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Chapter 10
Alley Cropping with Short Rotation  
Coppices in the Temperate Region:  
A Land-use Strategy for Optimizing 
Microclimate, Soil Organic Carbon 
and Ecosystem Service Provision 
of Agricultural Landscapes

Ansgar Quinkenstein, Penka Tsonkova, and Dirk Freese

Abstract  Conventional agricultural practices have been associated with negative 
effects, such as reduction of soil fertility, pollution of surface and groundwater and 
loss of biodiversity and ecosystem services (ES). To mitigate these effects, while 
sustaining high levels of crop production, innovative land-use practices are neces-
sary. A promising land-use approach are alley cropping systems (ACS) with short 
rotation coppices, which are agroforestry systems, that combine the cultivation of 
conventional agricultural crops with fast-growing trees to produce biomass for 
energy purposes at the same time on the same piece of land. In the presented study, 
the effects of trees planted in ACS on agricultural land in Central Europe on micro-
climate, on soil organic matter (SOM) and on the provision of ecosystem services 
(ES) were elaborated, based on a review of relevant literature and results of recent 
research projects. The outcomes suggest that, due to their structural complexity, 
ACS can be more efficient regarding main microclimatic factors than either crop or 
tree monocultural systems. As a main factor, wind protection by the hedgerows in 
ACS was identified. Other microclimatic factors, such as light, temperature or evap-
oration, were also clearly influenced by the presence of trees; however, occurring 
interactions were often complex, and cause-effect relations were difficult to ascer-
tain. A further outcome is that planting trees on agricultural sites potentially 
increases soil organic carbon (SOC) stocks, which can be considered as a main 
indicator for soil humus and soil fertility. However, it became evident that, in addi-
tion to the depth dimension (30 cm sampling depth can be considered as insuffi-
cient), the dimension of time needs to be taken more strongly into account. The 
authors suggest a division of the lifetime of agricultural trees in an initial (SOC 
stocks may decrease), a transitional (stocks approach steady state; SOC distribution 
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pattern in the soil may change) and a steady-state phase (no major changes in stocks 
or distribution patterns) when interpreting effects of trees on SOC. Subsequently, in 
the attempt to value the effects of ACS on crop productivity and soil, suitable and 
transferable methods for the assessment of ES were discussed. It was demonstrated 
that the provision of ES from ACS was higher than from conventional agriculture 
and that ACS can increase productivity while sustaining high levels of 
SOC.  Summarizing, the results suggested that ACS  – if designed and managed 
appropriately – may function as a practical and diverse tool to mitigate negative 
effects of agricultural production.

Keywords  Agroforestry · Alley cropping system · Biomass production · 
Ecosystem services · Microclimate · Soil organic carbon

1  �Introduction

Driven by the necessity to sustainably adapt agricultural production to changes in 
weather regimes and the growing demand for renewable energy carriers, new land-
use systems and land-use strategies are put to the test. In this regard, the concept of 
agroforestry is gaining attraction in the temperate zone in recent years (Rigueiro-
Rodríguez et al. 2009a).

A main characteristic of agroforestry systems is the large area share of trees 
which are combined with feedstock or agriculture on the same site (Nair 1985). The 
advantage of such mixed cropping compared to monocropping systems is the cre-
ation of a variety of interactions between the trees and the crops, comprising aspects 
of the nutrient and water cycle, microclimate and biodiversity (Nair 1993). Tree-
induced interactions may sustainably stabilize or improve yield (Kort 1988) and 
mitigate negative effects of agricultural production on the environment, such as 
wind damage and soil erosion (Böhm et al. 2014), pollution or eutrophication of soil 
and waterbodies (Osborne and Kovacic 1993) or relative poverty of species (Greef 
et  al. 2012). Furthermore, due to a more extensive management of agroforestry 
systems (at least of the areas with trees), the use of agrochemicals, such as fertilizer 
or pesticides, and soil cultivation measures are reduced. In result, agroforestry 
potentially produces ecological and economic benefits from which nature, society 
and land user may benefit (Dupraz et al. 2005; Quinkenstein et al. 2009a; Tsonkova 
et al. 2012). However, the intensity and the specific characteristics of these interac-
tions depend mainly on the design and management of the system as well as the 
local site and growth conditions (Nair 1993).

In the temperate region, traditional agroforestry concepts, which focus mainly on 
food production and, therefore, on the optimization of nutrient and water cycles 
(Steppler and Nair 1987), are supplemented by complementary requirements such 
as production of woody biomass as energy resource, carbon (C) sequestration or 
provision of ecosystem services (Hall et al. 1991; Rigueiro-Rodríguez et al. 2009b; 
Kumar and Nair 2011). In this context, the agroforestry variant alley cropping with 
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short rotation coppices (ACS) became relevant in Central Europe (Grünewald et al. 
2007). ACS are agroforestry systems in which several sets of single or multiple rows 
of trees are planted in parallel tree strips with variable space between them (Nair 
1985). This design creates alleys within which agricultural crops are cultivated 
using conventional techniques (Fig. 10.1).

Within ACS, fast-growing tree  species such as poplar (Populus spp.), black 
locust (Robinia pseudoacacia) or willow (Salix spp.) are used. The trees are planted 
as cuttings or saplings in high densities of typically 8,000–15,000 (and more) plants 
per hectare wood area in single- or double-row design. This planting pattern facili-
tates quick growth and easy harvesting with specialized machinery, typically, at 
intervals of 2–6 years (Fig. 10.2).

The utilized tree species can resprout during the growing season following har-
vest, which allows such systems to be run for 20–30 years without replanting the 
trees, before yield starts to decline. The harvested wood is chipped directly at the 
field and, usually, used for power and heat production by combustion.

During the last years of ACS research, the influence of these agroforestry sys-
tems on microclimatic conditions (protection from erosion, moisture availability), 
soil humus contents (soil fertility, C sequestration) and the potential of agroforestry 
systems to sustainably provide ecosystem services (soil fertility, sustainability, sys-
tem productivity) emerged as important ACS-related research issues (Grünewald 
et al. 2007; Quinkenstein et al. 2009a; Tsonkova et al. 2012).

The following text provides an overview of results of selected growth experi-
ments in ACS systems in Central Europe. The focus is put on the influence of ACS 
on microclimate, the influence on soil organic matter (SOM) and the potential of 
ACS to provide selected ecosystem services (ES). Relevant scientific literature is 
reviewed and complemented with results from ongoing field studies.

Fig. 10.1  Alley cropping system for biomass production in Eastern Germany, looking north-south 
direction along tree rows of poplar and winter wheat in the alleys (Photo: Dirk Freese, 2014)
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2  �Microclimate

The agricultural hedgerow systems in ACS increase the complexity and structural 
diversity of agricultural landscapes and, thus, modify microclimatic conditions in 
the sheltered areas in several respects (Quinkenstein et  al. 2009a). By means of 
appropriate species selection, design and management of the hedgerows, these 
effects can be optimized to favour agricultural crop production. Main microclimatic 
factors that may be influenced by ACS are wind speed, wind turbulences, light dis-
tribution (shading by the trees), temperature, precipitation distribution, evaporation/

Fig. 10.2  Top, mechanized planting of poplar cuttings in an ACS on agricultural land in Eastern 
Germany (Photo: Michael Kanzler, 2011); bottom, mechanized harvesting of short rotational black 
locust trees on a reclamation site of a lignite opencast mine in Eastern Germany (Photo: Ansgar 
Quinkenstein, 2011)
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evapotranspiration and available soil moisture (Quinkenstein et al. 2009a; Tsonkova 
et al. 2012). The intensity of these interacting microclimatic effects depends mainly 
on the height, length, structure and density of the hedgerow, the spatial layout of 
ACS (e.g. orientation of the hedgerows according to prevailing wind direction), the 
applied management (e.g. rotation interval and harvesting strategy) and the utilized 
tree species (Ringler et al. 1997; Brandle et al. 2004). The large number of different 
interactions can be summarized in two major potential microclimatic influences of 
ACS in temperate Europe: influences on the wind speed and influences on the water 
regime at the site (Tsonkova et al. 2012).

2.1  �Wind Speed

If properly designed, ACS may function as an agricultural system consisting of 
multiple windbreaks, due to their composition of several hedgerows. Windbreaks 
provide shade and shelter for the crops and thus have been long used as a manage-
ment technique to produce a more beneficial microclimate for agricultural crop pro-
duction compared to open field (Cleugh 1998; Nuberg 1998). Such structures alter 
the mean wind speed, wind direction and turbulence of the airflow and provide 
shelter for some distance downwind with the positive effects that soil erosion by 
wind (Kort 1988) and the hazard of crop losses by physical damages due to strong 
winds are reduced (Cleugh 1998; Nuberg 1998). Accordingly, planting windbreaks 
is a common measure to prevent soil erosion by wind (Sudmeyer and Scott 2002; 
Brandle et al. 2004), especially at intensively cultivated areas with light erodible 
soils, such as can be found in Eastern Germany (Grimm et al. 2002; Nordstrom and 
Hotta 2004).

A typical wind profile around a single hedgerow can be divided into the ‘quiet 
zone’, a triangular zone that extends between three and eight times the height of the 
hedgerow leeward of the trees, and the ‘mixing zone’, a turbulent layer of air above 
and downwind of the ‘quite zone’, which merges into an ‘equilibrium’ zone in a 
leeward distance to the hedgerow of more than ten times the height of the hedgerow, 
where the original wind profile is re-established (Cleugh 1998). The extension and 
shape of these zones mainly depend on the width, height, structure and permeability 
or density of the hedgerow, as well as its continuity and spatial orientation (Brandle 
et al. 2004).

Reports of several studies regarding the effectiveness of windbreaks in wind 
reduction have been discussed. Sudmeyer and Scott (2002) reported that if the 
windbreak was perpendicular to the wind direction, wind speed reductions of greater 
than 20% occurred over the whole growing season for up to 3–6 tree heights from 
the windbreaks. Brandle et  al. (2004) investigated different types of windbreaks 
(regarding composition and density) and reported extensions of the wind protection 
zone of up to 30 times the height of the windbreak leeward until the wind speed 
regained 100% of open-field wind speed. The authors reported also of small wind 
protection zones windward of the hedgerows of up to three times the height of the 
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hedgerows (Brandle et al. 2004). Regarding ACS, Böhm et al. (2014) investigated 
the wind speeds in two ACS in Brandenburg, Germany, over a period of 5 years 
(including a partial harvest of the trees) and 1  year, respectively. The authors 
reported that the wind speed in crop alleys was reduced significantly within the 
ACS. In the middle of 24-m-wide crop alleys, the measured decrease of the annual 
average wind speed was more than 50% compared to the wind speeds at open field 
(Böhm et al. 2014). The authors concluded that ACS can represent effective wind-
breaks despite their comparably low hedgerows compared to ‘conventional wind-
breaks’ consisting of multiple rows of trees and/or shrubs of different heights (Böhm 
et al. 2014).

2.2  �Water Regime

The water regime in ACS is influenced by a variety of microclimatic factors, and 
thus the water availability in the system usually depends on a complex interaction 
of different processes. Key processes for the water regime in ACS are distribution of 
precipitation, radiation, temperature, evaporation and evapotranspiration and influ-
ences of the plants on available soil moisture.

2.2.1  �Distribution of Precipitation

Do to their windbreak properties, hedgerows in ACS may alter the distribution of 
precipitation within ACS compared to open-field conditions (Brandle et al. 2004). 
Typically, depending on the height and the porosity of the hedgerow, the precipita-
tion increases slightly in the area immediately adjacent to the hedgerow on both 
sides. A small reduction in rain may occur on the downwind side due to wind turbu-
lences and interception losses due to the trees and on the upwind site as the hedge-
row may function as a barrier that redirects the airflow over the hedgerow (Monteith 
et al. 1991; Brandle et al. 2004; Kanzler and Böhm 2015). Due to the rain intercep-
tion by the trees, slightly higher soil moisture values may be measured under the 
trees due to increased stem flow or dripping from the canopy (Monteith et al. 1991; 
Brandle et al. 2004). In addition to that, during the winter season, hedgerows lead to 
a more equal distribution of snow and to a delayed melting of snow during the 
spring that can help to enlarge water resources of the soil throughout the year 
(Scholten 1988).

2.2.2  �Temperature and Radiation

Lower wind velocities on the leeward side of ACS hedgerows lead to a reduction in 
turbulent mixing of air masses with different temperatures compared to the condi-
tions on open field. In result, in the wind protection zone of the hedgerows, the air 

A. Quinkenstein et al.



269

temperature may be several degrees higher than in the open field (Brandle et  al. 
2004). An opposite effect results from the shading by the trees, which is an addi-
tional influencing factor for the microclimatic conditions in ACS. Generally, shad-
ing reduces the available radiation for the plants which leads to a reduction of 
photosynthesis activity. Furthermore, average air temperature as well as tempera-
ture extremes is reduced, which leads to a reduction of heat-induced plant damages, 
as well as reduces rates of transpiration and water evaporation from the soils, at least 
near the hedgerows (Feldhake 2001; Brandle et al. 2004). On grassland, in addition 
to an increase of agricultural production, this effect may also be useful to provide 
shade-, rain- and water-shading zones for feedstock. However, due to the relatively 
low trees in ACS (depending on the rotation interval up to about 5–6 m) and wide 
crop alleys (depending on the system design), the effect of shading is smaller than 
in types of agroforestry systems in which the trees can develop large, overhanging 
canopies.

The described microclimatic relations regarding temperature and radiation are 
supported by results published by Kanzler and Böhm (2015). The authors investi-
gated microclimatic effects in an ACS with poplar and black locust hedgerows man-
aged in short rotations and crop alley widths of 24, 48 and 96 m, established in 2011 
on a former agricultural site in Brandenburg, Germany, and in an ACS with black 
locust established in 2007 on a lignite-mining reclamation site, about 35 km dis-
tance to the first site. They reported for the two investigated ACS slightly lower 
temperatures (about 1% lower) in the ACS on the agricultural site but about 5% 
lower temperatures for the ACS on the reclamation site. However, they found a clear 
reduction of extreme temperatures in both ACS compared to the reference sites 
(Kanzler and Böhm 2015). At the same time, the authors report a reduction of solar 
radiation of about 11% in vicinity to the hedgerows (about 3 m distance), but they 
stress that no direct effect on crop yield could be identified (Kanzler and Böhm 
2015).

2.2.3  �Evaporation, Evapotranspiration and Air Humidity

A reduction of wind speed and of wind turbulences by tree rows is an important 
influencing factor on the evapotranspiration rates within ACS, what might be a rel-
evant feature of agricultural trees especially in dryer regions (Blenk 1953). Air tur-
bulences are a main mechanism for exchanging heat and water vapour between land 
surface and atmosphere and are more effective in the direction from the surface to 
the atmosphere (Cleugh 1998). Accordingly, temperature and air humidity in the 
‘mixing zone’, according to Cleugh (1998), may be lower by day but higher by 
night than in the ‘quiet zone’, whereas evaporation shows the opposite behaviour 
(McNaughton 1988; Cleugh 1998). However, these cause-effect relationships are 
not always clearly identifiable, because growing plants may adapt to the microcli-
matic conditions in the different zones, e.g. by modifying stomatal conductivity or 
leaf sizes, by what the evapotranspiration near the hedgerows might even increase 
(Brenner 1991). Kanzler and Böhm (2015) reported for the investigated ACS on 
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agricultural area (see above) an average 3% higher air humidity about 3 m leeward 
of the hedgerow and about 1% higher humidity in the middle of a 96-m-wide crop 
alley compared to a reference site. However, for the ACS in the mining reclamation 
area, they reported the opposite trend with lower air humidity within the ACS com-
pared to the reference site at an open field (Kanzler and Böhm 2015).

2.2.4  �Soil Moisture and Groundwater Recharge

Plant-available soil water is one of the key factors for agricultural crop production. 
Generally, soil water depends on climatic conditions (e.g. precipitation), soil prop-
erties (e.g. texture or humus content) and management factors (e.g. ploughing) but 
is also influenced by the microclimatic interactions outlined above. Due to higher 
transpiration rates of the trees compared to agricultural crops throughout the year 
(Quinkenstein et al. 2009b), usually, lower soil moisture values directly under the 
trees than under the crops are measured. Accordingly, Kanzler and Böhm (2015) 
reported for the investigated ACS on the reclamation site and for the ACS on agri-
cultural land in average lower soil moisture values in the topsoil (0–20 cm) than for 
the reference sites. However, for the ACS on the agricultural site, they reported an 
average 6% higher soil moisture in 20 cm soil depth on the downwind side of the 
hedgerow compared to the reference site. They explained this finding with a possi-
bly higher dew formation due to the trees in the ACS, which is located close to a 
river, but stated also that the high variability of soil texture at the plot could have 
influenced the measurement results (Kanzler and Böhm 2015). Similar results were 
reported for an experimental ACS with poplar, willow and black locust trees on 
reclamation areas of the lignite-mining pit ‘Jänschwalde’ in the same region. The 
authors reported that the soil moisture from 0 to 30 cm soil depth in the middle of 
the 18-m-wide field strips was about 3–5% higher than on a neighbouring conven-
tional agricultural reference site (Quinkenstein et al. 2009b).

Controversially discussed is a possible influence of agricultural trees on the 
recharge capacity of agricultural landscapes on groundwater, which is – at least in 
densely populated areas like Germany – an important and potentially scarce resource 
for drinking water. Within a modelling study, Quinkenstein et al. (2009b) investi-
gated the average annual groundwater recharge, considering several water regime 
parameters such as interception or evapotranspiration, under poplar and black locust 
short rotation stands for different weather regimes and site conditions, typical for 
Eastern Germany, and compared the results with recharge rates under conventional 
agricultural crops. In result, the authors reported highest seepage rates of 35–39% 
of the precipitation in open area for the agricultural crops and clearly lower seepage 
rates of 17–20% and 11–14% for black locust and poplar, respectively (Quinkenstein 
et al. 2009b). Although the modelled seepage rates may be subject to some restric-
tions (see Quinkenstein et al. (2009b) for details), considering ACS, the seepage 
rates can be expected to be more similar to the rates under agricultural crops due to 
the comparably smaller area shares of trees.
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3  �Soil Organic Matter (SOM)

3.1  �Functions and Importance of SOM for Soil Fertility

Soil organic matter (SOM) is defined as the sum of all biologically derived organic 
material in the soil or on the soil surface excluding aboveground living plant parts 
(Baldock and Nelson 1999). Since the direct determination of SOM contents is 
methodically difficult, most scientific studies measure organic C (Corg) contents and 
apply, if necessary, conversion factors ranging from 1.72 to 2.0 to the results to 
obtain SOM contents (Baldock and Nelson 1999). These conversion factors are 
variable, because they depend mainly on the C content of dead organic matter which 
ranges around about 50% but varies in dependence of the composition of the organic 
material and increases with increasing grade of humification (Kuntze et al. 1994). 
To avoid these variances in most cases, only the Corg or, in relation to the soil, the 
soil organic carbon (SOC) contents are given.

SOM describes a very complex mixture of different organic compounds. 
According to Kuntze et  al. (1994), the main fractions of SOM are dead organic 
material (about 85%), plant roots (about 10%) and edaphic biomass (about 5%) 
which, in turn, consist of a large variety of different chemical and biological com-
ponents. Due to this chemical complexity, SOM interacts in various ways with soil 
processes and influences soil properties, which have been broadly divided into bio-
logical/biochemical, chemical and physical aspects (Baldock and Nelson 1999). 
The first group comprises the provision of organic energy sources for biochemical 
soil processes by SOM and its role as a source of macro- (N, P and S) and micronu-
trients as well as a large variety of different organic substances, influencing pools of 
plant-available nutrients in different ways (Baldock and Nelson 1999). Furthermore, 
sufficient quantities of SOM (stabilized in terms of quantity and quality) and associ-
ated nutrients can enhance the resilience of ecosystem against external stresses (e.g. 
functioning as buffers for in-excess nutrients) and sustain a healthy soil life and 
plant growth. Regarding chemical soil properties, SOM is an important sorbent for 
inorganic and organic substances in the soil solution due to a large reactive surface 
and a high and partly pH-depending charge capacity of the organic soil compounds 
(Blume et al. 2016). Therefore, SOM is an important controlling factor for the cat-
ion exchange capacity of soils and may enhance retention of important soil ions 
such as K+, Ca2+, Mg2+, NH4

+ or NO3
−. These chemical properties of SOM also lead 

to a comparably high buffer capacity of SOM against acids and, therefore, support 
a sustainably stable soil pH (Baldock and Nelson 1999). Moreover, SOM alters the 
biodegradability activity and persistence of pesticides in soils and may mitigate the 
effect of toxic metals, as well as enhance the availability of important nutrients such 
as phosphorus due to chelation of ions (Baldock and Nelson 1999). Regarding phys-
ical properties, SOM stabilizes soil structure through formation of stable aggregates 
by creation of organo-mineral compounds. Due to its influence on soil structure and 
pore geometry (Baldock and Nelson 1999), its charge and the presence of hydro-
phobic and hydrophilic areas, SOM is an important determinant for the water 
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storage capacity of soils – it can absorb up to 20 times its mass of water (Baldock 
and Nelson 1999). Because of these factors combined, SOM enhances the resilience 
of soil particles against erosion and reduces leaching processes, and due to its dark 
colour, it also influences soil temperature regime to a certain extent (Baldock and 
Nelson 1999; Blume et al. 2016). Summing up, SOM usually accounts only for a 
small proportion of soil mass but, nevertheless, is of special relevance regarding soil 
fertility and, as the globally most important storage form of biologically seques-
tered C, also of high relevance regarding the global C cycle. Cultivation strategies 
greatly influence SOM as plants and their residues are the main source of SOC.

3.2  �Formation, Decay and Composition of SOM

The major source for Corg in natural systems is the vegetation. During photosynthe-
sis, the plants assimilate C from atmospheric carbon dioxide (CO2) and use it to 
build up organic compounds. A certain proportion of this fixed C is respired directly 
by the plants (autotrophic respiration). The remaining C compounds are incorpo-
rated in the living biomass and, with time, gradually transferred as aboveground or 
belowground litter, as exudates or in other forms to the litter layer or directly into 
the soil. There, dead organic biomass is decomposed and mineralized by the eda-
phon, the fixed C is respired (heterotrophic respiration) and released back to the 
atmosphere as CO2. The contained nutrients are released to the soil solution from 
where they can be recaptured by organisms and incorporated into living biomass 
again (Blume et al. 2016). The total amount of SOM in the soil is the result of a 
dynamic equilibrium between deposition rate of organic residues and the mineral-
ization rate, which in turn depends on the microbial activity (Sollins et al. 1996; 
Post and Kwon 2000). Important factors supporting an increase of Corg accumula-
tion in the soil are large amounts of organic input of sufficient quality, the relocation 
of organic materials into the deeper soils by direct input (roots) or bioturbation by 
soil organisms and decomposition conditions that favour the development of stable 
C compounds. The activity of soil microbes, which, usually, is highest in the topsoil, 
is mainly controlled by weather conditions (temperature, moisture), nutrient supply 
and level of soil aggregation, which influences the physical availability of organic 
material, water and air to the microbes (Schinner and Sonnleitner 1996; Sollins 
et al. 1996). Major factors that favour the formation of bigger and more stable soil 
aggregates are plant remnants, root exudates and soil fungi (Blume et al. 2016). In 
this regard, the formation of organo-mineral compounds in the intestines of earth-
worms is of special relevance, due to the large resilience of organo-mineral com-
plexes against biological, chemical or physical degradation (Post and Kwon 2000; 
Blume et al. 2016). Furthermore, the SOM content of soils is usually closely related 
to soil texture (especially the clay content) and, therefore, is also depending on abi-
otic site conditions (Schimel et al. 1985). Generally, soils with finer textures can 
store more Corg than soils with coarser textures (Blume et al. 2016).
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The highest concentrations of Corg are found in the litter layers and in the topsoil. 
Litter horizons have an organic proportion of up to 100%, and their Corg contents 
usually range from 40% to 45% (Blume et al. 2016), whereas higher values of up to 
55% Corg in the litter layers of forest soils in Central Europe have also been reported 
(Zech et al. 1992). Typical contents of Corg in agricultural soils in Central Europe 
range between 1% and 2% and in forest soils between 0.5% and 10% (Wessolek 
et al. 2008). Accordingly, Corg contents of 0.75–2% for Ah horizons of forest and 
agricultural soils have been reported, while in grassland higher values of up to 15% 
can be found (Blume et al. 2016). In contrast, the lower soil horizons of most soil 
types show clearly lower Corg values of 0.1–1% (Blume et al. 2016). The total stocks 
of organic matter stored in German arable soils in the topsoil layer were estimated 
to range between 100 and 200 Mg ha−1 (Blume et al. 2016).

3.3  �Influence of ACS on SOM

The formation and maintenance of site-related high quantities of SOM are of great 
importance for the development and conservation of the soil fertility of agricultural 
soils. Agroforestry systems integrate tree with crop and animal production systems 
and are management practices that conserve and potentially enlarge Corg stocks in 
the biomass and the soils more than pastures or agricultural crops (Schroeder 1993). 
This idea assumes that integrated multispecies systems are more efficient in their 
resource usage (space, nutrients, light, water), produce beneficial interactions which 
stimulate plant growth and provide larger amounts of aboveground and below-
ground litter and favourable conditions for soil life, decomposition and humus for-
mation than mono-species systems (Nair et  al. 2009; Tsonkova et  al. 2012). An 
important controlling factor seems to be the reduction of soil cultivation activities 
under the trees due to the limited accessibility of the forested areas (e.g. only pos-
sible after removal of the trees), by which the period of soil rest is enlarged (Rehbein 
et al. 2013). This, in combination with modifications of microclimatic conditions 
(e.g. alterations of moisture and temperature) and the comparably large litter pro-
duction by the trees, leading to the formation of a persistent litter layer, protects the 
soil from microclimatic stress factors, stimulates the formation of more stable mac-
roaggregates and reduces turnover and losses of Corg (Quinkenstein et  al. 2009a, 
2017; Rehbein et al. 2013).

3.3.1  �Litter Production of Agricultural Trees

The annually produced litter biomass, as important raw material for SOC formation, 
depends in quantity and quality on the land-use system design and management 
(planting density, rotation interval, fertilization), the cultivated species (trees to pro-
duce biomass or high-value timber) as well as local growth conditions (weather, soil 
properties). Over a longer period, the trees in ACS develop a larger root system and 
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more aboveground biomass, producing larger amounts of litter than annual agricul-
tural crops, and, similarly important, enable the formation of a persistent litter layer. 
Generally, deciduous trees produce more organic material for SOM formation than 
coniferous trees, which produce more material than grassland, which, in turn, pro-
duce more material than agricultural areas (Kuntze et al. 1994).

Schroeder (1993) conducted a literature review and estimated the average Corg 
storage in the aboveground biomass by agroforestry practices to be about 63 Mg C 
ha−1 (about 3.9 Mg C ha−1 year−1) in the temperate ecoregions assuming a cutting 
cycle for the trees of 30 years. Because the shoot biomass produced by fast-growing 
tree species cultivated in European ACS typically is removed from the site every 
4–7  years, it is usually not available for SOM formation. For these systems, a 
directly measurable biomass input into the soil is the mass of leaf litter and litter 
layer. An investigation of 18 sites, distributed all over Germany, with 2-year-old 
clones of poplar and willow resulted in an average produced dry matter (DM) leaf 
biomass of about 2.5 Mg DM ha−1 (Heyn et al. 2011). For 3- and 4-year-old poplar 
and black locust trees in an ACS on an agricultural site in Eastern Germany, a com-
parable annual leaf fall of about 2.5 Mg DM ha−1 was measured (Mirck et al. 2015). 
For the same site, with 4- and 5-year-old trees, a litter layer with a dry matter mass 
of about 4.7 and 5 Mg DM ha−1 on the forested area was measured 1 year later 
(Kanzler and Böhm 2015). Petzold et al. (2010) investigated the aboveground and 
belowground biomass of a 10-year-old poplar plantation in Saxony (Eastern 
Germany) and reported values of about 4.46  Mg DM ha−1 for leaf biomass and 
about 0.43 Mg DM ha−1 litter consisting of twigs and branches.

For the dryer conditions on a reclamation site of an opencast lignite mine in the 
same region of Germany, a higher litter accumulation and a litter layer mass of up 
to 11 Mg DM ha−1 in an 8-year-old ACS with black locust were reported (Kanzler 
and Böhm 2015). As opposed to aboveground biomass, leaf fall and litter layer mass 
of agricultural trees, the belowground biomass and its turnover are comparably hard 
to quantify. Ślązak et al. (2013) investigated the root biomass under different land-
use systems and estimated with 3–4  Mg DM ha−1 higher biomass stocks under 
4-year-old poplar plantations in Germany than under neighbouring willow planta-
tions, fallow land or grassland. For a 10-year-old poplar site in Saxony, Petzold 
et al. (2010) reported a belowground coarse root biomass of about 32.6 Mg DM 
ha−1, and Quinkenstein et al. (2012) measured a Corg stock in the living fine root 
biomass of between 0.25 and 1.51 Mg C ha−1 and in the coarse root biomass of 
between 0.48 and 11.51 Mg C ha−1 for 1- to 12-year-old black locust stands on rec-
lamation sites in Eastern Germany.

The amount of organic material of the accumulated biomass in the aboveground 
or belowground plant parts or in the litter layer that is actually transferred to the 
SOC per time step depends on several factors (e.g. quantity, quality of the litter and 
edaphic activity) and is usually expressed in a turnover rate for the considered Corg 
fraction. These values are difficult to quantify, are highly variable and, therefore, 
often must be estimated (Quinkenstein and Jochheim 2015). For many applica-
tions, it is, however, more straightforward to measure the changes of SOC stocks 
directly.

A. Quinkenstein et al.



275

3.3.2  �Soil Organic Carbon in ACS

Many studies give evidence that the establishment of agroforestry trees in agricul-
tural areas enhances the Corg accumulation in the soils. However, published values 
of the estimated Corg sequestration potentials of agroforestry systems (in the bio-
mass as well as in the soils) vary substantially, due to differences in scope, in meth-
odology (e.g. sampled soil depth) as well as in assessment strategy (Nair 2011). To 
make the results better comparable, the effect of establishment of trees within ACS 
on the SOC stocks can be broadly divided into three stages which overlap under 
natural conditions: initial phase, transitional phase and steady-state phase (Fig. 10.3).

3.3.2.1  Initial Phase

A change of a land-use system (e.g. from conventional agriculture to ACS) always 
represents in the first place a disturbance of existing soil processes. Because of 
increased decomposition losses due to removal of the old vegetation and/or soil 
cultivation measures prior to tree planting, the soil might even initially lose Corg 
throughout the first 1–5 years, when the growth of the newly planted trees remains 
comparably low, depending on the biomass productivity of the newly established 
land-use system (Tsonkova et al. 2012). Regarding agricultural trees, this effect was 
described by Walle (2007) who investigated birch and poplar plantations in Belgium 
and found a Corg decrease of about 42% in a soil depth of 0–30 cm after 4 years of 

Fig. 10.3  Hypothetical influence of the establishment of trees on agricultural areas on the SOC 
stock with highlighted initial, transitional and steady-state phase, whereas a higher biomass pro-
ductivity of the trees after the initial phase compared to the agricultural system is assumed
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growth, compared to the amount of Corg present in the soil before planting the trees. 
Stetter and Makeschin (1997) investigated two sites in Germany with afforestations 
of poplar and willow and reported a slight decrease of SOC stocks during the initial 
phase. Similarly, Paul et al. (2002), who conducted an extensive review on SOC 
changes in the topsoil (up to 30 cm depth) after forest afforestation for more than 
200 globally distributed sites, concluded that SOC decreased during the first 5 years 
of tree growth but then started to increase, so that after about 30 years, there was 
little difference or slightly more SOC than was present in the agricultural soil before 
afforestation. The initial decrease in total Corg stocks might, therefore, be related 
with a smaller biomass production of the young trees during the first years com-
pared to conventional crops, while at the same time, the decomposition losses for 
the first years remain large (Paul et al. 2002).

3.3.2.2  Transitional Phase

When the planted trees start to develop, the produced biomass and, therefore, the 
litter available for decomposition and humification processes in the soil increases 
for a period of several years. Moreover, in the tree rows, no ploughing takes place, 
which, typically, produces more or less homogeneous soil conditions and Corg con-
tents under agricultural management throughout the ploughing horizon from about 
0 to 30 cm. Because of enhanced mineralization of Corg, which mainly affects easily 
decomposable litter residues in the formerly ploughed horizons (Jug et al. 1999), 
and leaching losses originating from system establishment activities, a change in the 
distribution of Corg within the soil profile occurs. This leads to the formation of a 
depth gradient with higher Corg values in the uppermost and lower values in the 
deeper soil layers compared to the more homogeneously distributed Corg in agricul-
turally managed soils. The investigation of the soil depth distribution of Corg in a 
6-year-old ACS established on an agricultural site in Eastern Germany demon-
strated this change in SOC distribution induced by agricultural trees (Quinkenstein 
et al. 2017). Soil samples were taken in the middle of 48-m-wide crop alleys and in 
the middle of the framing 11-m-wide tree strips, consisting of four rows of poplar 
trees. The results for the Corg contents showed usual average values for agricultural 
sites within that region but also a trend of higher values in the topsoil and lower 
values in the deeper soil layers (Fig. 10.4).

The Corg contents over all plots ranged from 1.10 ± 0.28 (n = 8), in the uppermost 
soil layer (0–5  cm), to 0.24 ± 0.08 (n  = 6) in the lowest soil layer (45–60  cm). 
Comparing the tree with the crop plots, differences between tree and crop plots for 
specific soil depths were not significant; however, the results indicated that under 
the trees, the decrease of Corg with soil depth was significant (p ≤ 0.05) – comparing 
the 0–5 cm and the 45–60 cm layer – and, as such, was more pronounced than in the 
soils under agricultural areas for which no significant difference was found for the 
same soil layers. The visual comparison of tree and crop plots (Fig. 10.4) supports 
this finding and reveals a trend of higher values in the topsoil under trees compared 
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to the crop plots. Overall, the results indicated that the introduction of trees in the 
form of ACS into agricultural areas might initiate a change in the depth distribution 
gradient in soil regarding contents of Corg (Quinkenstein et  al. 2017). A similar 
change of SOC distribution because of the planting of trees on agricultural lands 
was reported by Jug et al. (1999) who investigated changes in soil properties after 
afforestation of former agricultural and grassland areas with poplar and willow on 
three German sites. After a growing period of 7 and 10 years, respectively, they 
measured an increase of soil Corg in a depth of 0–10 cm, while a slight decrease of 
Corg for a soil depth between 10 and 30 cm occurred (Jug et al. 1999). Similar find-
ings were reported for an afforestation of former agricultural areas with poplar and 
willow in Germany (Stetter and Makeschin 1997). The authors reported a slight 
increase of Corg in the uppermost and a slight decrease in the lowest investigated soil 
layer after 10 years of growth (Stetter and Makeschin 1997).

Fig. 10.4  Average soil contents of Corg (n = 3–4) in the middle of the agricultural site (above) and 
the tree strips (below) of a 6-year-old ACS in Eastern Germany (n = 3–4; black bars: median; 
boxes: lower and upper quartile; whisker: distribution maximum and minimum; points: outliers; 
Quinkenstein et al. 2017, modified)
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3.3.2.3  Steady-State Phase

Only when the Corg accumulation in the newly established land-use system sur-
passes the Corg loss via decomposition, additional Corg will be sequestered within the 
system (Schulze 2006), resulting in a higher steady-state SOC stock compared to 
the previous system. If ACS are established on agricultural land, a stable or increas-
ing SOC content over longer time periods was reported by several studies. An inves-
tigation of the Corg contents from 0 to 30  cm in the soils under an ACS on an 
agricultural field (5-year-old at sampling) and an ACS on reclamation sites of a 
lignite opencast mining area in Eastern Germany (8-year-old at sampling) resulted 
in no significant changes in total Corg stocks for the first site, but a significant increase 
of about 1.48 Mg C ha−1 year−1 under the trees (compared to an increase of 0.68 Mg 
C ha−1  year−1 for the neighbouring agricultural areas) for the second site 
(Quinkenstein and Kanzler 2018). Medinski et  al. (2014) compared agricultural 
areas with tree areas in three German ACS (between 1 and 4 years old) and reported 
in a soil depth of 0–3  cm a significant increase of Corg under the trees since 
planting.

If ACS are established on mining reclamation sites (with initially nearly no Corg 
in the soils), the C sequestration by the trees becomes even more evident and was 
pronounced also in deeper soil layers. Quinkenstein et al. (2011) investigated the 
SOC accumulation under four tree plantations of black locust established on lignite-
mine reclamation areas in the Lusatian area in Eastern Germany, to a soil depth of 
up to 60  cm and time periods between 2 and 14  years of growth. The authors 
reported total Corg stocks of up to 106 Mg C ha−1 for the 14-year-old plantation and 
estimated an average accumulation rate of about 7 Mg C ha−1 year−1 for the consid-
ered soil depth following a pseudo-chronosequence approach. Furthermore, Nii-
Annang et al. (2009) investigated an ACS established in another reclamation area in 
the same region and reported lower C accumulation rates in the topsoil (0–30 cm). 
The authors estimated a Corg accumulation of 3.4 mg C m−2 after 9 years of black 
locust cultivation, which corresponds to an annual accumulation rate of about 
1.85 Mg C ha−1 year−1.

It is arguable whether the cited studies represent steady-state conditions within 
the considered ACS or if a steady state under agricultural conditions exists at all. 
Typically, for sites exposed to a constant land-use practice, time periods of up to 
30–50 years are given until steady-state conditions for the Corg stock are reached 
(Robert 2001); however, even longer periods of more than 80+ years were reported 
(Jenkinson 1971). Due to the relative novelty of ACS, long-term studies on the 
development of SOC stocks are rare. Long-term studies from afforestations with 
forest trees could help to develop an idea of how the future development of SOC 
under ACS might look like. In general, from such studies, similar results were 
reported. For seven agricultural plots converted to tree plantations, Garten (2002) 
reported that SOC levels increased by 0.4–1.7 Mg Corg ha−1 (0–40 cm depth) within 
10 years of establishment. Bambrick et  al. (2010) investigated a 4-, an 8- and a 
21-year-old tree-based intercropping site in Canada and found 77% and 21% higher 
SOC contents in 0–30  cm soil depth under the 8- and the 21-year-old trees, 
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respectively, compared to nearby conventional agroecosystems, but no differences 
were detected at the youngest site. Post and Kwon (2000) conducted a comprehen-
sive review of several studies on SOC sequestration after afforestation of agricul-
tural sites and reported average values of 33.8 g C m−2 y−1 even after up to 250+ 
years since conversion.

Against this background, it needs to be considered that the average expected 
lifetime of ACS trees is only 20–30 years what (very likely) prevents that under the 
trees SOC-equilibrium is reached. However, if the whole ACS system is considered 
(including a ‘spatial rotation’ of tree strips), nearly steady-state conditions appear 
possible after an appropriate amount of time. In addition, a major issue, which 
makes the comparison of results of different studies regarding SOC challenging, is 
sampling depth. Most soil studies on agricultural sites are limited to the ‘ploughing 
horizon’, about 20–30 cm soil depth. Regarding tree-based systems such as ACS, 
this sampling depth can be considered as not sufficient, mostly, because tree roots 
in many cases extend to deeper soil horizons (see below). However, this issue has 
already been stated before (Nair 2011).

4  �General Competition Effects

In agroforestry systems competition for resources such as light, water, space, nutri-
ents between the trees and the adjacent crops is in many cases inevitable and needs 
to be managed to optimize the system’s output (Monteith et al. 1991). Studies have 
shown that yields close to agricultural trees may be reduced due to allelopathy 
(Singh et al. 1998), nutrient deficiency, shading, temperature effects or soil moisture 
deficiency (Kort 1988; Jose et al. 2000a). The degree of competition varies with the 
utilized species, system structure, management, general system location and soil 
and climate conditions. In ACS, the frequent cutting of the trees ensures that the 
trees usually don’t excess median heights of about 5–6 m (see above) and, accord-
ingly, don’t develop large canopies. For this reason, competition effects are limited 
to the immediate vicinity to the trees, and aboveground competition factors (e.g. 
light access) might be less important than belowground factors such as competition 
for nutrients or moisture (Jose et al. 2000a, b). In this context, the lateral distribution 
of the roots is typically more important than the vertical distribution, whereas the 
development of a vertical stratified root system with the roots of annual crops in the 
upper and persisting roots of the trees in the lower soil layers is advantageous 
(Schroth 1998).

Many plants naturally tend to evade competition in the rooting zone by develop-
ing separate rooting systems (Schroth 1998). In the temperate region, the maximum 
rooting depth of annual crops usually ranges up to a few metres, whereas for the 
fast-growing tree species black locust (Robinia pseudoacacia), poplar (Populus 
spp.) and willow (Salix spp.), rooting depths of >7.9, >3 and 4 m, respectively, were 
reported (Stone and Kalisz 1991). The maximal root system diameters were of 14.0, 
30.5 and 40.0 m for trees of different ages (Stone and Kalisz 1991). Accordingly, 
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investigations in agroforestry systems in Nebraska (USA) with apple trees (Malus 
sp.) and corn (Zea mays) showed that the roots of the apple trees grew up to 2 m 
deep into the soil before they started to spread out laterally to evade water competi-
tion with the roots of the corn plants growing in the upper soil layers (Yocum 1937).

It might be possible to support the formation of layered root systems and reduce 
root competition to some degree by cultivating species that tend to develop verti-
cally stratified root systems (Young 1990) or by cultivating crops with compact root 
systems able to deflect tree roots into greater depths (Schroth 1995, 1998). Regular 
harvesting, pruning or cutting lateral tree roots extending into the crop field by, for 
example, repeated ploughing can force the trees to relocate major parts of their root 
system into the deeper soil layers (Schroth 1998). However, the effectiveness of 
such measures depends on the system design (e.g. planting density) and species 
characteristics (Schroth 1998; Hou et al. 2003).

5  �Productivity of ACS

All the factors mentioned above (microclimate, SOM, competition) influence the 
wood and crop production potential of ACS to varying degrees. In addition, it 
depends on many factors such as system design, which is characterized by the uti-
lized tree species, average tree height, strip width and planting density; management 
regime, which is characterized by planting and harvest technology, rotation length, 
fertilization, quality of pest and weed control; and other general site and growing 
conditions such as soil water and nutrient availability (Quinkenstein et al. 2009a; 
Tsonkova et al. 2012). While the crops in ACS, typically, are managed convention-
ally (including periodical fertilizer or pesticide application), the trees are managed 
extensively (e.g. fertilization and pesticide application are reduced because (a) the 
area is not accessible to machines for several years and (b) lower application rates 
are sufficient for most tree species), and their development is more strongly depen-
dent on natural growing conditions.

Fast-growing tree species typically cultivated in Central European ACS, such as 
poplar, willow or black locust, produce a harvestable shoot biomass in dry matter 
(DM) between 8 and 14 Mg DM ha−1 year−1 (Lindroth and Båth 1999; Mitchell 
et al. 1999) on fertile agricultural sites. For tree plantations on average fertile soils 
in Eastern Germany, growth increments of about 6 and 12 Mg DM ha−1 year−1 for 
willow and poplar have been reported (Scholz et al. 2004; Bemmann et al. 2007). In 
Northern Poland, even higher growth rates for a selection of willow of between 14.2 
and 21.7 Mg DM ha−1 year−1 were measured (Szczukowski et al. 2002), and Aylott 
et al. (2008) reported values for different poplar and willow clones of about 4.9–
10.7 Mg DM ha−1 year−1 using data from a 49-site short rotation coppice (SRC) 
yield trial network in the UK. Lower growth values were reported for more nutrient-
poor soils under dryer conditions such as can be found in the opencast lignite-
mining region of Lower Lusatia in Germany. Accordingly, for plantations on 
reclamation sites within that region and for different rotation intervals, average 
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growth increments of 0.5–2.9  Mg DM ha−1  year−1 for willow, 2.6–4.0  Mg DM 
ha−1 year−1 for poplar and 3.1–9.5 Mg DM ha−1 year−1 for black locust were reported 
(Bungart and Hüttl 2004; Grünewald et al. 2007, 2009; Quinkenstein et al. 2012).

Compared to either crop or tree monocultures, ACS are structurally and function-
ally more complex and, when properly managed, more efficient regarding major 
growing factors such as light, water or nutrients (Buck et al. 1999; Tsonkova et al. 
2012). In addition, the introduction of trees into the agricultural area enhances the 
C sequestration potential of a landscape and, therefore, potentially increases humus 
stocks in the soil (Nair et al. 2009). Many studies show that the wind protection 
within windbreak systems has positive effects on crop yield over a range of climate 
and soil conditions (Baldwin 1988; Norton 1988). Typically, crop yields decrease 
near the hedgerows due to competition effects but increase in a zone further away 
from the hedgerows (Kowalchuk and de Jong 1995). Nuberg (1998) conducted a 
literature review on articles on windbreak effects on crop yields and reported for 
many different studies from all over the world that yield increases of up to 50% due 
to windbreaks compared to reference sites. Similar increases and top values of up to 
70% more yield in systems with windbreaks compared to reference sites were 
reported in the review by Kort (1988). However, to what degree the crop production 
might benefit from wind protection effects depends on the specific characteristics of 
the considered system and the management. For example, harvesting of the hedge-
rows in ACS should be performed in a way that a constant wind protection is 
ensured. Accordingly, hedgerows should not be harvested completely at the same 
time. If the hedgerows consist of four or more tree rows, it is more useful to cut only 
a half of the tree rows at one harvest and harvest the remaining half in the following 
seasons (Quinkenstein et al. 2009a).

The economic value of mixed land-use systems can be assessed by using the land 
equivalent ratio (LER). Using this ratio, the yields from growing two or more crops 
in a mixed stand and the yield obtained from growing the same crops in monocul-
ture can be compared. LER is defined as the land amount equivalent needed by one 
type of crop to break even in physical terms (i.e. Mg ha−1) with what is yielded of 
1 ha by another (Mead and Willey 1980; Grünewald et al. 2007). The LER is calcu-
lated according to Eq. (10.1):
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where mixed denotes the yield of crop i in the mixed stand and mono denotes the 
yield of crop i in the monocultural stand. An LER greater than 1.0 usually shows 
that mixed cropping is advantageous, while less than 1.0 shows that it is disadvanta-
geous. For an experimental ACS with black locust and alfalfa (Medicago sativa) 
established at an experimental plot on post-mining sites in the Lusatian region, an 
LER of 0.98 was reported by Grünewald et al. (2007), showing that under the local 
growth conditions, the productivity of alfalfa for an ACS and for monocultural crop-
ping does not differ substantially (Grünewald et al. 2007). Other authors predicted 
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an LER between 1.0 and 1.4 for silvo-arable systems within the European climatic 
region, suggesting that intercropping would be a more efficient land-use option than 
monocultural cropping (Graves et al. 2007).

To which actual extent the productivity of agricultural mixed systems differs 
from that of monocultural systems depends on the site management and abiotic site 
conditions but also on the specific characteristics of agricultural interactions at the 
considered site. In this context, microclimatic factors play a decisive role, as they 
influence important growth factors such as water availability to the crops.

6  �Assessing Ecosystem Services Focusing on the Effects 
of Land Use on Productivity and Soil Fertility

The previously described complexity of ACS makes a comprehensive assessment 
of the inherent processes challenging. Establishing extensively managed strips of 
fast-growing trees on agricultural land leads to extension of the overall manage-
ment and thus related enhanced provision of ES, which are also known as benefits 
provided to human population by the ecosystems (Costanza et al. 1997; Daily 1997; 
Reid et al. 2005). The concept of ES can be understood as an approach aiming to 
improve the understanding regarding benefits provided by nature, by describing the 
dependence of human well-being on these benefits and valuing them in economic 
terms (Marzelli et  al. 2014). In this context, assessing ES is necessary to fully 
account for the environmental, economic and social effects of cultivation strategies 
and ultimately adequately reward the providers of ES. According to the Common 
International Classification of Ecosystem Services (CICES), they have been broadly 
classified into (i) provisioning (all nutritional, material and energetic outputs from 
living systems); (ii) regulation and maintenance  (include mediation of waste,  
toxics and other nuisances, mediation of flows and maintenance of physical, chemi-
cal and biological conditions); and (iii) cultural (obtained from physical, spiritual 
and other interactions with biota, ecosystem and landscape) (Haines-Young and 
Potschin 2013).

The type, magnitude and relative mix of services provided by the ecosystems is 
influenced by management decisions which cause trade-offs between them, i.e. 
reduced provision of one ES because of increased provision of another service 
(Rodríguez et al. 2006). For example, agricultural ecosystems are primarily man-
aged to optimize provisioning ES, but in the production process, they depend on 
many regulating ES, such as pollination, biological pest control, soil fertility, nutri-
ent cycling and hydrological services (Zhang et al. 2007; Power 2010). Consequently, 
agricultural management which focuses on provisioning ES induces a trade-off with 
regulating and cultural services (Raudsepp-Hearne et al. 2010; Maes et al. 2012a). 
On the other hand, agriculture offers an opportunity of enhanced ES provision, 
among others, by application of land management regimes that favour the provision 
of ES (Porter et al. 2009). Hence, appropriate management strategies can ameliorate 
many of the negative impacts of agriculture, while at the same time largely main-
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taining provisioning services (Power 2010). According to the literature and recent 
research results, diverse farming systems, like agroforestry, were found better at 
providing ES than conventional agriculture (Jose 2009; Quinkenstein et al. 2009a; 
Kremen and Miles 2012; Smith et al. 2012; Tsonkova et al. 2012). In the attempt to 
optimize the effects of land-use strategies, such as agroforestry, a suitable approach 
is to assess the ES provided by this system.

The available tools for assessing ES provided by different land-use systems 
range from simple spreadsheet models to complex software packages (Bagstad 
et al. 2013). Information based on mapping and modelling exercises has been used 
to analyse the spatial distribution of multiple ES at various scales (Maes et  al. 
2012b). Typically, planning studies are carried out on subnational levels, while stud-
ies focusing on general trends like spatial distribution of ES are carried out on con-
tinental or global level (Maes et al. 2012b). For a regional or local assessment data, 
sources with higher spatial resolution should be used (Marzelli et  al. 2014). 
Moreover, the influence of site conditions and management decisions should be 
more precisely reflected in the ES assessments. For example, multifunctional land-
scape models used to map and value ES often do not adequately include the impacts 
of land use and management on soil properties, due to model limitations and lack of 
ability to account for complexity and feedbacks in the systems (Dominati et  al. 
2016). Considerable differences in the provision of ES, as well as economic value 
under the same land use (permanent pasture grazed by dairy cows) for two contrast-
ing soil types in New Zealand, were modelled by Dominati et al. (2016).

Moreover, provision of simple methods or data support tools to farmers can 
improve the adoption of appropriate land management approaches at the farm scale 
(Buckwell et al. 2014). Local decisions regarding benefits of ACS in comparison 
with conventional agriculture on a farm scale could be supported by simple tools, 
such as the ecosystem services assessment tool for agroforestry (ESAT-A), which 
linked indicators with ES, while taking into account the spatial heterogeneity of the 
field (Tsonkova et  al. 2014). Essential for such an approach is using simple and 
well-acknowledged methods which provide reliable results without lacking scien-
tific rigour. Data required as input in ESAT-A rely temporally on average yearly 
values and spatially on the farm field that would be designated to ACS and were 
related to descriptions of soil, climate as well as the field management (Tsonkova 
et  al. 2014). The indicator results were linked to relevant regulating ES which 
enabled the assessment of several ES, supplied by ACS in comparison with conven-
tional agriculture, conducted for hypothetical scenarios representing various site 
conditions of agricultural fields in Germany (Tsonkova et al. 2014). Moreover, the 
results could be also used as input to already establish software as it was demon-
strated by Tsonkova et al. (2015), who identified target scenarios for establishing 
ACS by using the method of partial order ranking. The authors suggested that par-
tial order ranking was a useful tool to objectively identify fields, where provision of 
ES could be enhanced by planting ACS, as it ranked the scenarios, while retaining 
their spatial configuration and information provided by the indicator set (Tsonkova 
et al. 2015). This study however did not include assessment of provisioning and 
cultural ES.
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In the context of assessing ES provided by European agroforestry systems, a 
recent review suggested the focus was set on traditional agroforestry systems like 
wood pastures in the Mediterranean and hedgerow systems in the Atlantic and 
Continental regions (Fagerholm et al. 2016). Most of the studies assessed regulating 
as well as provisioning services, such as provision of habitat and biodiversity, food, 
climate regulation, fibre and fuel, while the consideration of cultural services has 
been largely limited to aesthetic value (Fagerholm et al. 2016). Torralba et al. (2016) 
conducted a meta-analysis on the effects of agroforestry on ES provision and biodi-
versity in Europe and concluded that compared to conventional agriculture, agrofor-
estry can enhance the provision of ES and biodiversity. Erosion control, biodiversity 
and soil fertility were generally enhanced by the agroforestry systems considered, 
while the effect on provisioning services was not clear (Torralba et al. 2016). It was 
suggested that a negative effect on biomass production for silvopastoral agrofor-
estry was possible (Torralba et al. 2016). The authors, however, did not consider 
ACS for production of biomass which is discussed in this study.

6.1  �Productivity in ACS

The extensification of production via ACS did not lead to a reduction of the yield on 
a hectare basis, but rather the opposite was shown by several studies calculating 
LER, a useful indicator for assessing the productivity of agroforestry in comparison 
with agricultural practices (see above). Further studies assessing this indicator are 
necessary to optimize production from agroforestry under different conditions, con-
sidering the distance between hedgerows and value of LER obtained (Tsonkova 
et  al. 2012). In general, the productivity in temperate agroforestry could be pre-
dicted by tools like Yield-SAFE, a model which can describe the yields of crops and 
trees in agricultural, agroforestry and forestry systems (van der Werf et al. 2007). 
Yield-SAFE has been recently enhanced in order to predict more accurately the 
provision of ES by agroforestry systems relative to forestry and arable systems 
(Palma et al. 2016). However, yield models usually require sets of input variables 
linked to inter alia soil, crop and climate characteristics which are not always known 
(Vooren et al. 2016) or cannot be easily obtained.

Therefore, a feasible approach of assessing yield of fast-growing trees, under 
consideration of different pedogenic and climatic conditions, is to use statistical 
data, average yields or regression models (Ali 2009; Röhle et al. 2010). Furthermore, 
the effect of tree rows on crop yield could be assessed relatively to the height of 
trees and the distance of the crop to the adjacent row as demonstrated by Vooren 
et al. (2016). The calculations of the authors considering the effect of tree height, 
based on results collected from temperate ACS, showed that compared to a treeless 
situation, relative crop yield was 70% starting from the tree row, over a distance of 
1.64 times the tree height, and 107% between 1.64 and 9.52 times the tree height 
(Vooren et al. 2016).
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A crucial factor in yield estimation in agroforestry systems is taking into account 
for the interactions between crop and tree components. The advantages of tree 
hedgerows to improving the yield of adjacent crops, because of microclimate modi-
fications, have been broadly investigated in the literature (see above). In this con-
text, the design of ACS regarding the height, orientation and width of tree rows is 
crucial to maximize the potential benefits and optimize the productivity of the sys-
tem. The magnitude of benefits to the crop is in addition dependent on the type of 
crop planted, as their response to microclimate modifications varies (Kort 1988). 
The effect on the microclimate would be nevertheless captured in the yield and 
could be assessed through the overall system productivity. Furthermore, productiv-
ity is closely linked with soil fertility which can be measured by the effect of trees 
on soil nutrients and C.

6.2  �Soil Fertility

6.2.1  �Soil Nutrients

Agroforestry could contribute to soil fertility by promoting a more closed nutrient 
cycling than agricultural systems (Young 1990). The difference between the amount 
of all nutrient inputs entering the system and the quantity of nutrient outputs leaving 
the system produces the nutrient balance, an indicator of soil fertility (Roy et al. 
2003; OECD 2008). A nutrient deficit suggests declining soil fertility, while a nutri-
ent surplus suggests a risk of air and water pollution (OECD 2008). In intensively 
managed systems, nutrients which are exported from the system with harvest have 
to be yearly compensated for by using fertilizer inputs. For example, the export of 
nutrients for agricultural crops like silage maize is high, if the total aboveground 
biomass is utilized for energy production (Böhm et al. 2012). Increased fertilizer 
use in agriculture incurs financial costs, and excess application induces further loss 
of nutrients and thus related pollution of the environment (Baligar et  al. 2001; 
Cassman et al. 2002).

On the other hand, perennial crops combine high biomass productivity with low 
requirements for fertilizer inputs (Böhmel 2007). The harvest of fast-growing trees 
usually takes place in the winter months, and the leaves, containing a high propor-
tion of the absorbed nutrients by the tree, remain on the field (Böhm et al. 2012). 
They add to the soil nutrient pool, and the available nutrients can be once again 
taken up by the plants during growth. Thus, no external addition of nutrients is 
required, as the amount of nutrients exported is low. The lower nutrient export fol-
lowing harvest of fast-growing trees was also related with their higher nutrient use 
efficiency (Quinkenstein et al. 2009a). Nutrient use efficiency (NUE) emphasizing 
the internal nutrient requirement of the plant was defined as the total amount of 
harvestable biomass produced per unit of nutrient absorbed (Adegbidi et al. 2001) 
and was identified as a useful indicator for assessing soil fertility (Tsonkova et al. 
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2014). Maximizing biomass production using species with high NUE, hence lower 
nutrient removal at harvest, is desirable from the perspectives of both economics 
and environmental sustainability (Adegbidi et al. 2001). In the context of ACS, the 
overall NUE of the system is improved, as the NUE of the tree strips is higher; 
hence the nutrient export with harvest is lower than in conventional agriculture 
(Quinkenstein et al. 2009a). Thereby, the nutrient pool under the tree strips of the 
ACS is sustained in the long term.

Calculated nitrogen (N) balances for willow and poplar trees in the temperate 
region were shown to be positive, suggesting a build-up of organic N, while at the 
same time, low amounts of N were lost to the atmosphere and groundwater 
(Updegraff et  al. 1990; Lamersdorf and Schulte-Bisping 2010; Pugesgaard et  al. 
2015). The former loss refers, for example, to emissions of nitrous oxide (N2O) 
which were generally estimated to be lower from perennial cultures as compared to 
annual crops (Hellebrand et al. 2010). The latter was related to leaching of nitrate 
(NO3) which was reduced in agroforestry as reported by several authors summa-
rized among others by Tsonkova et al. (2012). For the assessment of nitrate leaching 
besides N balance, also determining seepage rate is necessary (Feldwisch et  al. 
1998). The method of Wessolek et al. (2004) which differentiates between forms of 
land use, groundwater influence and the plant-available water threshold is a useful 
approach in this regard. Moreover, assessing seepage rate is important as planting 
fast-growing trees has been associated with a reduction in water availability, espe-
cially where precipitation was low or even when dry summers occurred in areas 
with otherwise adequate precipitation (Dimitriou et al. 2009). This implied that in 
such cases for ACS, a trade-off could be expected between water regulation and 
water quality (Tsonkova et al. 2014).

Moreover, surface water quality can be seen as an additional improvement due to 
ACS as the export of nutrients with erosion and surface runoff was reduced 
(Tsonkova et al. 2012, 2014). In this context, the assessment of phosphorus loss is 
important which is largely determined by the phosphorus concentration in soil and 
the amount of soil lost with erosion (Feldwisch et al. 1998). In ACS the erosion by 
wind and water is minimized as trees act as a barrier and provide plant residues 
which also influence the amount of Corg in soil (see above).

6.3  �Soil Carbon

The interaction between SOC and agricultural land management can be estimated 
by simple tools such as humus-balancing methods (Brock et al. 2013). These meth-
ods refer both to simple models aiming to quantify SOM change in arable soils, or 
SOC change in particular, and models that refer to the optimization of soil produc-
tivity in arable soils by calculating demand of organic fertilizer, without quantifying 
the change in SOC (Brock et  al. 2013). A method belonging to the latter group 
developed by the Association of German Agricultural Analytic and Research 
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Institutes ‘VDLUFA’ Verband Deutscher Landwirtschaftlicher Untersuchungs- und 
Forschungs Anstalten (Körschens et al. 2004) has proven especially suitable in the 
agricultural practice due to its user friendliness (Kolbe 2010). In this method, the 
organic matter supply and depletion effects were considered by using Corg decompo-
sition coefficients which describe the maximum decreasing or increasing effects of 
a specific long-term cultivation method or supply of organic matter on the SOC 
stocks (Kolbe 2010). The cultivation of crops increasing SOC, e.g. grasses and 
legumes, as well as addition of various types of organic manure is assumed as an 
increase, and positive coefficients are used (Körschens et al. 2004; Kolbe 2010). 
The loss of SOC results from the cultivation of humus-depleting crop species, e.g. 
root and tuber crops, resulting from the provided low crop residues and is depicted 
by specific negative coefficients (Körschens et al. 2004; Kolbe 2010). In conven-
tional agricultural management, a reduction of SOC is an indicator of reduced soil 
fertility and thus related productivity, while an increase of SOC may be related with 
increased mineralization, loss of N and reduced NUE (Körschens et  al. 2004). 
Hence, the method aims at optimizing crop management by preserving the typical 
SOC content at the field.

Perennials on the other hand demonstrate strong positive effects on the humus 
balance due to provided litter and root residues and the lack of tillage (Hüttl and 
Dominik 2008). The positive effect of trees on SOC was described in detail in the 
previous section. Average values for the effect of fast-growing trees over a long-
term period could be calculated from long-term experiments. The average annual 
increase in SOC stocks over 20 years of management calculated by Tsonkova et al. 
(2014) was of similar magnitude to the average annual increase in SOC stocks under 
forest soils, measured in Germany between the first and second National Forest 
Inventories in 1990 and 2006, respectively (Bolte et al. 2011). The increase in SOC 
under trees was especially important for soils of low quality, or soils with low initial 
SOC content (Coleman et al. 2004). Although typical concentrations of SOC vary 
for different soils, it was argued that a major threshold below which potentially seri-
ous decline in soil quality would occur was 2% SOC (Loveland and Webb 2003). 
Accordingly, in the assessment of Tsonkova et al. (2014), soils of low quality were 
particularly shown to benefit if an ACS was planted, as the highest increase in soil 
C was predicted for scenarios with lowest initial SOC content below 1%. Moreover, 
even for scenarios with sandy soil texture, generally most susceptible to leaching, 
the nitrate concentration in groundwater was significantly reduced in ACS as com-
pared with conventional agriculture (Tsonkova et al. 2014). Furthermore, on low-
quality soils, the cultivation of fast-growing trees did not compete with crop 
production and could result in the provision of additional benefits (Schulze et al. 
2016). Hence, the provision of both market and non-market ES is enhanced under 
ACS; however, only for provisioning ES, there is an established market price, while 
for regulating and cultural ES, no market currently exists.
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6.4  �Market and Non-market ES

Valuation of ES from agroforestry systems suggested that the value of market ES 
was surpassed by the value of non-market ES. For example, the value of market 
and non-market ES provided by a mixed system with fast-growing trees (hazel, 
Corylus spp.; willow, Salix spp.; and alder, Alnus spp.) combining food and energy 
production in Taastrup, Denmark, was calculated by Porter et al. (2009). After tak-
ing into account the proportional areas of the pasture (45%), cereals (45%) and 
biomass (10%), the value of the non-market ES considered for the system com-
prised 64% of the total economic value (Porter et al. 2009). The largest contribu-
tions of non-market ES came from regulation of N turnover and a contribution to 
landscape aesthetics (Porter et al. 2009). Similarly, the monetary values of non-
market ES provided by a tree-based intercropping system in Canada amounted to 
65% of the total value of the ES considered (Alam et al. 2014). Of the ES which 
had no market price, water-quality regulation ranked highest, followed by air qual-
ity regulation and C sequestration. The study showed that although conventional 
agriculture provided more private benefits than agroforestry, the value of ES pro-
vided to society in agroforestry was much higher compared to this private value 
(Alam et  al. 2014). A comparison regarding the provision of market and non-
market ES by conventional agriculture and ACS is hypothetically illustrated in 
Fig. 10.5.

The provision of ES from ACS is much higher than ES from conventional agri-
culture, but only approximately one-third of this value is reflected in the market. 
Due to the increase in SOC by plant residues, soil fertility is maintained, and the 
losses of nutrients from the soil are minimized which results in a favourable N bal-
ance with no losses to the atmosphere and groundwater. Therefore, ACS enhance 
the provision of market services, i.e. crop and tree production, as well as the provi-
sion of non-market benefits, which is greatly influenced by the improvement in 
SOC and nutrient balance. In ACS, the provision of crop yield could be somewhat 
reduced as a small proportion of the land would be dedicated to planting trees. 
Nonetheless, in addition to obtaining tree yield, the provision of regulating and 
cultural services is enhanced; as in addition to maintaining soil fertility, trees pro-
vide shelter from the wind and improve water quality, biodiversity and system 
aesthetics (Tsonkova et  al. 2012). However, planting trees requires somewhat 
higher initial investment, and the revenues are not yearly obtained as in the case of 
cultivating conventional crops. Therefore, efficient programs to support farmers 
are crucial for the establishment of agroforestry, thereby optimizing the effects of 
agricultural production. In this context, improving the financial support for agro-
forestry, e.g. by providing payments for provision of non-market benefits, is essen-
tial to promote this sustainable land-use system and enhance its relevance in the 
practice.
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7  �Conclusions

The discussed findings demonstrate that through site-adapted ACS systems, in 
many cases, negative effects of microclimatic stress factors for crop production, 
such as excessive wind or temperature extremes, can be mitigated. In addition, the 
discussed effects of ACS on SOM underline the important role that agricultural 
trees can play regarding the build-up and maintenance of substantial stocks of SOC 
in agricultural soils which is essential for sustaining and enhancing productivity of 
agricultural land in the long term. In this regard, a promising management strategy 
for the sustainable preservation of SOC seems to be the establishment of a rotation 
system, within which the cultivation of trees and conventional crops alternates on 
the same piece of land. Such a rotation would make soil areas, improved by trees 
regarding SOC, soil structure or soil life, available for agricultural crops, while 
conventionally used areas would be planted with trees in the subsequent rotation. In 
addition, the assessment of ES in ACS, focusing on site productivity and soil 

Fig. 10.5  Compared provision of market and non-market ecosystem services by conventional 
agriculture (colour, brown) and alley cropping (colour, green). The value of market ES represents 
approximately one-third of the total ES provided by alley cropping (Porter et al. 2009; Alam et al. 
2014). The crop yield in alley cropping may be lower, due to the area planted with trees, but in 
addition trees provide yield and shelter from the wind, maintain soil fertility and filter nutrients 
which otherwise would cause water pollution and improve biodiversity and system aesthetics
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fertility, revealed that the provision of ES for which currently no market exists, typi-
cally, is higher than the provision of market goods. Hence, providing payments to 
farmers reflecting the total value of provided benefits is expected to enhance the 
practical relevance and application of ACS as a tool to optimize the effects of agri-
cultural production.

Summarizing, the discussed characteristics of ACS suggest that the combination 
of agricultural trees and annual crops in ACS can function as a practical tool for 
improving the growing conditions for crops on agricultural sites regarding microcli-
matic conditions, SOC stocks and provided ES. However, the exact expression and 
characteristics of the discussed effects depend on the specific site, management, 
weather and other local growing conditions. In this regard, the overall advantage of 
ACS (and other agroforestry systems) is its flexibility, so that many relevant stress 
factors for agricultural production can be influenced and (to some degree) be modi-
fied in a way to mitigate negative effects and to sustain crop production. Furthermore, 
many potential disadvantages for crop production in ACS, which may arise due to 
competition effects between trees and crops (e.g. water stress in the rooting zone or 
shading by the trees), can be managed by appropriate measures (e.g. species selec-
tion, modifying planting density, root pruning by ploughing or regular cutting of the 
tree canopies). As complex multifunctional land-use systems, ACS are suitable to 
handle different usage scenarios and different objectives. If, for example, wind pro-
tection is the major issue, the crop alley widths in ACS can be optimized to maxi-
mize the wind protection effect. If woody biomass production needs to be increased, 
the area share of trees can be increased, the planting density and rotation length can 
be adjusted or, for example, if the protection of waterbodies is the main issue, the 
hedgerows can be aligned along riversides.

However, the interplay between management, plants, microclimate and soil in 
ACS is very complex and requires a careful planning of the system and land man-
agement. For this reason, more research is needed to better understand the interplay 
of identified interactions in ACS. An increased knowledge in this field could func-
tion as a basis to develop a more comprehensive support strategy for farmers who 
choose to establish ACS on their land. First steps could include the development of 
a subsidy system for the provision of non-market ES by ACS and the preparation of 
application-oriented guidelines of how to adapt ACS to different practical usage 
scenarios.
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