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ABSTRACT

We studied the effect of tree species on nitrification

in five young plantations and an old native beech

coppice forest at the Breuil experimental site

in central France. The potential net nitrification

(PNN) of soil was high in beech, Corsican pine, and

Douglas fir plantations (high nitrifying stands

denoted H) and low in spruce and Nordmann fir

plantations as well as in native forest stands (low

nitrifying stands denoted L). We hypothesized that

tree species would stimulate or inhibit nitrification

in transplanted soil cores within a few years after

the cores were transplanted between stands. We

first initiated a transplant experiment where soil

cores were exchanged between all stands. The PNN

remained high in soil cores from H transferred to H

and low in soil cores from L transferred to L. The

PNN increased considerably after 16 months in soil

cores transferred from L to H, whereas the transfer

of soil cores from H to L decreased the PNN only

slightly after 28 months. In a second transplant

experiment, forest floor material was exchanged

between the Douglas fir (H) and the native forest

(L) stand. Six months later, the forest floor from the

native forest had increased the PNN of the Douglas

fir soil considerably, whereas the forest floor from

Douglas fir did not affect the PNN of the soil in the

native forest stand. It was concluded that beech,

Corsican pine, and Douglas fir rapidly stimulate soil

nitrification by either activation of suppressed

nitrifier communities and/or colonization by new

nitrifier communities. Conversely, the slow and

irregular reduction of nitrification in spruce, Nord-

mann fir, and native forest was probably due to the

low and heterogeneously distributed flux of inhib-

iting substances per volume of soil. Our experi-

ments suggest that the inhibition of nitrification is

not tightly connected to forest floor leachates, but

that the forest floor both reflects and maintains the

major ongoing processes. In the long term, humus

build up and the production of inhibiting substances

may completely block the nitrification activity.

Key words: forest ecosystems; potential net

nitrification; tree species; soil core exchanges; forest

floor exchanges; nitrate concentration.

INTRODUCTION

In most ecosystems, nitrogen (N) mineralization

and nitrification supply mineral N to plants. Nitri-

fication determines the form of N present in the soil

and, therefore, how N is absorbed or dispersed into

the environment. The assessment of nitrification is
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of critical importance to ecologists because nitrate

(NO3
-) availability strongly influences plant com-

munity composition (Andrianarisoa and others

2009) and because the leaching of NO3
- may cause

soil acidification and groundwater pollution (Aber

and others 1989).

Nitrification is sensitive to environmental physi-

cal conditions (soil temperature and moisture) and

varies depending on soil types (Andrianarisoa and

others 2009), soil pH (Herbauts 1974; Le Tacon

1976; Falkengren-Grerup and others 1998; Li and

others 2007; Pietri and Brookes 2008), litter lignin/

N ratio (Van Cleve and others 1993; Scott and

Binkley 1997; Joshi and others 2003), soil C/N

(Persson and others 2000; Goodale and Aber 2001;

Joshi and others 2003), and vegetation (Schaffers

and Sykora 2000; Falkengren-Grerup and Schot-

telndreier 2004). Many studies have shown that

tree species may strongly influence soil nitrification

(Gower and Son 1992; Son and Lee 1997; Berendse

1998; Priha and others 1999; Augusto and Ranger

2001; Brierley and others 2001; Templer and others

2002; Moukoumi and others 2006; Russell and

others 2006; Zeller and others 2007). For example,

net nitrification is higher under beech than under

Norway spruce stands (Wedraogo and others 1993;

Jussy and others 2004; Zhong and Makeschin

2004, 2006).

Tree species may control nitrification by several

processes acting at different levels ranging from the

canopy to the root–soil interface in the ecosystem.

Tree species and forest management create specific

microclimate conditions by influencing light

(Ranger and others 2004), rainfall interception,

and evapotranspiration, which, in turn, may alter

soil temperature (Barg and Edmonds 1999), mois-

ture (Augusto and Ranger 2001), and the compo-

sition of understory vegetation (Augusto and

others 2003). Dry deposition of N compounds is

higher on evergreen species which have a high leaf

area index (Lovett and Lindberg 1986). For in-

stance, Schrijver and others (2007) showed that the

flux of mineral N in throughfall below conifer

forests was larger than that below deciduous forests

in Europe and North America.

Leaf litter quantity and quality, characterized by

the lignin/N and C/N ratios, vary among tree

species (Prescott and Preston 1994; Nugroho and

others 2006) and influence the rate of litter

decomposition, N mineralization, and nitrification

in forests (Scott and Binkley 1997; Persson and

others 2000). As a result, tree species strongly

influence humus types. Nitrification is higher in

the mull humus type than in the moder humus

type (Bottner and others 1998). Polyphenolic

compounds (Northup and others 1995; Paavolai-

nen and others 1998), phenols, tannins (Kraus

and others 2003; Kraus and others 2004; Smo-

lander and others 2005; Kanerva and others

2006), and terpenoids (White 1986) in leaf litter

and humus or released by roots (Subbarao and

others 2006, 2007) may directly reduce or inhibit

nitrification.

On the other hand, tree roots may exert a con-

siderable influence on soil microbial communities

and N transformation through the depletion of

nutrients and water in the rhizosphere and the

secretion of protons, enzymes, and carbon com-

pounds from root surfaces. It has been demon-

strated that N mineralization and microbial biomass

were higher in root-associated soil compared to

bulk soil (Norton and Firestone 1996; Reydellet and

others 1997; Priha and others 1999; Whalen and

others 2001; Colin-Belgrand and others 2003).

Root exudates may contain compounds that stim-

ulate or inhibit microbial activity. In addition,

when mineral N availability is low, tree roots

compete for ammonium (NH4
+) with nitrifiers. The

partitioning of mineral N between plants and

microorganisms is influenced by the availability of

carbon (C) and N in the rhizosphere (Schimel and

others 1989), by the plant and microbial prefer-

ences for NH4
+ over NO3

- (Jackson and others

1989; Harrison and others 2007) and by differences

in ionic mobility.

The objective of this paper was to investigate

how rapidly and to what extent tree species control

nitrification. At the Breuil experimental site (Cen-

tral France) in 1976, monospecific plantations of

five species were established on the same soil type.

At this site, Moukoumi and others (2006) and

Zeller and others (2007) repeatedly showed that

soil potential net nitrification (PNN) was high in

Fagus sylvatica L. (hereafter referred to as beech),

Pinus nigra Arn. ssp laricio Poiret var Corsicana

(hereafter referred to as Corsican pine), and

Pseudotsuga menziesii Franco (hereafter referred to as

Douglas fir) plantations and low in Picea abies Karst.

(hereafter referred to as spruce), Abies nordmanniana

Spach. plantations (hereafter referred to as Nord-

mann fir), and in an old coppice with standard stands

(hereafter referred to as native forest). We hypothe-

sized that tree species would rapidly stimulate or

inhibit nitrification in foreign soil cores. Here, we

report the results of soil core and forest floor trans-

plant experiments designed to determine the fol-

lowing: (1) how rapidly soil nitrification is stimulated

or inhibited by different tree species; and (2) whether

the forest floor plays a driving role in the control of

nitrification.
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MATERIALS AND METHODS

Site Description

The study site is located in the Breuil-Chenue

Experimental Forest in the Morvan highlands

(Central France, 47�18¢10¢¢N and 4�44¢44¢¢E; Fig-

ure 1A) at an elevation of 650 m. Detailed infor-

mation about the site, the experimental design, and

the analytical techniques are reported in Ranger

and others (2004). The climate is continental with a

mean annual temperature of 9�C and mean annual

precipitation of 1280 mm. Snow covers the soil for

about 1 month each winter. Average open field

wet N deposition, monitored for 6 years, was

15.2 kg N ha-1 y-1 (NO3
-: 3.9 kg ha-1 y-1; NH4

+:

7.5 kg ha-1 y-1, and DON: 3.8 kg ha-1 y-1)

(Ranger and others 2004). Dissolved organic car-

bon deposition was 40 kg C ha-1 y-1. The native

forest was an old coppice (now 150 years old)

dominated by Fagus sylvatica L. with sparse Quercus

sessiliflora Smith. In 1976, a 10-ha flat area was

clear-cut; bole wood and large branches were har-

vested. The area was planted in rows with mono-

specific plantations (1000 m2) of beech, Corsican

pine, Douglas fir, Nordmann fir, and spruce in a

block design to compare the growth of these dif-

ferent tree species (Figure 1B). A part of the native

forest was held in reserve as a reference plot

(Bonneau and others 1977). The humus in the

native forest is a dysmoder (a moder with an Oa

layer well differentiated). The soil is classified as a

Typic Dystrochrept (USDA 1999) and developed

from granite. The soil presents a thin, discontinu-

ous E horizon and a 2- to 3-cm thick, dark-brown

Bh layer. This sequence is often reported to be a

consequence of surface micropodzolisation (Ranger

and others 2004). The texture of the soil is sandy-

loam (60% sand and <20% clay) (Calvaruso and

others 2009). The soil is acidic (pH 4–4.5). This

experimental site was selected for the homogeneity

of its soil. Twenty-four years after the plantation,

Ranger and others (2004) confirmed soil homoge-

neity by a systematic soil sampling (n = 16 profiles

per stand) and analysis of all relevant soil chemical

parameters. They performed an ANOVA for soil

parameters and observed significant differences for

the C and N content among stands but only in the

upper horizon (the forest floor and A horizon).

These layers are strongly influenced by tree species

inputs through the processes of litterfall, litter

decomposition, and soil organic matter formation.

Stand Characteristics (Table 1)

In 2000, trees were equipped with rings to measure

the diameter at breast height (DBH). Mean DBH in

2007 was highest in native forest (51.2 cm).

Among plantations, mean DBH was highest in

Douglas fir (28.2 cm) and lowest in beech (8.6 cm).

The O horizon, formed within 30 years, was mull

Figure 1. Schematic

representation of the soil

core exchange

experiment at the Breuil

experimental site:

A location of the Breuil

experimental site;

B spatial location of the

different stands within

the site; and C position of

soil cores within stands

(for example, Douglas fir

plantation). In each line,

soil cores from different

stands were randomly

distributed among the 60

holes.
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in beech, Corsican pine, and Douglas fir stands and

moder with an Oe (�1 cm thick) and Oa (1–3.5 cm

thick) layer in Nordmann fir and spruce (Ranger

and others 2004; Moukoumi 2006). The activity

of epigeic earthworms in the Oa horizon of the

native forest and in the upper A horizon of native

forest, Douglas fir, beech, and spruce (1–2 cm) was

deduced from the observation of thin sections

(Moukoumi 2006). This activity was more pro-

nounced in beech and less pronounced in spruce

plantations. Nevertheless, during coring operations

(420 soil cores), we never observed any earth-

worms.

In each stand, fluxes of organic C and N were

monitored monthly from November 2001 to

December 2006. Litterfall was collected by five

baskets (60 9 60 cm), and C and N contents were

determined by dry combustion (elemental ana-

lyzer, Carlo Erba NA 1500, Italy). Throughfall was

collected using four replicates of 2-m long poly-

ethylene gutters. Solutions were stored under-

ground, collected monthly and analyzed. NO3
- and

NH4
+ contents were determined using continuous

flow colorimetry (TRAACS, Bran and Luebbe).

Litterfall N (leaves + branches + fruit and buds)

was very high in native forest (65 kg N ha-1 y-1),

high in Douglas fir (54.6 kg N ha-1 y-1) and

spruce (52.7 kg N ha-1 y-1) and low in the other

stands (42–45 kg N ha-1 y-1). The average C/N

ratio of litterfall was higher in native forest, spruce,

Nordmann fir, and Corsican pine (46–49) than in

beech and Douglas fir (35–40) (Table 1). The C/N

value of litterfall was probably overestimated in

Corsican pine because the soil was covered by

patches of Deschampsia flexuosa, Rubus fructicosus,

and Pteridium aquilinum; litterfall from these species

is comparatively richer in N; below the other

stands, the understory vegetation was very sparse.

The biomass and litter production of the understory

vegetation were not measured precisely and are

therefore not reported here. The mean annual

throughfall N fluxes as N–NO3
- and N–NH4

+ were

significantly higher in Douglas fir compared to all

other stands (Table 1). In the A horizon, the con-

tents of C and N were determined by dry combus-

tion, as described above for litterfall (Ranger and

others 2004). They were the highest in beech and

the lowest in spruce. The mineral soil C/N ranged

Table 1. Summary of Stand Characteristics at the Breuil Experimental Site

Variables Beech Corsican pine Douglas fir Native forest Nordmann fir Spruce

Stand characteristics

Tree density 2007 (tree ha-1) 4870 1280 890 nd 1420 1720

Mean diameter DBH (cm) 8.6 21.6 28.2 51.2 19.3 18.3

Forest floor characteristics
1Humus type Mull Mull Mull Moder Moder Moder

1Oi layer thickness (cm) 0.5–1.0 1.0–1.5 1.0–1.5 1.0–2.0 0.0–1.0 0.0–1.0
1Oe layer thickness (cm) 0 0 0 1.0 1.0 1.0
1Oa layer thickness (cm) 0 0 0 1.0–2.5 2.0–3.5 2.0–3.5

Soil parameters (0–15 cm)
1pH 4.2 4.2 4.1 4.2 4.3 4.4
2N content (%) 0.28 0.26 0.22 0.25 0.25 0.22
2C content (%) 5.1 4.7 4.2 4.9 5 4.2
2C/N 18.2 18.1 19.1 19.6 20 19.1
3Soil humidity (% dry soil)

June 2007 samples 41.8a 32.2b 30b 33b 30b 29.6b

May 2008 samples 46.1a 36.2bc 37.7abc 41.5ab 33.4bc 31.1c
4Litterfall characteristics

N input (kg N ha-1 y-1) 45 42.8 54.6 65 42.4 52.7

Litterfall C/N 40.4 47 35.7 48 46 48.7
4Throughfall characteristic

NO3
- flux (kg N–NO3 ha-1 y-1) 3.2 2.5 10.8 4.3 2.4 4

NH4
+ flux (kg N–NH4 ha-1 y-1) 3.2 2.5 10 4.5 2.5 4.3

1Data from Moukoumi 2006.
2Data from Ranger and others 2004.
3Data calculated from this study. Values are means. Means with same letters are not significantly different.
4The annual flux of element in litterfall and throughfall was calculated for 2001 to 2006 period. Litterfall was collected every 3 months within five baskets (0.5 m2);
throughfall was collected using four replicates of 2-m long polyethylene gutters.
nd means not determined.
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from 18 to 20 and was not significantly different

among stands (Table 1).

In beech, spruce, and Douglas fir plantations,

temperature probes connected to a central data log-

ger were installed at 130 cm above the soil and at

15 cm belowground to measure air and soil tem-

perature. For the period between February 2006 and

June 2008, mean air temperature was not signifi-

cantly different between stands. The mean of soil

temperature at the 15-cm depth was not significantly

different between Douglas fir (9�C) and spruce

(8.8�C) stands but was higher in beech (10.8�C).

Soil moisture was determined by drying an ali-

quot of soil sample at 105�C. In June 2007, the soil

moisture was significantly higher in beech (41.8%)

but was not significantly different among other

stands. In May 2008, soil moisture was higher in

beech (46%) and native forest (41.5%), lower in

spruce (31.1%) and Nordmann fir (33.4%) and

intermediate in Douglas fir (37.7%) and Corsican

pine (36.2%).

Experimental Design and Soil Sampling

Experiment 1: Soil Core Exchange

In February 2006, 60 intact soil cores (diameter

8 cm, depth 15 cm), including the forest floor lay-

er, were collected with an auger along two parallel

lines situated at 0.5 m from a tree row (Figure 1C)

in beech, Corsican pine, Douglas fir, Nordmann fir,

and spruce. In the native forest, lines were placed

at 0.5 m from a beech dominant tree. Soil cores

were wrapped in mesh bags (mesh size 2 mm). Ten

cores were put back into their original place

(hereafter referred to as ‘‘disturbed soil cores’’) and

50 were equitably distributed into the assigned

holes in the core field of the five other stands

(hereafter referred to as ‘‘transferred soil cores’’). In

each stand, half (n = 30) of the soil cores were

collected after 16 months (June 2007) and the

remaining after 28 months (May 2008). In addi-

tion, both in June 2007 and May 2008, five soil

cores were taken from each stand in an undis-

turbed area (0.5 m away from the rows) to serve as

a reference value (hereafter referred to as ‘‘undis-

turbed soil cores’’).

On the sampling day, before removing soil cores

from their specific locations in the core field, the

residual forest floor material from the original stand

and the newly fallen litter from the host stand were

collected. Soil cores were sieved to 4 mm or less

and fine (<2 mm) and coarse (>2 mm) roots (live

or dead) were removed. The forest floor and min-

eral soil samples were stored for 2 days at 4�C in a

cold room before analyses.

Experiment 2: Forest Floor Exchange

In March 2007, an exchange of O horizons was

performed between Douglas fir and native forest

(with very different nitrification rates). In each

stand, an area of 1.5 9 1.8 m was selected and

subdivided into 18 equal parts of 0.3 m2. Three

treatments were randomly assigned to the 18 rect-

angles (six repetitions of each) within each sub-plot:

(1) exchange, where the forest floor (O layer) was

carefully collected and transferred to the other

stand; (2) disturbance, where the forest floor was

scraped, raised and put back at its original place; and

(3) removal, where the forest floor was removed.

In Douglas fir, the forest floor was collected by

hand because it was composed of fresh and partly

decomposed needles. In native forest, fresh litter

was first collected by hand, and then packets

(15 9 15 cm) of intact forest floor (Oe and Oa)

were carefully cut with a knife. Thereafter, the

forest floor (without litter) was reconstructed on a

rectangular plate and transferred to the Douglas fir

plantation (exchange), returned to its original place

(disturbance) or removed (removal).

After 6 months, three soil cores were collected

from each experimental rectangle with an auger (Ø

8 cm, depth 15 cm). In addition, nine soil cores were

taken in each stand under the undisturbed forest

floor to serve as control cores. The forest floor was

separated from the underlying mineral soil. Samples

were sieved to 4 mm or less, and fine (<2 mm) and

coarse (>2 mm) roots (live or dead) were removed.

Samples were transported to the laboratory and kept

for 2 days at 4�C before analyses.

Soil and Forest Floor Analyses

Aliquots of the forest floor and mineral soil samples

were oven dried at 65 and 105�C, respectively, for

48 h to determine the moisture. For each soil core,

the total amount of fresh forest floor and 20 g of wet

mineral soil were shaken in 1 M KCl (300 ml and

100 ml, respectively) for 1 h and then filtered. The

nitrate–N and ammonium–N concentrations of ex-

tracts (hereafter referred to as [NO3
-] and [NH4

+],

respectively) were measured using continuous-flow

colorimetry (TRAACS, Bran and Luebbe). The po-

tential net N mineralization (PNM) and PNN were

measured only in mineral soil samples. Aliquots of

mineral soil (200 g) at sampling moisture (close to

field capacity) were put into jars with airtight lids

and incubated at 20�C in the dark for 42 days. The

jars were opened for a few minutes twice a week.

Inorganic N (NH4
+ and NO3

-) was extracted at the

beginning and at the end of the incubation.

Potential net N mineralization was the amount of
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total inorganic N accumulated during the incuba-

tion period, and PNN was the amount of NO3
-

formed from the nitrification of the NH4
+ already

present in the soil core before the incubation as well

as that mineralized during the incubation. Both

were calculated as mg N kg-1 soil d-1. All concen-

trations and rates are presented on a dry weight

basis.

Statistical Analyses

Soil Core Exchange Experiment

For ‘‘undisturbed soil cores’’, a one-way ANOVA

followed by a Tukey’s test was performed to com-

pare [NH4
+], [NO3

-], PNM, and PNN between

stands for each sampling date. Within each stand,

mean values of [NH4
+], [NO3

-], PNM, and PNN

were compared between the two sampling dates

with a Student’s t-test.

‘‘Disturbed’’ and ‘‘transferred’’ soil cores were

identified in relation to their origin (‘‘source

stands’’) and to their destination (‘‘receptor

stands’’). The following tests were applied to

[NO3
-] and PNN: (1) within each ‘‘receptor stand’’,

a one-way ANOVA followed by a Tukey’s test was

used to compare mean values of each ‘‘source

stand’’ for each sampling date; (2) for a given

‘‘source stand’’, a one-way ANOVA was used to

compare mean values of each ‘‘receptor stand’’ for

each sampling date. For all data, the relationships

between variables were examined using a Pearson

correlation analysis.

The rate of increase or decrease of PNN between

undisturbed soil cores and transferred soil cores

collected 16 or 28 months after transplant was

calculated for the different groups, and significance

was tested with a paired Student’s t-test.

Forest Floor Exchange Experiment

For each stand, means of [NH4
+], [NO3

-], PNM,

and PNN were compared among treatments using a

one-way ANOVA followed by a Tukey’s test. All

statistical data analysis was performed using SAS

software version 9.00 (SAS 2002, SAS Institute

Inc., Cary, NC, USA).

RESULTS

Nitrate and Ammonium Concentrations
in Undisturbed Soil Cores

Forest Floor

In June 2007, the forest floor [NO3
-] was low

compared to [NH4
+] in all stands, but it was

significantly higher in Corsican pine (22.2 mg N kg-1),

beech (10.9 mg N kg-1), and Douglas fir (13.8

mg N kg-1) than in spruce (0.6 mg N kg-1). Forest

floor [NO3
-] was below detection in Nordmann fir

and native forest. In May 2008, forest floor [NO3
-]

was higher in Corsican pine (49.8 mg N kg-1),

beech (30.3 mg N kg-1), and Douglas fir (83.7

mg N kg-1) than in native forest (5.55 mg N kg-1),

Nordmann fir (5.53 mg N kg-1), and spruce

(3 mg N kg-1). Forest floor [NO3
-] was higher in

2008 than in 2007 except for beech (Figure 2A).

Forest floor [NH4
+] was highly variable between

replicates, but it was greater than [NO3
-] in both

sampling dates. In 2007, forest floor [NH4
+] was

greatest in Douglas fir (149.3 mg N kg-1), lowest in

native forest (36.0 mg N kg-1) and intermediate in

other plantations. In May 2008, the forest floor

[NH4
+] did not differ among stands. Forest floor

[NH4
+] was greater in May 2008 than in June 2007

except in beech and Corsican pine (Figure 2A).

Mineral Soils (0–15 cm)

For both sampling dates, the [NO3
-] in mineral soil

was at least 3-fold higher in beech, Corsican pine,

and Douglas fir compared to native forest, Nord-

mann fir, and spruce (Figure 2B). The [NH4
+] in

mineral soil was highly variable between stands. In

June 2007, [NH4
+] in the mineral soil was highest

in spruce (3.9 mg N kg-1 soil), lowest in beech

(1.4 mg N kg-1 soil) and intermediate in the other

stands. In May 2008, [NH4
+] in the mineral soil was

highest in Douglas fir (4.1 mg N kg-1 soil) and

spruce (4.0 mg N kg-1 soil) and lowest in Corsican

pine (1.5 mg N kg-1 soil). [NH4
+] in the mineral

soil was not significantly different for the two

sampling dates in all stands except Corsican pine

(Figure 2B).

Potential Net N Mineralization and
Nitrification in Undisturbed Soil Cores

In June 2007, PNM was highest in beech

(0.8 mg N kg-1 d-1) and lowest in Nordmann fir

(0.3 mg N kg-1 d-1). In May 2008, PNM was not

significantly different between stands. Potential net

N mineralization was significantly higher in May

2008 than in June 2007 in all plantations except

beech and Corsican pine (Figure 3A). PNN was

high in beech, Corsican pine, and Douglas fir and

low in native forest, Nordmann fir, and spruce on

both the sampling dates. PNN for Douglas fir was

higher in June 2007 than in May 2008, but PNN

was not significantly different between the two

sampling dates (Figure 3B).
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Beech, Corsican pine, and Douglas fir plantations

are referred to as ‘‘High nitrifying stands’’, or H,

and native forest, Nordmann fir, and spruce stands

are referred to as ‘‘Low nitrifying stands’’, or L. All

H stands had mull type humus whereas all L stands

had moder type humus (Table 1). No significant

relationship was found between PNN and soil C/N.

Considering all stands, there was no significant

relationship between PNN and litterfall C/N

(r = -0.7; P = 0.08). However, as mentioned

above, the C/N value of litterfall in Corsican pine is

probably overestimated when considering only

dead needles because patches of herbaceous species

covered the soil. When the Corsican pine

plantation was excluded, the relationship became

significant (r = -0.9; P = 0.02) (Figure 4). Soil

[NO3
-] and PNN were not related to mean DBH,

growth or to N deposition in throughfall. For

instance, [NO3
-] and PNN were very high in both

beech and Douglas fir, whereas growth and

throughfall [NO3
-] were low in beech and high in

Douglas fir.

Results of the Soil Core Exchange
Experiment

For a synthetic description of the main results, we

gathered the experimental trajectories into four

Figure 2. Nitrate (mg N–NO3
- kg-1) and ammonium (mg N–NH4

+ kg-1) concentration in A forest floor and B mineral

soil (0–15 cm) of six different stands for two sampling dates at the Breuil experimental site. Histograms are means (n = 5)

and error bars are standard deviations. Symbol * indicates a significant difference (P < 0.05) between two sampling dates

for a given stand; ** for P < 0.01; *** for P < 0.001; and ns for not significant. Tables under each graphic summarize the

results of Tukey’s tests between each stand for a given sampling date. Means with same letters are not significantly different.
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groups of transfers: HH, HL, LH, and LL (Figure 5).

HH indicates that soil cores from high nitrifying (H)

stands were transferred to other high nitrifying

stands. LH indicates that soil cores from low

nitrifying (L) stands were transferred to H. The

same pattern was employed for HL and LL groups.

Nitrate and Ammonium Concentration (Mineral Soil

0–15 cm)

Nitrate concentrations of ‘‘disturbed soil cores’’

(soil cores raised and put back in their original

place) were not significantly different from the

undisturbed soil at the same date (Figure 6;

superscript letters). In June 2007, 16 months after

the start of the experiment, [NO3
-] was greater

than 3 mg N kg-1 in most soil cores of the HH

group (Figure 6A). In the HL and LH groups, the

[NO3
-] in soil cores was variable but often was less

than 3 mg kg-1. Finally, [NO3
-] was less than

1 mg N kg-1 in soil cores of the LL group. Mean

[NH4
+] was ordered as follows: LH (7.9 mg N kg-1

soil) > LL (4.1 mg N kg-1 soil) = HH (2.9 mg N

kg-1 soil) > HL (2.1 mg N kg-1 soil) (data not

shown). In May 2008, soil cores transferred to

beech and Corsican pine had high values of [NO3
-]

independently of the ‘‘source stand’’. Among the

soil cores transferred into Douglas fir, those origi-

nating from H had high [NO3
-], whereas those

originating from L had variable [NO3
-]. As in 2007,

soil cores in the HL group had variable [NO3
-],

whereas soil cores in the LL group had low [NO3
-].

Mean [NH4
+] showed the following order: LH

(7 mg N kg-1 soil) > LL (3 mg N kg-1 soil) = HH

(2.9 mg N kg-1 soil) = HL (2.7 mg N kg-1 soil) (data

not shown).

Figure 3. Potential net N A mineralization (PNM, mg N kg-1 soil d-1) and B nitrification (PNN, mg N–NO3 kg-1 soil d-1)

in different stands at the Breuil experimental site (Morvan, France). Histograms are means and error bars are standard

deviations. Symbol * indicates a significant difference (P < 0.05) between two sampling dates for a given stand; ** for

P < 0.01; *** for P < 0.001; and ns for not significant. Tables following each graphic summarize the results of Tukey’s tests

between each stand for a given sampling date. Means with same letters are not significantly different.

Figure 4. Relationship between litterfall C/N ratio and

PNN (mg N–NO3 kg-1 soil d-1) at the Breuil experi-

mental site. The dotted line is the linear regression

(R2 = 0.86, P = 0.02) established when excluding data

from the Corsican pine plantation. Values are means

(n = 4 for litterfall C/N and n = 10 for PNN) and error

bars are standard deviations (for clarity, only the second

part is presented).
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Potential Net N Nitrification and Mineralization

The PNN varied between 0.1 and 1.4 mg

N–NO3 kg-1 d-1 (Figure 7). There was no signifi-

cant effect of disturbance on PNN for the two

sampling dates. In 2007, 16 months after the start

of the experiment, the PNN in most soil cores in the

HH, HL, and LH groups was significantly higher

than in soil cores belonging to the LL group. The

PNN in transfer groups HH and HL were not sig-

nificantly different from the PNN in undisturbed

soil cores in H. Moreover, the PNN in the LL group

was not different from that in undisturbed soil

cores in L. The PNN in transfer group LH increased

7 fold after 16 months compared with undisturbed

soil cores from L. From 2007 to 2008, the PNN of

soil did not change for groups HH and LL. However,

the LH group increased by 66% (P < 0.001) and

the HL group decreased by 17% (not significantly).

The PNN was positively correlated with the

[NO3
-] in the forest floor (r = 0.4, P < 0.0001 in

2007 and r = 0.5, P < 0.0001 in 2008; n = 180)

and in the mineral soil (r = 0.6, P < 0.0001 in

2007 and r = 0.4, P < 0.0001 in 2008; n = 180).

PNM did not differ significantly among transfer

groups and ranged from 1.1 to 0.8 mg N kg-1 d-1

in 2007. In 2008, PNM was significantly greater in

LH (1.3 mg N kg-1 d-1) and HL (1.3 mg N kg-1 d-1)

than in LL (0.9 mg N kg-1 d-1) and HH

(1.0 mg N kg-1 d-1). PNM was positively corre-

lated to PNN (r = 0.4, P < 0.0001 for both sam-

pling dates; n = 180; Figure 8). In the HH group,

the relationship between PNM and PNN was always

significant (Figure 8). Because mineralized N was

fully nitrified, the slope was close to 1. In the LL

group, the relationship between PNM and PNN was

not significant for both dates of sampling. PNM was

very variable whereas PNN remained very low. In

the LH, within 16 months, the slope of the linear

regression between PNN and PNM became signifi-

cant, and the intercept increased strongly com-

pared to LL (from 0.01 to 0.3), although data points

were scattered between about 30% and 100% of

nitrification. Within 28 months, the slope of the

linear regression did not change, but the variability

in PNN increased strongly with percent nitrification

values over 100%. These values indicate the nitri-

fication of a pool of NH4
+ already present in the soil

before the incubation. In the HL group, within

16 months, the slope of the relationship between

PNN and PNM decreased slightly compared to HH,

but the variability in PNN increased strongly with

percent nitrification values as low as 40%. After

28 months, the slope of the linear regression

decreased, and data points were extremely scat-

tered from almost 100% nitrification to less than

10% nitrification (Figure 8).

Results of the Forest Floor Exchange
Experiment

Nitrate Concentration

Nitrate concentration was high in the undisturbed

forest floor of Douglas fir (35.8 mg N kg-1) and

low in the undisturbed forest floor of the native

forest (3.4 mg N kg-1). Six months after distur-

bance of the forest floor, there was no effect of this

disturbance on the [NO3
-] in the forest floor of

either stand. Nitrate concentration in the forest

floor of Douglas fir did not significantly decrease

when it was transferred into native forest (from

Figure 5. Synthetic

scheme of the

experimental transfer. H

means ‘‘High nitrifying

stands’’ and L means

‘‘Low nitrifying stands’’.

The group HH means soil

cores from ‘‘High

nitrifying stands’’

transferred to ‘‘High

nitrifying stands’’; LH

means soil cores from

‘‘Low nitrifying stands’’

transferred to ‘‘High

nitrifying stands’’. The

same pattern was

employed for HL and LL

groups.
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35.8 to 21.7 mg N kg-1 d.m.). Nitrate concentra-

tion in the forest floor of the native forest increased

significantly (from 3.4 to 56.5 mg N–NO3 kg-1)

when it was transferred to Douglas fir (Figure 9A).

In Douglas fir, disturbance of the forest floor had

no significant effect on the [NO3
-] of the under-

lying mineral soil. Removing the forest floor did

not significantly decrease [NO3
-] in the mineral

soil (2.5 mg N kg-1 soil). Replacing the forest floor

of Douglas fir by that of the native forest signifi-

cantly increased the [NO3
-] (from 5 to 15 mg

N kg-1 soil, P < 0.001; Figure 9B) in the under-

lying mineral soil. In native forest, disturbance of

the forest floor, removal of the forest floor, or

exchange of the forest floor by the Douglas fir

forest floor did not significantly change the [NO3
-]

of the underlying mineral soil (0.66, 0.75, and

1.04 mg N kg-1 soil, respectively).

Ammonium Concentration

In the forest floor, [NH4
+] of the undisturbed forest

floor was not significantly different between

Douglas fir (66.4 mg N kg-1) and native forest

(82.5 mg N kg-1). Disturbance had no effect on the

[NH4
+] in either Douglas fir or native forest. [NH4

+]

Figure 6. Nitrate

concentration (mg N–

NO3 kg-1 soil) in mineral

soil samples (0–15 cm)

A 16 months and

B 28 months after soil

core transplant. Values

are means (n = 5). Letters

in superscripts are Tukey’s

groups for the

comparisons of means

within each line, and

letters in brackets are

Tukey’s groups for the

comparisons of means

within each column.

Means with the same

letters are not significantly

different.

1180 K. S. Andrianarisoa and others



in the forest floor from the native forest placed

below Douglas fir was 1.8 times higher than in the

original forest floor in the native forest (P < 0.01).

[NH4
+] in the Douglas fir forest floor transferred

into the native forest or returned to the Douglas fir

was not changed. There was no significant change

in the [NH4
+] of the mineral soil layer for all

treatments in Douglas fir and native forest stands.

Potential Net N Mineralization and Nitrification

(Mineral Soil 0–15 cm Depth)

In the undisturbed soils, PNM was not significantly

different between Douglas fir (0.55 mg N kg-1

soil d-1) and native forest (0.5 mg N kg-1 soil d-1)

stands. In contrast, as seen above, PNN was higher in

Douglas fir (0.56 mg N kg-1 soil d-1) than in the

native forest (0.11 mg N kg-1 soil d-1). In the

Douglas fir plantation, the PNM in the mineral soil

below the forest floor from the native forest was

significantly greater than that below the undis-

turbed forest floor. In the native forest, the PNM in

the mineral soil below the forest floor from Douglas

fir was not significantly different from that below

the undisturbed forest floor. In both stands, replac-

ing the original forest floor by the forest floor from

the other stand increased PNN (1.5 fold in Douglas

fir and 2 fold in native forest; P < 0.01; Figure 9C).

Figure 7. Potential net

nitrification (mg

N–NO3 kg-1 soil d-1) of

mineral soil samples

(0–15 cm) measured in

the laboratory (20�C,

42 days) after

A 16 months and

B 28 months of soil core

transplantation. Values

are means (n = 5). Letters

in superscripts are Tukey’s

groups for comparisons of

means within each line,

and letters in brackets are

Tukey’s groups for

comparisons of means

within each column.

Means with the same

letters are not significantly

different.
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DISCUSSION

Tree Species Affect NO3
- Cycling in Soil

At Breuil experimental site, our results confirmed

the observations made by Moukoumi and others

(2006) and Zeller and others (2007): there were

two groups of stands with regards to NO3
- pro-

duction and availability. In beech, Corsican pine,

and Douglas fir, [NO3
-] and PNN were high and in

Nordmann fir and spruce as well as in native forest,

[NO3
-] and PNN were low. The [NO3

-] in the

mineral soil at a given moment results from the

balance between sources (atmospheric deposition

of N and soil nitrification) and sinks (plant uptake,

microbial immobilization and NO3
- leaching). The

relationship between soil [NO3
-] in the field and

PNN measured in the laboratory suggests that in

this ecosystem, soil [NO3
-] was controlled by the

same microbial processes active during the labora-

tory experiment and not by N deposition, uptake,

and leaching.

Tree species may influence soil nitrification by

changing the microclimate, the organic matter

quality (Wedraogo and others 1993; Persson and

others 2000; Goodale and Aber 2001; Joshi and

others 2003; Lovett and others 2004), and proper-

ties of the root–soil interface in forest ecosystems.

At Breuil, neither air temperature or soil moisture

differed between H and L groups (Ranger and

others 2004). The C/N ratio of litterfall and, as a

result, the humus type may be the best indicator of

PNN. The chemical and biochemical compositions

of leaves were close in beech and native forest, but

litterfall C/N was higher in the native forest be-

cause of a large amount of woody material (Ranger

and others 2004). In beech and Douglas fir, PNN

was high and litterfall C/N was low, but the pattern

was opposite in spruce and Nordmann fir. Exclud-

ing the pine plantation in which the ground veg-

etation may have modified the litterfall C/N, the

relationship between litterfall C/N and PNN was

strong (r = -0.9; P = 0.02). A high litterfall C/N

may slow litter decomposition and promote the

formation of moder type humus with a high C/N.

This organic matter accumulation may promote

NH4
+ immobilization and increase the production

of nitrification inhibitor compounds. Particularly in

spruce, organic compounds leached from needles

and the humus layer inhibit soil nitrification (Bri-

erley and others 2001; Suominen and others 2001;

Smolander and others 2005). Zeller and others

(2007) found no autotrophic nitrification activity in

native forest although gross mineralization was

high; in contrast, significant autotrophic nitrification

Figure 8. Relationship between potential net N mineralization (mg kg-1 soil d-1) and potential net nitrification (mg kg-

1 soil d-1) from the soil core exchange experiment at the Breuil experimental site: A soil cores collected in June 2007

(16 months after the onset of the experiment) and B soil cores collected in May 2008 (28 months after the onset of the

experiment). L designation indicates ‘‘Low nitrifying stands’’; H for ‘‘High nitrifying stands’’; HH for the group of soil cores

from ‘‘H’’ transferred to ‘‘H’’; LL for the group of soil cores from ‘‘L’’ transferred to ‘‘L’’. The same pattern was employed for

HL and LH groups. Linear regression equations between PNN and PNM for different groups and their significance are

presented in the tables following each graphic.
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activity was found in beech. Because the beech

plantation was established in a clear-cut of an old

beech stand (native forest), we believe that nitrifi-

ers were present in the soil of the native forest,

but suppressed, as they are presently in the

spruce and fir plantations. The autotrophic nitri-

fier population was suppressed during the aging

of the beech stand and the formation of the

moder humus.

Forest Floor Control of Soil Nitrification

Forest floor [NO3
-] in native forest was very low

compared to that in Douglas fir (Figure 9A)

whereas the [NH4
+] was the same. After incubation

in the laboratory, Trum (2004) extracted large

amounts of NO3
- from Oi layers in Douglas fir at

the same site and thereby showed active nitrifica-

tion; in contrast, no NO3
- was extracted from the

Figure 9. Results of the

reciprocal exchange of

forest floor samples

between the Douglas fir

plantation and the native

forest stand 6 months

after the onset of the

experiment: A [NO3
-]

and [NH4
+] of the forest

floor; B [NO3
-] and

[NH4
+] of mineral soil

(0–15 cm); and

C potential net N

mineralization (PNM)

and nitrification (PNN) of

mineral soil (0–15 cm).

Different treatments are

presented on the x-axis:

‘‘removed’’ when the

forest floor was removed;

‘‘undisturbed’’ when the

forest floor was not

disturbed; ‘‘disturbed’’

when the forest floor was

raised and put back in its

original place; and

‘‘replaced’’ when the

forest floor was removed

and replaced by the forest

floor from the other

plantation. Histograms

are means (n = 18) and

bars are standard

deviations. Means with

the same letters were not

significantly different.
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other stands. The transplantation of the forest floor

of native forest in the Douglas fir soil strongly in-

creased soil PNN. This may be because the NH4
+

produced by the large amount of forest floor from

the native forest could be transformed into NO3
-

once inoculated with nitrifiers from Douglas fir

roots or soil. Nevertheless, this means that if nitri-

fication inhibitor compounds were produced in the

humus of the native forest, then either their life

span is short or they were produced by roots in the

humus.

Removal of the forest floor in the native forest

did not increase nitrification, which shows that the

low nitrification in the native forest soil was not

tightly connected to forest floor leachates, at least

in the medium term. On the other hand, the

addition of nitrifiers through the transplant of for-

est floor from Douglas fir onto the native forest soil

was not sufficient to increase the nitrifying activity

in native forest soil. Hence, the addition or removal

of the forest floor was not sufficient to transform H

soil into L or vice versa.

Finally, nitrification increased dramatically

within 16 months in soil cores of the native forest,

that is, the old beech coppice, that were transferred

into the beech plantation; this occurred even

though they were covered by their original forest

floor. Because nothing except root colonization

was changed, this suggests control by the roots.

Hierarchy and Timing of Nitrification
Control

No change was observed in the [NO3
-] or in the

PNN of soil cores in the HH and LL groups compared

to undisturbed soil cores. This result confirmed that

after 16 months, the disturbance caused by root

cutting had no prolonged effect on nitrification.

PNN was strongly enhanced when soil cores from L

were transferred to H, but data points were

extremely scattered between 30% and full nitrifi-

cation. PNN was not significantly reduced after

28 months in soil cores from H transferred to L.

However, the slope of the linear regression between

PNN and PNM decreased slightly after 16 months

and strongly after 28 months. Additionally, data

points were extremely scattered from almost full

nitrification to less than 10% nitrification, which

illustrates the spatial variability of inhibition. Hence,

inhibition of nitrification was much slower than

stimulation, and both processes were spatially un-

even. In response to a reciprocal transfer of soil cores

in Oregon, Bottomley and others (2004) also

showed that soils from a low nitrifying stand trans-

ferred to a high nitrifying stand nitrified at the same

level as those of the high nitrifying stand. This

stimulation was accompanied by an increase

(10–100 fold) of ammonia-oxidizing bacteria pop-

ulations to values that were similar to those mea-

sured in the high nitrification stand.

Two processes might explain the increase of

nitrification in LH soil cores

(1) Colonization of soil cores by active microorgan-

isms implying different nitrifying communities

between H and L stands. Two mechanisms of

bacterial colonization have been described

by Wertz and others (2007): (i) transport of

bacteria in the water flow from the newly fallen

litter of highly nitrifying stands and (ii) bacterial

growth following root growth in the cores.

(2) Activation of existing nitrifiers by release from

inhibition or by release from competition for

NH4
+. PNM and NH4

+ availability were rela-

tively unaffected by the soil transfer, suggesting

that competition for NH4
+ was not the main

process slowing nitrification. Release from

inhibition requires a reduction in the supply of

inhibitor substances from needle leaching or

roots. Again, because the forest floor from the

original L stand was not removed, this suggests

that root activity primarily controlled nitrifi-

cation.

The low inhibition of nitrification in soil cores from

H transferred to L may be because inhibiting sub-

stances transported in water or excreted by roots

had little effect on nitrifier activities within the

short period of time; inhibiting substances were

probably not present in sufficient concentrations to

quickly reduce the nitrifier population and inhibit

nitrification in the whole of the soil core volume. It

has been shown that at low concentrations

(<100 mg/kg), inhibition substances, such as

phenolic acids, may serve as a carbon source for

some heterotrophic bacteria (Blum and Shafer

1988). White (1994) affirmed that, regardless of the

mode of inhibition, the nature and the relative

concentration of inhibiting substances are the pri-

mary factors controlling the magnitude of inhibi-

tion. In addition, the comparison between old and

young beech suggests that nitrification inhibition is

a process that builds up slowly over the long term.

CONCLUSIONS

Within 16 months, nitrification increased consid-

erably in soils from low nitrification stands trans-

ferred into high nitrification stands. This rapid

change may first be attributed to the progressive
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colonization of soil cores by nitrifiers, especially in

the case of the native forest, and to the activation of

existing nitrifiers by release from inhibition or from

competition for NH4
+. Contrastingly, the reduction

of nitrification in soils transferred from high nitri-

fying stands to low nitrifying stands was slow and

extremely variable, and this may be due to the

insufficient amount of inhibiting substances pro-

duced during the short period of our experiment.

Controls of nitrification by tree species were

probably multifactorial and acted at different levels.

Our experiments suggest that the inhibition of

nitrification is not tightly connected to forest floor

leachates, but that the forest floor both reflects and

maintains the major ongoing processes. Hence, we

believe that roots exerted the major short and

medium term control on nitrification, and nitrifi-

cation was probably controlled through root turn-

over, root litter production, and root exudates,

which may vary with stand age. In the long term,

humus build up and the production of inhibiting

substances may completely block the nitrification

activity.

Further work on root turnover may highlight the

role of root litter production and root colonization

on soil nitrification.
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Nugroho RA, Röling WFM, Laverman AM, Verhoef HA. 2006.

Net nitrification rate and presence of Nitrosospira cluster 2 in

acid coniferous forest soils appear to be tree species specific.

Soil Biol Biochem 38:1166–71.

Paavolainen L, Kitunen V, Smolander A. 1998. Inhibition of

nitrification in forest soil by monoterpenes. Plant Soil 205:

147–54.

Persson T, Rudebeck A, Jussy JH, Colin-Belgrand M, Priemé A,
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de l’écosystème forestier, sur les communautés microbiennes
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