipitation of recent times (Puhe and Ulrich 2001). Soil acidification is accom-

panied by losses of base cations, nitrogen and carbon in the mineral soil (Humus

Degradation Type) (Fig. 23.10). After the degradation phase, there is a small

accumulation of C in the mineral soil and a large accumulation in the surface

organic layer (accumulation type) as indicated in Figs. 23.8 and 23.11. Nitrogen is

accumulated in the surface organic layer together with C while its accumulation in

the mineral soil is negligible (Fig. 23.9). This may relate to low nitrogen sources of

organic matter in acid mineral soils, such as dissolved organic carbon and roots

(Brumme et al., Chap. 21). Acid soils thus lose their retention function for nitrogen

in the mineral soil.

Thus, the soil chemical state, which is closely linked to the stabilisation processes

of soil organic matter, has changed on the majority of the sites during decades by

atmospheric deposition, and has caused C and N dynamics of transient nature

(accumulation and degradation phase) in 9 of 17 beech sites (29 of the total of 53

sites) (Table 23.4). There are only four beech sites (in total eight forest sites) which

have resisted these constraints [(quasi-) steady state phase with mull humus type].

These forests are saturated with nitrogen and are losing atmospheric-deposited
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nitrogen in excess of that taken up by plants. In addition to these sites, there are four

beech forests (in total 15 forest sites) which have a moder or mor type humus in the

(quasi-) steady state phase and which are also losing any additional nitrogen

deposited in excess of that taken up by plants. However, they differ in the dynamics

of C and N sequestration. The sites with mull humus type may not have changed

much by atmospheric deposition. They have not gone through the phase of N

accumulation as proposed by Aber et al. (1998) and have been enriched with

nitrogen since the Sub Atlantic times. The (quasi-) steady state phase of the

moder humus type sites results from humus degradation followed by C and N

sequestration in the surface organic layer.

23.7 Bioturbation as a Central Process of C and N Dynamics:

Role of Soil Biota

The soil chemical state has been suggested here as one of the main driving variables

which determines forest productivity and the carbon and nitrogen sequestration in

the soil. It controls the cycling and distribution of nutrients in forest ecosystems, the

availability of plant nutrients, the activity and growth of fine roots, distribution of

soil biota species and activity of soil biota (Fig. 23.11). However, the key process

relating to element cycling in the temperate biomes appears to be the bioturbation

by earthworms. Earthworms together with termites and ants are sometimes

described as soil engineers because of their role in soil-forming processes through

soil bioturbation. Soil pH is one of the important factors determining the presence
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in mineral soil
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Fig. 23.10 Effects of acid load on ecosystem processes affecting the organic matter and N

dynamics in forest soils in relation to the chemical state of the soils (Mb cations: Ca2+, Mg2+,

K+, Na+) (Ulrich 1992, modified)
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or the absence of earthworms in soils. Acid-intolerant species of earthworms have

usually been absent from acid soils (Edwards and Bohlen 1996). In addition to low

soil pH, reduced availability of energy resources for earthworms due to low quality

of tree litter and the absence of herbaceous species may form another factor

affecting the type and density of earthworm populations. The faunal studies at the

three experimental sites showed that the three sites have varying amount and activity

of soil biota.

The soils with high pH contained 205 individuals m�2 at Göttinger Wald and

114 individuals m�2 at Zierenberg of Lumbricidae whereas the acid soil at the

Solling site had only 19 individuals m�2 (Schaefer and Schauermann, Chap. 7). The

absence of Lumbricidae at the Solling site reduced the litter incorporation into the

mineral soil causing the litter to accumulate on the surface of the mineral soil

forming a moder humus type (Fig. 23.12).

The soil chemical state at the Göttinger Wald and Zierenberg sites acts positively

on the microbial and herbaceous biomass, and thereby increases the activity of

deep-burrowing anecic and surface-burrowing endogeic earthworms. The soils at

the two sites are completely covered by herbaceous species which provide diverse

Fig. 23.11 Three states of forest soils at less acid (mull humus), intermediate and acid conditions

(mor humus) as affected by faunal bioturbation, eluviation of dissolved organic carbon from top

organic horizon to mineral soil, by litter layer accumulation, and by production of microbial,

herbaceous and fine root biomass. (adopted from Beese, personal communication)
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and energy-rich resources of 0.2 Mg at Göttinger Wald and 0.4 Mg C ha�1 per year

at Zierenberg (Schulze et al., Chap. 10) (Table 23.1). Through the activity of soil

biota, the total aboveground litter fall of 2.6 Mg at Göttinger Wald and 2.7 Mg

C ha�1 per year at Zierenberg (Khanna et al., Chap. 11) is consumed during a year

from the soil surface (Schaefer et al., Chap. 12). At both sites, a thick Ah-horizon

and a thin litter layer of mull-humus type were formed through earthworm activity.

Incorporation of plant litter by earthworms produces high amount of microbial

biomass in the mineral soil (Brumme et al., Chap. 6). Thus, soil micro-organisms

have access to diverse and readily available energy source at these sites. Mixing

plant litter with mineral soil while passing through the guts of earthworms may

accelerates the stabilisation process of soil organic matter (Edward and Bohlen

1996) and the formation of organo-mineral complexes (Zech and Guggenberger

1996). Organo-mineral complexes consist of high proportions of less humified

organic carbon in soils with mull humus layer and provide a much better nutrient

source for microorganisms than C present in the mineral layers of soils of the mor

humus type. Available C sources in acid mineral layers of soils are dead roots and

some amounts of dissolved organic carbon through eluviation of the surface organic

layer, as is the case at the Solling site. Lack of easily available C sources in the mineral

soil at the Solling site and the presence of high acidity have reduced the microbial

biomass to half the amount present at the Göttinger Wald and Zierenberg sites.

Moreover, soils with mull humus have a higher cation exchange capacity, a

higher proportion of essential plant available base cations, a higher N-stock and

more plant-available water than those with the mor humus. Deep burrowing anecic

and endogeic earthworms form stable soil aggregates in the mineral soil and

establish permanent burrows with high C and N contents accumulating in the

burrow linings (Don et al. 2008). Vertical burrows increase the gas exchange

between deeper soil layers and atmosphere. At the Göttinger Wald site, high gas

diffusivity in the mineral soil was observed which promoted the methane and

oxygen diffusion from the atmosphere into the mineral soil causing high methane

oxidation (Borken and Brumme, Chap. 19) and low N2O emissions (Brumme and
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Borken, Chap. 18). In contrast, the low diffusivity in the mineral soil of the Solling

site reduced the methane diffusion and increased the N2O emissions. The soil pH is

a good indicator for the trace gas exchange between the soil and atmosphere

because there is a positive relationship between soil pH and soil diffusivity.

Diversity of the soil biota is higher at the forest sites with high degree of bioturba-

tion and mull humus type of litter layer. For example, shell-bearing Gastropoda
are lacking at the Solling site in contrast to 487 individuals m�2 at the Zierenberg

and 120 individuals m�2 at the Göttinger Wald site (Schaefer and Schauermann,

Chap. 7). Gastropoda glomeris feeds on intact litter material without much diges-

tion and assimilation and provides a highly attractive food substrate for endogeic

earthworms and microbes. However, the litter material at the Solling site may be

of low quality (low Ca content) for the shell-bearingGastropoda. Under highly acid
soil conditions, populations and activity of earthworms are low and fungi dominate

the microbial population (Anderson, Chap. 20). This specifically affects the pro-

duction and loss of nitrate from ecosystems. For example, the highly efficient

autotrophic nitrifiers may be replaced by less efficient heterotrophic nitrifiers

under highly acid conditions reducing the nitrification in soils. Under such condi-

tions, mineral nitrogen may remain in the ammonium form and the nitrate losses

through leaching and denitrification are reduced.

The central role of faunal bioturbation in beech soils is evident from the many

nutrition and soil-related processes. Appropriate management measures are thus

required to develop soil conditions which are conducive to the establishment of

active faunal populations.

23.8 Forest Management Strategies: Future Perspectives

European beech (F. sylvatica L.) has regained its importance in the last few decades

mainly due to its wide ecological amplitude enabling it to grow under a range of site

conditions, which under possible future changes of the climate and other environ-

mental and social factors would provide it with an advantage over other tree species

for forests of Germany. In future, beech may be replacing some of the mono-species

stands of pine and spruce. The aim of the forest management in Germany is to

increase the proportion of beech, especially as mixed stands, to achieve higher

diversity and stability of forest stands in the long-term. This change in the stand

structure through regeneration or planting is one of the most difficult tasks that

forest management is facing today. In managed beech forests of Central Europe,

natural regeneration is the dominant form of stand development. The success of any

silvicultural treatment is measured in terms of a quick and problem-free conversion

of mature stands into younger stands. From an ecological stand point, any conver-

sion of stands should have minimum effects on the neighbouring ecosystems such

as through leaching of nitrates or emission of greenhouse gases. It is, however,

difficult to predict changes in the site and environmental factors during the course

of a single rotation of a forest stand, such as, for example, changes in soil acidity,
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increase in N supply, amelioration practices and climate change phenomenon.

There is also another unknown factor which is the lack of experience with regard

to management decisions taken on a stand. For given climatic conditions, the

regeneration of beech stands will primarily depend upon the soil conditions and

other vegetation components as well as on the protection measures taken against

deer browsing. Each of the three beech stands represents a different soil and site

condition and can thus be viewed as a unique set for describing and developing

silvicultural options (Bartsch and Röhrig, Chap. 22).

Usually, the amount of element losses during the conversion phase of a stand

depends upon the degree of disturbance on the site and the period required for

reversing the disturbance. Harvesting of a mature stand leads to a decrease in the

uptake of water and nutrients. This may cause additional leaching losses of nitrate

which is commonly turned over as leaf litter and fine roots annually prior to

harvesting. Moreover, additional amounts of organic matter may be mineralised

due to environmental changes in the surface soil. Additional losses of nitrate may

also occur through denitrification as soils become wetter and contain excessive

amounts of nitrates. Any amount of N2O produced during denitrification will be of

special concern due to its greenhouse gas character (Brumme and Borken, Chap. 18).

There may be additional changes in the soil which act as a natural sink of methane

gas due to changes in moisture status reducing the oxidation processes associated

with the methane uptake (Borken and Brumme, Chap. 19). Also of major concern is

the compaction of soils with harvesting machines which will create high emission

areas of greenhouse gases, the so-called ‘‘hot spots.’’

For the regeneration of a stand, a rational approach would be to provide additional

exposure of organic layer to sunlight for the growth of the saplings, but this rational

management practice goes against the demand for minimum site disturbance onmany

regeneration sites. However, this is not a major requirement for the light-tolerant

beech saplings. Recent experiments have shown that beech could be regenerated

successfully by creating small gaps in the mature stand. This has led to replacing the

commonly practiced shelterwood harvesting and group selection methods of regen-

eration with the single tree selection and target diameter harvesting of beech stands

(Bartsch and Röhrig, Chap. 22). One single important factor for obtaining successful

regeneration of beech is the control of browsing by deer. Moreover, it has been

observed on the Göttinger Wald site that the presence of calcareous bedrock causing

high biological activity in the soil would not need any soil tillage (disturbance) or

liming for the regrowth. The high density of herb under-storey does not provide any

specific hindrance to the germination and growth of beech saplings. Shelterwood

harvesting assists the shade-tolerant beech saplings to develop and form pure species

stands whereas group selection would also help the growth of other light-loving noble

hardwood trees and can be employed to increase the proportion of these trees in the

mixed species stands. Rapid growth of young noble hardwood trees (e.g., Fraxinus
excelsior, Acer pseudoplatanus, Ulmus glabra, Acer platanoides) leads to strong

competition for light and rooting volume of the soil to reduce ground vegetation

and shrubs. The establishment of these species is highly restricted due to deer

browsing, and insufficient regulation of deer populations.
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On the nutrient-rich sites, as at Zierenberg, regeneration of beech has caused

problems because of the dense and rapid growth of stinging nettles (Urtica dioica)
or other under-storey plants. At Zierenberg, dense growth of stinging nettles cannot

be kept in check due to the lack of noble hardwood tree species. Moreover, other

contributory factors such as high amounts of available nitrogen, phosphorus and

magnesium may be important to support thickets of stinging nettles. On such sites,

small gaps in the mature stand may be required for successful regeneration. Large

gaps should not be created. Small gaps may be achieved by maintaining a sub-

canopy layer and understorey. Gas exchange on this site is not restricted due to high

proportion of air pore spaces in soils, so the production of N2O is low and the sink

for methane will not be limited.

Regeneration of beech on acid sites, as is the case for the Solling site, requires

special silvicultural efforts. The regeneration remains restricted on such acid sites

due to the thick litter layer and highly acid mineral soils. Creating large-sized gaps

in the canopy of the mature stand would lead to leaching losses of nitrate, emissions

of N2O and reductions in methane uptake. A surface application of lime would be

required to improve the conditions for germination and initial growth of beech

sampling but may also increase the growth of strongly shading shrub layer (e.g.

Rubus idaeus, R. fruticosus). Through the competition by the dense shrub layer,

beech seedlings may be completely lost in due course. However, the losses of N

would be reduced and the uptake of methane enhanced. For such a site, a slowly

advancing shelterwood harvesting and a lime application on the soil surface without

soil disturbance should provide the most useful technique for regeneration that

would serve both the ecological and silvicultural requirements.

Frequency of fructification has increased in recent decades due to high N inputs

and the general vitality of the stands (Khanna et al., Chap. 11). However, the seeds

are mostly lost to wild animals and soil fauna. Frequent and heavy fructification has

also led to high requirements for other elements especially P, whose concentrations

are higher in fruit components than in leaves. Moreover, high N inputs may have led

to a decrease in litter decomposition and accumulation of organic matter in the litter

layer which would also retain some amount of P in the litter layer, by reducing its

turnover rate. The consequences of the high P requirements due to fructification,

and high retention due to increase in productivity, and low turnover rates of P may

further affect the N to P balance in plants, especially on those sites which are

already low in P supply. Further experimental studies are required in future to

assess the effect of such changes on the nutrition of beech stands.

23.9 Conclusions

l The three beech forests at Solling, Göttinger Wald and Zierenberg receive

similar atmospheric inputs and are growing under similar climatic conditions

as the long-term observations indicated. The three beech sites, however, differ in

soil chemical conditions. The soils are rich in base contents at the Zierenberg site
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which is derived from weathered Tertiary basaltic debris and at the Göttinger

Wald site which has Triassic limestone as parent material. These two sites are

characterised by high soil pH values and a high diversity of plants and decom-

posers. High levels of decomposer activity developed a mull humus type, a high

nutrient turnover and high tree productivity at the two sites. In contrast, the

Solling site has an acid moder humus type soil which has developed from loess

material overlaying Triassic sandstone. This soil has a very low pH, has low

nutrient turnover and low tree productivity.
l The low productivity at the Solling site is caused by low availability of base

cations (K, Ca, Mg) and high soil acidity which has increased the belowground

allocation of biomass to maintain a high level of fine roots in the acid soil.

Production of herbaceous plants is low at the Solling site, whereas it is high at

the base-rich Göttinger Wald and Zierenberg sites which therefore act as an

additional sink for nutrients and a luxuriant substrate for decomposers.
l Emissions of SO2 and NOx have decreased significantly since the end 1980s in

Europe through political decisions to control emissions which have led to a

noticeable decline in atmospheric depositions of sulphuric acid but to a lesser

extent of nitrogen. The long-term observation at Solling and Göttinger Wald

indicated that total depositions had decreased for sulphur (�60% at Solling and

Göttinger Wald), H (�72% at Solling and Göttinger Wald), and nitrogen (�38%

at Solling, �20% at Göttinger Wald) and base cations (�60% at Solling and

Göttinger Wald) between the two periods 1981–1989 and 1990–2002.
l Effects of atmospheric depositions differed on each of the three sites. On the

Göttinger Wald site with calcareous bedrock material, acid depositions affected

slightly the surface soil layer. There was a small effect of acid inputs on the

productivity of this stand. It had high soil biological activity and almost closed C

and N cycles. However, on the base-rich Zierenberg site, acid depositions and

soil acidification caused significant soil changes. This site was experiencing

humus degradation where a net loss of N from the mineral soil occurred. At the

Solling site, further addition of acidity through acid depositions to the acid soil

decreased the availability of base cations. Prior to the 1980s, there were some

inputs of base cations through atmospheric depositions which helped to reduce

nutrient imbalances. Emission control measures at the end of the 1980s have

changed this scenario by decreasing the supply of base cations with atmospheric

depositions. Moreover, a decrease in acid inputs initiated a change in soil

chemistry where the net release of previously stored sulphate has occurred and

caused a delay in any recovery from further soil acidification.
l High atmospheric N inputs have removed any growth limitation due to N on

beech forests in Germany (including the Göttinger Wald, Solling and Zierenberg

sites). However, foliage levels showed an insufficient supply of Ca, Mg, P and K

on some of these sites. Due to the significance of base cations for the optimum

growth of N-enriched forests on acid soils, liming will show a positive effect on

Ca and Mg contents of leaves and on tree productivity. Under certain conditions,

other elements like P and K may become deficient.
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l The amount of nitrogen retained in forests is controlled by plant uptake and

sequestration in soils. Plant growth has increased during recent decades and will

thus act as a sink for deposited N. Moreover, the frequency and the amount of

fructification have increased in recent years affecting the plant uptake of depos-

ited N. This is related to very high amounts of nutrients present in the fruit

components and to a doubling of mast production compared to earlier studies.

Elements transferred through litterfall to the organic layer have more than

doubled (nitrogen) during the mast years.
l Forests with less acid soils showed high N retention by plants and low retention

by soils whereas those on acid soils had low N retention by plants but high

retention by soils, as indicated by 8-year records of input and output analysis of

53 German forests. Base-rich soils promote decomposer activity and improve

nutrient cycles, and develop mull type humus with intensive faunal burrowing

activity. In such soils, litter production and litter decomposition are in equilibri-

um and N content in the soil is at a maximum. Thus, any N input in excess of

plant increment is leached from forests as is indicated by the long-term observa-

tions made at the Göttinger Wald site. Such forests are described as the (quasi-)

Steady State Type with mull type humus (8 of 53 forest sites evaluated).
l Another type are forests where a part of atmospherically-deposited nitrogen is

accumulated in the soil (accumulation type). The annual retention rates in soils

(half of 53 forests sites evaluated) ranged from 6 to 21 kg N ha�1 depending

upon total N depositions, acid–sulphate depositions, and the thickness and C/N

ratio of the surface organic layer (moder-mor type humus). The thickness of the

surface organic layer is related to soil acidity which has changed during the last

decades and is supposed to be far from a steady state. At the long-term monitor-

ing beech site at Solling (accumulation type), an increase in the mass of the

surface organic layer with a constant C/N ratio of 19 over 35 years of observa-

tion was noted. This reduced the leaching losses of N, even when total N

depositions of more than 40 kg N ha�1 per year occurred prior to the introduction

of emission control measures.
l Another group of forests is where soils are currently losing C and N from the

mineral soil layers by humus degradation (Degradation Type). However, this

group has only a few sites due to its transient nature but includes the Zierenberg

site, one of the three main sites of this study. However, most soils have crossed

this state and are now accumulating N and C in the soil. There are some sites

which have recovered to a new (quasi-) Steady State Type with moder–mor type

humus (15 of 53 forests sites evaluated).
l The use of N balance has turned out to be a sensitive method of estimating soil C

sequestration despite the high amount of C already present in forest soils. Mean

annual C sequestration was calculated to be 290 � 113 kg C ha�1 at sites of the

accumulation type where moder–mor type humus is developing. Total seques-

tration rate for such sites may amount to 1 Tg C per year in German forest soils.
l Bioturbation of soil organic matter by earthworms and soil fauna appears to be a

key process relating to the element cycling in the temperate biomes. Bioturba-

tion increased C and in particular the N content in the upper mineral soil and
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develop a mull humus type. A soil survey of forests in Germany indicated high C

and N contents in the mineral soil of mull humus type soils. The lower C content

in the mineral soil of moder and mor humus type soils that have occurred

through humus degradation is compensated by a higher C content in the surface

organic layer. The total N content did not recover from N loss in the mineral soil

and is in total lower (2.8 Mg ha�1) in mor than in mull humus type soils.

Restricted bioturbation in highly acid soils may be improved by liming which

may shift organic matter and N retention from the surface organic layer to the

mineral soil in the long-term. Liming may also reduce the load of greenhouse

gases (CO2, N2O, CH4) in the atmosphere.
l In future, beech will be replacing some of the mono-species stands of pine and

spruce in Germany, especially as mixed stands in order to achieve higher plant

diversity and stability of forest stands in the long-term. Any conversion of stands

should have minimum effects on the neighbouring ecosystems such as through

leaching of nitrates or greenhouse gases exchange with the atmosphere by

maintaining closed element cycling. This study of three diverse beech sites

with similar climatic conditions indicated that the regeneration of beech stands

will primarily depend upon the soil conditions and other vegetation components

as well as on the protection measures taken against deer browsing.
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Kennwerte zur Charakterisierung des ökochemischen Bodenzustandes und des Gefährdung-

spotentials durch Bodenversauerung und Stickstoffsättigung an Level II-Waldökosystem-
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Ferrier RC, Jenkins A, Wright RF, SchöppW, Barth H (2001) Assessment of recovery of European

surface waters from acidification 1970–2000: an introduction to the Special Issue. Hydrol Earth

Syst Sci 5:274–282

Fog K (1988) The effect of added nitrogen on the rate of decomposition of organic matter. Biol

Rev 63:433–462

Gehrmann J, Andreae H, Fischer U, Lux W, Spranger T (2001) Luftqualität und atmosphärische
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Index

A

acid deposition, see deposition
acidification, 265

air pollution, 265

air-filled pore space, 373

alkalinity, 315, 317

altitude, 7, 18, 406, 410

ammonium

deposition, 265
effect on CH4 oxidation, 379
effect on N2O emission, 363
exchangeable, 259
fixed, 259
immobilization, 258
leaching, 255
nitrification, 244, 255, 261
soil solution, 308

anion transport, 255

B

basal respiration, 399

base saturation see soil
Bc/Al ratio, 315, 317

beech see Fagus sylvatica
beetle, 431

biomass fauna (zoomass), 95, 97

fine roots, 139, 146
foliage, 183
ground vegetation, 447
microorganisms, 87, 389
trees, 105

biomonitoring, 78

bioturbation, 224, 479

C dynamics, 479
C sequestration, 414

earthworms see earthworms methane
uptake, 374

N2O emission, 365
bottom-up effects, 221

breakthrough curve, 255

browsing see vegetation
buffer system see soil
bulk density see soil

C

above ground stocks, 105, 155, 449
budgets, 461
climate effect, 409
fine roots, 149
foliage, 183
microorganisms, 87, 389
soil see C of soils

C of soils

Al effect, 406, 411, 413
altitude effect, 410
annual sequestration, 462, 476
Ca effect, 406, 409, 413
canopy gap effect, 444
climate effect, 410
concentrations, 38, 44, 51, 406, 414
conifer forests, 413
deciduous forests, 413
degradation, 474, 477
DOC see DOC
dynamic, 54, 478
environmental control, 409
Fe effect, 412, 414
mineralization, 239, 461
mineralization affected by canopy gaps,

445
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N induced C sequestration, 462, 464, 474
organic layer stocks, 42, 51, 407, 411,

417, 461,476
particle surface effect, 406, 411, 414
pH effect, 409, 414, 476
plant effect, 410, 414
precipitation effect, 410
stocks, 42, 52, 407, 411, 417, 461, 476
temperature effect, 410

Ca

budget, 323
content, 41
deficiency, 323, 466
deposition, 265
exchangeable, 39, 45
fine roots, 149
foliage, 183
soil solution, 303

canopy

crown damage, 431
gap studies, 443, 444
nutrient uptake, 269, 280

cation exchange capacity, CEC, see soil
CH4 uptake, 369

air filled pore space, 374
gas diffusivity, 373
harvesting effect, 377
liming effect, 375, 377
N effect, 375, 378
organic horizon, 376
salt effects, 378
soil pH effect, 373
soil temperature effect, 370
soil water tension, 370

climate, 13

air temperature, 18, 406
dynamic, 22
Germany, 13, 27
precipitation, 14, 18
solar radiation, 17

climate change, 22, 81, 444

close-to-nature forest, 443

D

decomposer food web, 219

decomposition, 207

acid deposition, 218
fine roots, 139, 142
herb litter, 211
heavy metals, 59, 198
leaf litter, 210
rate constant, 207, 210
roots, 213

rule of soil fauna, 207, 210, 217
woody material, 213

denitrification see N2O

deposition, 265

canopy uptake see canopy
dry deposition, 266, 285
effects on C and N budgets, 330
element budgets, 306
interception, 266, 267, 270
N budget, 306, 463
open field deposition, 266, 274, 280, 287
total deposition, 266, 273, 280, 285
wet deposition, 266, 285

diffusivity, 357, 373

DOC

leaching, 311, 320, 461
sequestration, 409

DON

leaching, 311, 320
sequestration, 409

E

earthworms, 93, 223

biotrubation see bioturbation
casts, 224
ecosystem engineers, 223
middens, 225

ecosystem

budgets, 303, 460, 463
engineers, 223
function, 1
N enrichment, 471
N status, 470
site comparison, 470
types, 469

energy flow, 216

evapotranspiration see water balance
exchangeable cations see soil

F

Fagus sylvatica, 2, 65, 425
crown damage, 431
environmental amplitude, 427
geographic range, 425
growth, 105, 429, 460
management practice see silvicultural

treatment
regeneration, 429, 432, 439, 448
soil conditions, 1
yield table, 115
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fertilization

effects on CH4 oxidation, 379
effects on fine roots, 143, 147
effect on N2O emission, 362, 445
effect on soil fauna, 221
effects on soil respiration, 347
experimental plots, 41

foliage, 183

critical levels, 194, 195
ecosystem health indicator, 184
heavy metals, 195
leaching, 201
mast, 184
nutrient concentrations, 193,194, 466
nutrient dynamics, 196, 197
nutrient longterm changes, 197
nutrient ratios, 195, 197
nutrient translocation, 200
nutrient withdrawal, 200
senescence, 185, 200

food web, 219

forest floor see organic layer
forest floor vegetation, see herbaceous layer
fructification see mast

fungi, 389, 399

G

gap study, 439

C and N pools, 445
CH4 uptake see CH4 uptake
ground vegetation, 447
limed gaps, 447
N mineralization, 445
N2O emission see N2O emission
regeneration see regeneration
soil respiration see soil respiration

gas diffusivity, 373

ground vegetation, see herbaceous layer

H

H production

atmospheric deposition, 327
calculation, 307
H production, 327
N transformation, 327
S release, 327

harvesting see management practise

heavy metals

atmospheric deposition, 198, 199
decomposition, 200

leaf litter, 199
organic layer, 43, 59

hemerobity, 443

herbaceous layer, 66, 155

biomass, 156, 162, 168
biomass estimate method, 156
biomass dynamic, 77, 164, 168
C balance, 461
C/N ratio, 174
diversity, 77, 81
function, 157
gap study see gap study
indicator values, 75
liming, 76, 447
litter production, 156, 169, 172
N 171, 175
N balance, 464
N dynamic, 173
necromass, 156, 164
NPP 156, 169
phenology, 167
phytomass, 156, 161, 165
shoot/root ratio, 169

humus degradation, 326, 471

humus layer, see organic layer

I

input-output budgets, 303, 460

acidity, 327
C, 460
method, 306
nutrients, 319, 463

invertebrates, 93

Chilopoda (centipedes), 222
Collembola, 97, 216, 222
Cryptostigmata (oribatida), 97, 222
Diplopoda (millipedes), 97, 220, 222
Dipteran larvae, 99
Elaterid beetles, 98
Gastropoda, 98
Gastropoda glomeris, 482
Lumbricidae, (see earthworms) 97, 100,

216, 223, 480
isotopes

14C, 216
15N, 220

L

landscape level

C stocks, 405
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CH4 uptake, 369
climate, 13
forest management, 425
microbial biomass, 389
N stocks, 405
N2O emission, 356

leaching, see seepage losses and canopy

leaf litter, 183

atmospheric input, 199
biomass, 161, 190, 190
nutrient concentrations, 192, 193, 194
pattern and factors, 186, 187

leaves see foliage
liming, 437

CH4 uptake, 377
experimental plots, 41, 445
fine roots, 143, 147
ground vegetation, 448
limed gaps, 447
mineralization see mineralization
N2O emission, 363
regeneration, 439
soil fauna, 218
soil respiration, 347

litter

fine root litter, 137, 213
herb litter, 155, 211
leaf litter see leaf litter
litter fall see litter fall

litter fall, 183

assessment, 186
C, 187
C balance, 461
C concentattion, 193
collection, 186
dynamic, 187, 190
dynamics, 183
element ratios, 195
heavy metals, 195, 199
leaves, 188, 204
mast see mast
nutrient concentrations, 192, 195
nutrients, 187, 189, 191
other components, 188, 204
total, 187

Lumbricus terrestris see earthworms

M

management practise, 425

fertilization see fertilization
gap study see gap study

liming see liming
silvicultural treatment see silvicultural

treatment
mast, 183

C budget, 462
Ca, 191, 192
dynamics and frequency, 188
factors determining, 183
litterfall fraction, 188
nitrogen levels, 184
nutrients, 184
nuts, 432
phosphorus levels, 191, 192
production, 184

metabolic quotient, qCO2, see microbial

biomass

methane see CH4

microflora, 97, 214, 217, 390, 395, 397

microorganisms, 87, 389

acidification, 400
bacteria, 389, 399
basal respiration, 399
biomass, 87, 219, 389
broad-leaved forest soils, 389, 397
Cmic, 88
Cmic-in-Corg, 89, 98, 260, 392, 400
Cmic/Nmic, 89, 242
forest management, 400
fungal-bacterial ratio, 397
fungal respiration, 90
fungi, 389, 399
immobilization, 242, 257, 259, 261
methanotrophs, 369
microbial carbon, 88, 389, 397
microbial community, 389, 393, 395, 400
microbial growth, 389, 393, 397, 400
Nmic, 88
pH effect, 90

mineralization, 231

buried bag method, 234
C, 216, 239
C-to-N mineralization, 241
gap study, 445
leaching method, 234
method comparison, 234
N 216, 233, 445, 464
N budget, 464
temperature effect, 237, 241
tube method, 234

minerals, 33

models

PROFILE, 306
SIMPLE, 305
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PhytoCalc, 160, 165
mosses see plants

N
15N study, 253
accumulation, 54, 417, 478
ammonium see ammoniium
budgets, 319, 325, 463, 474
changes in soil N, 54, 476
concentration in soils, 38, 51, 407, 463
deficiency, 303
deposition see deposition
effect on CH4 uptake, 379
fine root litter production, 149
ground vegetation, 171
H production, 327
humus degradation, 326, 331, 474
indicator value, 75
leaching see seepage losses
management effects see management

practise
microbial immobilization see

microorganisms
mineralization see mineralization
N cycling ground vegetation, 171, 175
N induced C sequestration, 462, 464, 474
N storage ground vegetation, 171, 175
N2O emission see N2O
nitrate see nitrate
recoveries of 15N, 257, 259
retention by soils, 325, 331, 463, 471,

475, 477,
retention by tree components, 464, 467,

470
saturation see N status
seepage losses, 319, 447, 463, 470
soil N dynamic, 54, 417, 478
stand precipitation, 280
status, 469
stemflow, 270, 289
stocks affected by soil acidity, 413, 476
stocks in soils, 40, 52, 407, 417, 445, 464,

477
throughfall, 270, 274
transformations, 142, 171, 200 216, 231,

253, 279, 353, 479
N2O, 353

background emissions, 359
denitrification, 359
diffusivity effect, 357
fertilization, 357, 360, 362

fine root effect, 356
forest management, 361
freezing-thawing, 355, 362
gap study, 357, 361, 445
landscape, 356
liming, 357, 360, 363
methods, 353
N budget, 453
organic layer, 359
pH 357
processes, 359
seasonal emissions, 355
soil compaction, 364
spatial variation, 356
temperature effect, 360, 363
temporal variation, 354
water effect, 355, 360

necromass see herbaceous layer
nitrate

deposition, 265
leaching, 233, 255, 303, 444, 463
microbial immobilisation, 260
soil solution, 308

nitrification, 243, 255

autotrophic, 246
heterotrophic, 246
liming effect, 245
methods, 232
N2O emission, 359
pH effect, 245
temperature effect, 247, 261
water effect, 247

NPP

beech forests, 105, 460
ground vegetation, 156, 169, 461

nutrients

export by trees, 130
foliage, 191, 193
leaf litter, 189, 190, 191
mast, 184, 191, 192
retranslocation, 200
soil available, 131
status, 193, 466, 470
total aboveground litter, 187
tree components, 121, 125
turnover fractions of trees, 130
withdrawal by trees, 201

O

organic layer

altitude effect, 410
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C mineralization, 239
C/N 51, 410, 419, 471
C retention, 54, 417, 471
C stocks, 51, 407, 411, 413, 416, 418
climate effect, 410
dynamic, 54, 417, 481

effect on CH4 uptake, 376

effect on N2O emission, 356
element content, 42
environmental control, 417
heavy metals, 43, 59
humus types, 33, 407, 417
leaching, 256
long term changes, 54, 417, 481
N balance, 257, 259
N deposition effect, 418
N leaching, 255, 315
N mineralization, 237
N retention, 258, 325, 463, 471, 476
N stock, 40, 50, 407, 413, 416
N transformations, 255
nutrient, 33
soil acidity effect, 410, 417, 481
thickness, 42

P

parent material, 33

particle surface, 406, 414

phytomass see herbaceous layer
plants

Abies alba, 427, 429, 436
Acer (maple), 211
Acer campestre, 436, 441
Acer platanoides, 7, 436, 440, 71, 79
Acer pseudoplatanus, 7, 71, 78, 428, 436,

440
Aconitum vulparia, 7, 73, 79
Allium ursinum, 7, 73, 79, 157, 163, 167,

171, 174
Alnus glutinosa 437
Anemone nemorosa, 73, 79, 163, 167, 211
Anemone ranunculoides, 71, 73
Arum maculatum, 71, 73
Asarum europaeum, 73, 164
Betula pendula, 434
Betula pubescens, 434
Brachythecium rutabulum (moss), 77
Calamagrostis arundinacea, 68
Cardamine flexuosa, 77, 81
Carex pilulifera, 68, 77
Carex remota, 71
Carpinus betulus, 427, 429, 436, 440

Circaea lutetiana, 71, 78
Deschampsia flexuosa, 68, 77
Dicranella heteromalla (moss), 68
Dryopteris carthusiana, 68
Dryopteris dilatata, 77
Fagus (beech), 210, 214
Fagus crenata, 425
Fagus grandifolia, 425
Fagus japonica, 425
Fagus orientalis, 425
Fagus sylvatica see Fagus sylvatica
Fraxinus (ash), 210, 215
Fraxinus excelsior, 7, 71, 78, 427, 428,

436, 440
Galium aparine, 78
Galium odoratum, 73, 79
Hedera helix, 80
Hordelymus europaeus, 71, 73, 80
Lamiastrum galeobdolon, 73, 80
Larix decidua, 426, 437
Luzula luzuloides, 10, 68, 77, 81
Melampsora rostrupii (fungi), 80
Melica uniflora, 80
Mercurialis perennis, 7, 9, 68, 70, 73, 77,

80, 157, 168, 171, 174, 211
Mnium hornum (moss), 68
Oxalis acetosella, 10, 66, 68, 77, 81
Picea abies (Norway spruce), 370, 426,

430, 436, 439
Pinus sylvestris, 426, 430, 437
Polytrichum formosum (moss), 68, 77
Populus tremula, 437
Prunus avium, 440
Pseudotsuga menziesii, 426, 436
Quercus petraea, 7, 71, 429, 436, 440
Quercus robur, 7, 71, 427, 429, 436, 440
Ranunculus ficaria, 71
Rubus fruticosus, 439
Rubus idaeus, 77, 439
Salix alba, 437
Sorbus aucuparia, 436, 440
Sorbus torminalis, 440
Stachys sylvatica, 71
Synchytrichum mercurialis (fungi), 80
Taxus baccata, 429, 440
Tilia cordata, 436, 440
Tilia platyphyllos, 436, 440
Ulmus glabra, 7, 71, 440
Urtica dioica, 9, 66, 68, 70, 77, 81, 93,

100, 212, 163, 168, 171, 174, 441
Vicia sepium, 78
Viola reichenbachiana, 78

plant uptake, 116, 307, 461
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pore water volume, 255

precipitation see water balance
stand precipitation, 265
stemflow, 265
throughfall, 265

R

regeneration, 432, 439, 449

respiration

autotrophic, 344
bacterial respiration, 398
broad-leaved forest stands, 397
fungal respiration, 90
heterotrophic, 233
soil respiration, 337

roots, 137

Al, 145, 149
biomass, 139, 146
C, 149
Ca/H, 145
C balance, 461
decomposition, 139, 142
effect on CO2 emission, 343
effect on N2O emission, 356
element release, 147
fertilization effects, 143, 147
liming effects, 143, 147
litter production, 139, 142, 150
methods, 137
mineralization, 141, 213
mortality, 141
N, 149
N balance, 464
necromass, 139, 146
nutrients, 149
production, 139, 142, 148
sequential coring, 138
spruce, 145
turnover, 139, 142

S

budget, 322
canopy leaf, 183
release from soil, 321
soil, 33
tree compartments, 111

seepage losses, 303

element losses, 319
water output flux, 317

silvicultural treatment

group selection cutting, 433, 435
shelterwood cutting, 433, 434, 436
soil scarification, 437
target diameter harvesting, 433, 436, 438
thinning, 438

soil, 33

acid base status, 7, 36, 42, 45
acid cations, 39
acidity effect on C and N sequestration,

473, 476
base saturation, 39, 42, 44
buffer system, 33, 36, 329
bulk density, 37, 43
C see C of soils
C/N, 38, 44, 51, 241, 471
C/P, 38, 44
carbonate, 8, 33, 35
cation exchange, 36, 38, 44
CEC, 39, 45
chamber, 337
chemistry, 33
compaction, 364
dynamic, 478
exchangeable cations, 39, 45
heavy metal, 43, 59
minerals, 35
N change, 470, 473
pH, 37, 44
soil organic matter, 50
temperature, 24
texture, 33

soil fauna, 93, 207

biomass, 95, 97
control on litter decay, 213
decomposition, 210
earthworms see earthworms
earthworms see under earthwoms
engineers, 223
invertebrates see invertebrates
macroarthropods, 98, 220
macrofauna, 95, 98, 100, 214, 220
macrotrophs, 215
mesofauna, 95, 97, 100, 214
mesotrophs, 215
microfauna, 95, 97, 214
microphytophages, 94
microtrophs, 215
nematoda, 97, 100, 220
population density, 95
predators, 215, 223
protozoa, 220
saprophages, 94, 100, 220
species richness, 95
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zoophages, 95, 100
soil respiration, 337

autotrophic respiration, 344, 347
decomposer respiration, 345
diurnal variation, 340
fertilization effects, 347
fine root effect, 344
fluxes, 343
forest management effects, 347
harvesting effects, 348
heterotrophic respiration, 345
liming effects, 347
method, 338
seasonal variation, 342, 343
soil water effect, 341
spatial variation, 342
temperature effect, 341, 346

soil solution chemistry, 308, 312

alkalinity, 315, 317
Bc/Al ratio, 330
(Ca+Mg)/Al ratio, 317
pH, 308
temporal trends, 310, 314
trend analysis, 313

soil texture see soil
stem, 105

annual increments, 129
density, 112
diameter, 114
growth, 107
merchantable wood, 117
tree see tree
yield tables, 115

sustainability, 1

T

temperature see climate

effect on C mineralization, 241
effect on C sequestration, 409
effect on methane uptake, 370
effect on nitrification, 247
effect on N mineralization, 238
effect on N2O emission, 360
effect on N transformation, 261
effect on soil respiration, 340

transport processes, 253

ammonium, 255
Cl, 255
nitrate, 255

tree, 105

age, 108
basal area, 108, 112, 115

biomass see tree biomass
density, 108, 112
diameter, 108, 114
element stocks, 127
growth, 108, 429
height, 108, 114
increments, 112, 115, 129
productivity, 460, 466, 468
wood volume, 108, 115
yield classes, 108

tree biomass, 105

aboveground, 116, 119
allocation, 105, 106
allocation ratio, 110
assessment, 106, 109, 110
basal area relationships, 116
belowground, 119
modelling, 110, 116
stand, 120, 122
tree components see tree components

tree components, 105

annual increments, 129
bark, 122
biomass, 120
branches, 122
coarse roots, 122
element concentrations, 125
element stocks, 127
fine roots, 122
leaves, 122
nutrients, 121, 125, 130
wood, 122

U

under-storey see vegetation

V

vegetation, 65

continentality, 75
disturbance, 77, 81
diversity, 74, 79
dynamics, 77
facies, 169, 172
game browsing, 67, 71, 78, 80, 441, 482
ground vegetation, see herbaceous layer
herb layer, see herbaceous layer
Hordelymo-Fagetum, 66, 71, 73, 81
indicator value, 75
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light, 67, 70, 74, 78
liming, 76
Luzulo-Fagetum, 65, 66, 74, 81
moss layer, 77
tree layer, 175
water supply (moisture) 75

virgin forest, 442

W

water balance, 316

evaporatranspiration, 316

field capacity, 306
interception, 316
method, 305
permanent wilting point, 306
precipitation, 14, 20, 27, 317, 410
water output flux, 314

weathering, 307, 324

wood quality, 431
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Erratum to:

Chapter 7

Soil Fauna

M. Schaefer and J. Schauermann

R. Brumme and P.K. Khanna (eds.), Functioning and Management of European
Beech Ecosystems, Ecological Studies 208, DOI: 10.1007/b82392_8,
# Springer-Verlag Berlin Heidelberg 2009

DOI: 10.1007/b82392_25

The legend to Fig. 7.1 on page 98 unfortunately contains a mistake. "Scheu,

unpublished results" is wrong. Correct is: Anderson (1999) Einfluß des Standortes

auf die Gesellschaftsstruktur von Mikroorganismen und deren Leistung unter

besonderer Berücksichtigung der C-Nutzung. Forschungszentrum Waldökosysteme

der Universität Göttingen B62, 385–392

The online version of Chapter 7 can be found at http://dx.doi.org/10.1007/b82392_8

501

http://dx.doi.org/10.1007/b82392_8
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