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a INRAE, Univ Lyon, Université Claude Bernard Lyon 1, CNRS, VetAgro Sup, UMR 1418 LEM, Ecologie Microbienne, F 69622 Villeurbanne, France
b INRAE, BEF, F-54000 Nancy, France
c Institute of Grassland Science, Key Laboratory of Vegetation, Ecology of the Ministry of Education, Jilin Songnen Grassland Ecosystem National Observation and 
Research Station, Northeast Normal University, Changchun 130024, PR China

H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• We evaluated the effects of trees with 
different N-uptake strategies on 
nitrifiers

• We coupled nitrates in soil solutions and 
modeling to obtain nitrate fluxes

• Nitrate fluxes explained by Nitrobacter 
abundance across the 0–60 cm soil 
profile

• Nitrobacter abundance as a proxy to 
predict the risk of nitrate leaching from 
soils
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A B S T R A C T

Summary Forest tree species and their mineral N uptake strategies can influence the activity and abundance of 
nitrifying microorganisms in deeper soil layers and subsequent nitrate leaching. However, the role of nitrifier 
community from the topsoil or deeper soil layers for nitrate leaching below the rooting zone remains uncertain. 
We evaluated potential nitrification rates and the abundance of ammonia- and nitrite- oxidizers in soil profiles 
covered by different tree species having (i.e. spruce and Nordmann fir) or not (i.e. Douglas fir, Corsican pine and 
beech) the Biological Nitrification Inhibition, BNI, capacity. Concurrently, we calculated nitrate fluxes under 
each tree species by coupling nitrate concentrations in soil solutions with the hydrological model Watfor to 
simulate water percolation, and analyzed the relationships between nitrate fluxes and nitrifiers characteristics. 
We observed that nitrification rates under BNI species in the topsoil were lower than those under non-BNI 
species, and that these changes were associated to strong differences in the abundance of Nitrobacter (500-fold 
changes between tree species). Nitrification potentials drastically decreased with increasing soil depth and were 
strongly correlated with the abundance of Nitrobacter, not ammonia oxidizers. Furthermore, by computing 
weighted mean values of nitrifier activity and abundance, we showed that nitrate fluxes were explained by the 
abundance of Nitrobacter community across the 0-60 cm soil profile. In this context, the abundance of Nitrobacter 
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community seems an interesting proxy for evaluating water quality at the plot scale, and a promising tool to 
understand and predict the risk of nitrate leaching from soils in temperate forest ecosystems.

1. Introduction

Nitrification, i.e. the oxidation of NH4
+ to NO3

− , is a key pathway of 
the nitrogen (N) cycle in many terrestrial ecosystems. Nitrification is of 
crucial importance for soil quality, as it largely regulates the levels and 
types of mineral N forms available to plants such as NH4

+ and NO3
− , as 

well as NO3
− leaching and N2O emissions. Particularly, the leaching of 

NO3
− may lead to soil acidification and soil nutrient depletion (Reuss and 

Johnson, 2012), which are major threats for tree growth and forest 
sustainability. Limiting NO3

− leaching from soil is also a major concern 
for the preservation of water quality, which is particularly critical for 
forest ecosystems as they play an important role in hydrological pro
cesses such as surface and subsurface runoff (Sudduth et al., 2013). 
However, NO3

− leaching from forest soils is a complex process resulting 
from (i) the sources of NO3

− , i.e. the atmospheric deposition of NO3
−

(Alvarez-Cobelas et al., 2008) and the endogenous production of NO3
− in 

the soil - which can be influenced by tree species, and (ii) the soil water 
regime that influences the nitrifier activity but also the transport of NO3

−

along the soil profile and below the rooting zone (Kozlowski et al., 
2012).

In soils, NO3
− produced through nitrification is mainly driven by ni

trifying prokaryotes (Leininger et al., 2006; Prosser and Nicol, 2012). 
The first step of nitrification is the oxidation of NH4

+, performed by 
ammonia oxidizing bacteria (AOB) and archaea (AOA), and the second 
step is the oxidation of NO2

− to NO3
− by nitrite-oxidizing bacteria (NOB), 

with two main genera present in soils (Nitrobacter and Nitrospira; Freitag 
et al., 2005). Both steps can be performed by the recently discovered 
complete ammonia oxidizers (comammox) (Daims et al., 2015). Trees 
thus depend on the activity of nitrifiers and can strongly compete with 
them for NH4

+ (Kuzyakov and Xu, 2013). However, it is increasingly 
recognized that tree species can exert a major influence over soil N 
cycling rates (Chapman et al., 2006). For example, Douglas fir (Pseu
dotsuga menziesii) plantations are often associated with high soil NO3

−

concentrations and high NO3
− -to-NH4

+ ratio in the topsoil (Jussy et al., 
2004; Zeller et al., 2007, 2019; Paul et al., 2022). This is related to the 
high nitrification potential observed for soils under this species 
(Andrianarisoa et al., 2010; Mareschal et al., 2013) and likely to a ca
pacity of Douglas fir to stimulate nitrification (Zeller et al., 2019). Other 
tree species like spruce (Picea abies Karst) and Nordmann fir (Abies 
nordmanniana Spach.) are associated with very low soil NO3

− concen
trations (Andrianarisoa et al., 2010; Legout et al., 2016). These species 
are able to regulate nitrifier activity and abundance (Laffite et al., 2020) 
through a process known as biological nitrification inhibition, BNI 
(Subbarao et al., 2015). By releasing specific organic compounds such as 
mono terpenes via root exudation or litter decomposition, these tree 
species have the capacity to inhibit the growth and abundance of the 
nitrite-oxdizing Nitrobacter, and to a lesser extent those of AOA, but not 
those of AOB, comammox or Nitrospira in topsoil (Laffite et al., 2020).

Despite the intensive efforts in understanding tree-nitrifier in
teractions, current research has mostly focused on topsoil layers where 
root biomass is greatest (Gill et al., 1999). However, the activity, 
abundance and diversity of nitrifier groups in deeper soil layers can 
significantly influence the quality of groundwater (Madsen, 1995). A 
decrease in nitrification with increasing soil depth has been observed in 
soils under Douglas fir (De Boer et al., 1992) or beech (Krieger, 2001), 
but other studies found that AOA were more abundant in forest sub
surface soil layers than in topsoil of cypress and oak (Onodera et al., 
2010). This indicates that forest tree species and their N uptake strate
gies might influence nitrifier activity and abundance in deeper soil 
layers and subsequent NO3

− leaching. However, whether the environ
mental and biotic drivers of soil nitrification are similar or different 

between topsoil and deeper soil layers, and whether the activity and 
abundances of nitrifiers from the topsoil or deeper soil layers contribute 
to NO3

− leaching below the rooting zone, remains uncertain.
Moreover, to our knowledge, no study has analyzed to what extent 

the vertical distribution of nitrifier activity and abundances along the 
soil profile determine the NO3

− leaching flux below the rooting zone in 
forest ecosystems. Few sites in the world can address this research topic 
and the Breuil-Chenue experimental site is one of them: this common 
garden experiment (see details in material and methods section) was set 
up in 1976 and is composed of 6 monospecific plots (oak, beech, Norway 
spruce, Douglas fir, Nordmann fir and Laricio pine) which have been 
intensively monitored since 2001. At this site, it has been shown that 
NO3

− concentrations in the soil solution and the NO3
− leaching flux 

greatly varied between forest tree species (Legout et al., 2016). Partic
ularly, higher NO3

− concentrations in the soil solutions were observed for 
Douglas fir and Corsican pine (Legout et al., 2016), i.e. two non-BNI 
species, than BNI species such as Nordmann fir and spruce (Laffite 
et al., 2020). But to what extent the characteristics of the nitrifiers along 
the soil profile, which are likely influenced by the different tree species, 
explain the contrasted leaching NO3

− levels remains unknown.
The objective of this present study was to analyse the relationships 

between NO3
− leaching in the soil and nitrifier activity and abundance in 

soil profiles covered by different tree species with contrasting BNI ca
pacities. We hypothesize that (i) the level of nitrifier activity and 
abundance in the rooting zone of tree species would influence NO3

−

fluxes along the soil profile and NO3
− leaching below the rooting zone. 

Specifically, we assume that restricted nitrifier activity and abundance 
under BNI tree species would result in restricted NO3

− fluxes, and that 
higher nitrification and nitrifier abundance under non-BNI species 
would result in higher NO3

− fluxes along the soil profile. We also hy
pothesize that (ii) NO3

− leaching below the rooting zone would be 
determined by the mass-weighted mean of nitrification and/or of nitri
fier abundance along the soil profile. We compared the potential nitri
fication activity and the abundances of key nitrifier groups (AOA and 
Nitrobacter that determine nitrification in these forest soils according to 
Laffite et al. (2020) and Florio et al. (2021a), as well as AOB), along with 
environmental parameters (soil moisture, mineral N concentrations and 
pH) between soils from 43-year-old monoculture stands with BNI (i.e. 
spruce and Nordmann fir) or no BNI (i.e. Douglas fir, Corsican pine and 
beech) capacity. We distinguished 0–15 cm, 15–30 cm and 30–60 cm 
soil layers. We also collected soil solutions at three depths (15, 30 and 
60 cm) under each monoculture plot during 6 months and measured the 
NO3

− content of leachates. We coupled NO3
− concentrations in soil so

lutions with the hydrological model Watfor to simulate water percola
tion and calculate NO3

− fluxes under each monoculture stand. These data 
were used to analyse the relationships between nitrifier characteristics 
(i.e. PNA, AOA and Nitrobacter abundances along the soil profile) and 
NO3

− leaching at the bottom of each soil layer.

2. Materials and methods

2.1. Study site

The study site is a long-term experimental site set up and managed by 
INRAE, located in the Breuil-Chenue forest (AnaEE France, In natura 
experimentation, Nièvre Morvan, France; 47◦18′N and 4◦44′; 650 m asl). 
From 2002 to 2019, mean temperature and precipitation in April were 
12.2 ◦C and 81.4 mm, respectively, whereas temperature and precipi
tation in April 2019, i.e. corresponding to the sampling date, were 
12.3 ◦C and 66.1 mm, respectively. In the 1970s, the native forest was a 
150-year-old coppice dominated by beech (Fagus sylvatica L.) with 
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Quercus sessiliflora Smith, Betula verrucosa, and Corylus avellana (Cornelis 
et al., 2011; Mareschal et al., 2013). In 1976, a 10-ha flat area was clear- 
cut and planted in rows with tree monocultures of five tree species: 
beech (Fagus sylvatica), Corsican pine (Pinus nigra Arn. Spp laricio Poiret 
var. corsicana), Douglas fir (Pseudotsuga menziesii Franco), Nordmann fir 
(Abies nordmanniana Spach.) and spruce (Picea abies Karst) (1000 m2 for 
each species) (Andrianarisoa et al., 2010). Soil homogeneity over the 
study site was assessed just before plantation in 1976 (Bonneau et al., 
1977; Ranger et al., 2003). A weather station installed in 2001 and 
located at the Breuil-Chenue site monitored rainfall, wind speed, tem
perature, air humidity, and solar radiation on a daily basis. The Penman- 
Monteith equation was used to compute potential evapotranspiration 
(PET). Main physico-chemical characteristics of soils under these tree 
species are reported in Supplementary Table S1.

2.2. Monitoring of NO3
− in the soil solution

All plots were equipped in 2000 to monitor the biogeochemical cy
cles of major elements, considering litterfall, throughfall, stemflow, 
forest floor and soil solutions. Soil solutions were collected in each plot 
at 15, 30 and 60 cm depths, with ceramic tension-cup lysimeters (5 
replicates per depths, minimum distance between each lysimeter 2.5 m), 
with a continuous vacuum of − 0.5 bars. Soil pits were dug and the ly
simeters were inserted horizontally in the undisturbed soil (into holes 
previously drilled with an auger of the same diameter as the ceramic 
cups). Each ceramic cup was linked to a container located in a large pit 
dug in the soil, covered and insulated. Solutions were collected for each 
lysimeter every 28 days from 01/2002 to 06/2019. Samples were 
filtered at the laboratory with 0.45 μm Metriciel® membrane filters, 
grouped by season (3 or 4 28-days period are grouped to fit as possible 
with the calendar season) and analyzed for NO3

− and Cl− by molecular 
absorption spectrometry (San++ System, Skalar®). For this study, we 
only used the data of two periods around the soil sampling date: form 16 
January to 12 March 2019 (considered as winter) and from 13 march to 
4 June 2019 (considered as spring).

Sample contamination in the field or in the laboratory can cause 
incoherently elevated concentrations. A model was designed to high
light these outlier samples (Legout et al., 2016): concentrations higher 
than the criteria C were considered as abnormally high (Eq. 1): 

Threshx,y = Qx,y (75%)+ IQx,y 

where:
Threshx,y is the threshold concentration of element x in solution type 

y above which concentrations are considered abnormally high;
Qx,y (75 %) is the 75 % quantile of element x in solution type y, and 

IQx,y is the interquartile of element x in solution type y.
All abnormally high concentrations were considered as outliers and 

removed from the database.

2.3. Soil sampling

On 26th April 2019, we collected four soil samples within each of the 
five monoculture plots at three soil depths (0–15 cm, 15–30 cm and 
30–60 cm) with a corer (8 cm diameter). The soil samples were collected 
randomly at least 4 m away from the plot edges. The soil samples were 
sieved (4 mm) in the field and all visible roots were removed. Soil sub- 
samples were stored a few days at +4 ◦C before assays for soil envi
ronmental parameters and microbial activities. A sub-sample was frozen 
at − 20 ◦C before DNA extraction.

2.4. Measurement of soil environmental variables

For each fresh soil sample, a subsample of a few grams was weighed 
and dried at 105 ◦C during 24 h to determine gravimetric soil water 
content (SWC). We measured mineral N concentration using 5 g 

equivalent dry mass soil after extraction with 20 ml of 0.01 M CaCl2. The 
solution was shaken at 10 ◦C for 2 h at 140 rpm, filtered at 0.2 μm and 
frozen at − 20 ◦C until measurements of NO3

− , NO2
− and NH4

+ concen
trations with an ion chromatograph (Dionex ICS 900) equipped with a 4 
× 50 mm column (IonPac AS22-Fast). Soil pH was determined on soil: 
water mixtures (1:5) using a pH analyzer (WTW InoLab multi 9420, 
Weilheim, Germany).

2.5. Potential nitrification assays

We measured potential nitrification activity (PNA) on all samples 
using the method described by Dassonville et al. (2011). Briefly, sub- 
samples of fresh soil (3 g dry mass equivalent) were incubated for 10 
h with 30 ml of (NH4)2SO4 (1.25 mg N l− 1) using continuous shaking 
(140 rpm, 28 ◦C). Subsamples (1 ml) were collected at 2 h, 6 h, 10 h, 24 
h, 48 h and 72 h, filtered (0.20 μm pore size) and stored at − 20 ◦C. The 
NO3

− and NO2
− concentrations were analyzed using an ion chromato

graph (ICS 900). PNA was computed as the linear rate of NO3
− produc

tion over 24 h (no NO2
− accumulation was observed). Activity 

measurements were performed at the AME platform (Microbial Ecology 
UMR1418, Lyon).

2.6. DNA extraction and quantification of nitrifier gene copy abundances

We extracted DNA from 0.5 g of soil for all soil samples using a 
PowerSoil DNA Isolation Kit (MO BIO laboratories, Inc., USA) according 
to the manufacturer's protocol. Extracted DNA was stored at − 20 ◦C 
until use. The archaeal amoA coding for the ammonia monooxygenase, 
and the nxrA genes coding for the nitrite oxido-reductase of Nitrobacter, 
were quantified by real-time PCR, gene copy abundances being used as 
proxies for the abundances of AOA and Nitrobacter communities, 
respectively. In addition, the bacterial amoA as a proxy for the abun
dance of AOB was quantified by real-time PCR for the 0–15 cm soil 
samples. Amplification was performed as described by Laffite et al. 
(2020) by using amoA_1F/amoA_2R (Rotthauwe and Witzel, 1997) 
CrenamoA23f/CrenamoA616r (Tourna et al., 2011) and F1norA/ 
R2norA (Wertz et al., 2008) primer sets for archaeal amoA and nxrA, 
respectively. All samples were run on a Lightcycler 480 (Roche Di
agnostics, Meylan, France). Dilution series of the extracted DNA were 
performed to control for possible PCR inhibition by co-extracted com
pounds, and no inhibition was observed (data not shown). A melting 
curve analysis was performed to assess PCR product specificity after 
amplification. The average real-time PCR efficiency for each of these 
genes was 80 %, 82 % and 90 % for AOB, AOA, and Nitrobacter, 
respectively. Gene copy number per gram of dry soil was calculated. 
Molecular microbial analyses were performed at the PGE platform 
(Microbial Ecology UMR1418, Lyon).

2.7. Modeling of the soil water regime

The water drainage fluxes in the soil profile were calculated with the 
hydrological model WatFor (Legout et al., 2016; van der Heijden et al., 
2019). WatFor is a daily water balance model and is composed of two 
modules that respectively compute the fluxes of water and a non- 
reactive solute such as chloride in forest ecosystems. Briefly, WatFor 
accounts for canopy rainfall interception, throughfall, soil water content 
change and water drainage in the soil profile. The model inputs are daily 
rainfall and daily potential evapotranspiration. The soil profile is 
divided into different layers (user-defined) and for each layer, the 
following parameters are required for each soil layer: layer thickness, 
fraction of stones (> 2 mm) (no unit), fraction of water uptake (no unit; 
water uptake distribution), volumetric water content (m3.m− 3) at wilt
ing point, field capacity and saturation. For each soil layer and at each 
time step, the variation of soil water content is calculated as follow (Eq. 
2): 
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ΔW(t) = Qin(t) − ET(t) − Qout(t)

where:
ΔW(t) is the daily variation of soil water content in the soil layer (l. 

m− 2.day− 1) at time step t;
Qin(t) is the daily water inflow flux to the soil layer as defined below 

(l.m− 2.day− 1) at time step t;
ET(t) is the daily evapotranspiration flux from the soil layer (l.m− 2. 

day− 1) at time step t, and
Qout(t) is the water outflow draining from the soil layer (l.m− 2.day− 1) 

at time step t.
For each monospecific stand, the WatFor model was run for the 

2002–2019 period and was calibrated using the monitoring data of the 
2002–2019 period: the canopy rainfall interception parameters were 
calibrated to best reproduce the throughfall water flux (measured every 
28 days) and the water uptake distribution parameters were calibrated 
to best reproduce the measured concentrations of chloride in the soil 
solution at 15, 30 and 60 cm depth. For this study, we only used the daily 
water drainage fluxes calculated from January 2019 to June 2019, 
around the soil sampling date.

2.8. Soil NO3
− leaching fluxes

The NO3
− leaching flux was estimated at 15, 30 and 60 cm depths for 

two periods around the soil sampling date and where the NO3
− concen

trations in the soil solution were measured: from 16 January to 12 March 
2019 (considered as winter) and from 13 march to 4 June 2019 
(considered as spring). The NO3

− leaching flux was calculated for each 
stand and each depth by multiplying the measured concentrations in soil 
solutions every season with the cumulated daily water drainage fluxes 
(equivalent to each season) calculated with the WatFor model. The NO3

−

leaching flux was also estimated for shorter periods (30 and 60 days) 
using the same methodology: in this case, the daily water drainage was 
cumulated on these shorter periods and then multiplied by the corre
sponding seasonal NO3

− concentration.

2.9. Data processing and statistical analyses

In this study, we did not test whether values observed for one tree 
species significantly differed from values for another species. Indeed, 
only one stand was studied per species and, strictly speaking, replicated 
soil samples corresponding to pseudo-replicates. We thus focused on the 
relationships between the different measured variables across the five 
stands studied, in particular the relationships between (i) PNA and 
nitrifier abundances, and (ii) NO3

− leaching and nitrifier activity or 
abundances. Correlations were carried out with the JMP 17 software 
(www.jmp.com/fr). Pearson's correlation coefficients were achieved to 
explore the potential linear or non-linear correlations between NO3

−

fluxes, gene abundance and environmental factors. NO3
− fluxes were 

expressed as kg NO3
− /ha/0.5 y, i.e. the sum of NO3

− fluxes computed for 
the period 01–03/2019 (winter) to 04–06/2019 (spring). We tested the 
relationships between NO3

− fluxes at a given soil depth and nitrifier 
characteristics of the corresponding soil layer, i.e. NO3

− fluxes at 15, 30 
and 60 cm soil depths and nitrifier characteristics at 0–15, 15–30 and 
30–60 cm soil layers, respectively. Furthermore, we computed NO3

−

fluxes over a range of 1, 2 and 3 months around the field campaign, and 
tested the relationships between these fluxes and nitrifier characteristics 
of the corresponding soil layer to evaluate the robustness of these re
lationships over time. In addition, we tested for relationships between 
NO3

− fluxes at 60 cm and (i) PNA, AOA or Nitrobacter abundances in the 
0–15 cm soil layer or (ii) the sum of PNA, AOA or Nitrobacter abundances 
(expressed per g soil) across the soil profile weighed for each soil layer, 
for example: 

PNAweighed = (PNA0− 15cm +PNA15− 30cm +2 x PNA30− 60cm)
/
4 

Finally, we tested the relationships between PNA, AOA or Nitrobacter 
abundances measured for the 0–15 cm soil layer in this study and 
measured by Laffite et al. (2020) in the same plots and for the same soil 
layer.

3. Results

3.1. Soil potential nitrification activity along the soil profile

The values of potential nitrification activity, PNA, were highest for 
the 0–15 cm soil layer, i.e. 0.054 μg N h− 1 g− 1 soil, intermediate at 
15–30 cm depth, i.e. 0.024 μg N h− 1 g− 1 soil, and low at 30–60 cm soil 
depth, i.e. 0.014 μg N h− 1 g− 1 soil (Fig. 1, left). The PNA values in the 
upper soil layer ranged from 0.095 μg N h− 1 g− 1 soil for Corsican pine, i. 
e. a species without BNI capacity according to Laffite et al. (2020), to 
0.024 μg N h− 1 g− 1 soil for Nordmann fir species with BNI capacity. The 
PNA values for Douglas fir (0.077 μg N h− 1 g− 1 soil; species without BNI 
capacity) were close to those of Corsican pine, intermediate for spruce 
(0.048 μg N h− 1 g− 1 soil; species with BNI capacity) and low for beech 
(0.025 μg N h− 1 g− 1 soil; species without BNI capacity; Fig. 1, left). The 
PNA values at 15–30 cm soil depth ranged from 0.039 μg N h− 1 g− 1 soil 
for Corsican pine to 0.010 μg N h− 1 g− 1 soil for Nordmann fir (Fig. 1, 
left). The PNA values of the other species with or without BNI capacity 
were intermediate and in the range of 0.022–0.026 μg N h− 1 g− 1 soil; 
Fig. 1, left). The PNA values for the 30–60 cm soil layer ranged from 
0.021 μg N h− 1 g− 1 soil for spruce to 0.006 μg N h− 1 g− 1 soil for 
Nordmann fir (Fig. 1, left).

Soil NO3
− concentration was strongly and positively correlated with 

PNA for the 0–15 and 15–30 cm soil layers (R2 = 0.91 - p = 0.011, and 
R2 = 0.84 - p = 0.0275, respectively; Fig. S1, top and middle), but not at 
30–60 cm soil depth (Fig. S1, down).

3.2. Abundances of soil nitrifiers along the soil profile

The copy numbers of the archaeal amoA gene, used as a proxy for 
AOA abundance, were on average high for the 0–15 cm and 15–30 cm 
soil layers, i.e. 3.0 × 106 and 2.8 × 106 amoA copies g− 1 soil, respec
tively, and lower for the 30–60 cm soil layer, i.e. 1.65 × 106 amoA copies 
g− 1 soil (Fig. 1, middle). AOA abundance at 0–15 cm soil depth ranged 
from 5.4 × 106 to 9.5 × 105 amoA copies g− 1 soil for Corsican pine and 
Nordmann fir, respectively (Fig. 1, middle). Conversely, AOA abun
dance at 30–60 cm soil depth ranged from 2.1 × 106 to 1.2 × 106 amoA 
copies g− 1 soil for Nordmann fir and Corsican pine, respectively (Fig. 1, 
middle).

The abundance of bacterial amoA gene, used as a proxy for AOB 
abundance, ranged from 6.5 × 103 amoA copies g− 1 soil for Nordmann 
fir to 2.2 × 105 amoA copies g− 1 soil for Corsican pine. The abundance of 
bacterial amoA gene was below the detection limit for beech (i.e. < 102 

gene copies g− 1; Fig. S3).
The copy numbers of the nxrA gene, used as a proxy for Nitrobacter 

abundance, were on average high at 0–15 cm soil depth, i.e. 1.5 × 105 

nxrA copies g− 1 soil, intermediate at 15–30 cm soil depth, i.e. 4.2 × 104 

nxrA copies g− 1 soil, and low at 30–60 cm soil depth, i.e. 8.7 × 103 nxrA 
copies g− 1 soil (Fig. 1, right). Nitrobacter abundance for the 0–15 cm soil 
layer ranged from 3.7 × 105 to 6.3 × 103 nxrA copies g− 1 soil for Cor
sican pine and Nordmann fir, respectively (Fig. 1, right). At 15–30 cm 
soil depth, it ranged from 9.9 × 104 to 7.9 × 102 nxrA copies g− 1 soil for 
Douglas fir and Nordmann fir, respectively, whereas at 30–60 cm soil 
depth, it ranged 2.1 × 104 to 1.0 × 103 nxrA copies g− 1 soil for Douglas 
fir and Nordmann fir, respectively (Fig. 1, right).

PNA was positively correlated with AOA abundance for the 0–15 cm 
soil layer (R2 = 0.87, p = 0.021; Fig. 2, top left), but not for the deeper 
soil layers. PNA was positively correlated with Nitrobacter abundance for 
the 0–15 soil layer, (R2 = 0.876, p = 0.023; Fig. 2, top right) but not for 
the 15–30 and 30–60 cm soil layers, although the relationship for the 
former was marginally significant (R2 = 0.68, p = 0.088; Fig. 2, middle 
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Fig. 1. Potential nitrification activity, PNA, and abundances of ammonia oxidizing archaea, AOA, and Nitrobacter in the different soil layers (0–15 cm, 15–30 cm and 
30–60 cm depth) under the five forest tree species. One bar (colour) corresponds to one tree species.

Fig. 2. Relationships between PNA and the abundances of AOA (left) or Nitrobacter (right) at 0–15 (top), 15–30 (middle) and 30–60 cm (down) soil depths. One point 
corresponds to one tree species.
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and down right). AOB abundance was not correlated with PNA rates and 
no correlations were observed between PNA or nitrifiers abundances 
with soil pH (not shown).

3.3. Relationship between NO3
− fluxes and nitrifier activity and 

abundance with increasing soil depth

NO3
− fluxes over the monitoring period of 6 months were the highest 

at 15 cm soil depth, and the lowest at 60 cm soil depth, ranging from 
17.9 Kg NO3

− /ha/0.5 y under Douglas fir at 15 cm soil depth to 0.1 Kg 
NO3

− /ha/0.5 y under beech at 60 cm soil depth. (Fig. 3). NO3
− flux at 15 

cm soil depth was strongly and positively correlated with PNA (R2 =

0.84, p = 0.0298), AOA abundance (R2 = 0.98, p = 0.0012) and Nitro
bacter abundance (R2 = 0.99, p = 0.0002; Fig. 3, top) for the topsoil. 
NO3

− fluxes at 30 cm and 60 cm were strongly and positively correlated 
with Nitrobacter abundance (R2 = 0.92, p = 0.0095 and R2 = 0.82, p =
0.0342, respectively) at 15–30 and 30–60 cm soil layers, respectively 
(Fig. 3, middle and bottom right), whereas no correlation was observed 
between these fluxes and PNA or AOA abundance. The relationships 
between NO3

− fluxes calculated for different time periods ranging from 
30 to 90 days and nitrifier activity or abundance showed consistent 
results with those obtained when considering fluxes over the 6-months 
period (Table S2).

3.4. Relationship between NO3
− leaching in the deeper soil layers and 

nitrifier activity and abundance in the topsoil

NO3
− leaching flux at 60 cm soil depth was strongly and positively 

correlated with Nitrobacter abundance (R2 = 0.88, p = 0.021; Fig. 4 top 
left) for the 0–15 cm soil layer. In addition, NO3

− leaching flux at 60 cm 
soil depth was strongly and positively correlated with values of weighted 
mean PNA (R2 = 0.82, p = 0.035; Fig. 4 down left) and Nitrobacter 

abundance (R2 = 0.85, p = 0.026; Fig. 4 top right) calculated across the 
0–60 cm soil profile. No correlation between the NO3

− leaching flux at 
60 cm and AOA abundance was observed (Fig. 4, down right).

4. Discussion

The main objective of our study was to test to what extent NO3
−

leaching in the soil profile is related to the vertical distribution of 
nitrifier activity and abundance by comparing monocultures of tree 
species with contrasting BNI capacities. This is an interesting approach 
because tree species with a BNI capacity exert a direct and strong effect 
on soil nitrification. No replicates of the monoculture stands at the 
Breuil-Chenue common garden experiment were setup in the 1970s to 
favor the size of the monoculture plots (1000 m2 each). Therefore, the 
replications used here are pseudo-replicates. In ecology and forestry, 
technical and budgetary constraints often impose a trade-off between 
replication power and realism regarding biological complexity (Stewart 
et al., 2013; Osmond et al., 2004). Still, it was verified just before the 
plantation in 1976 that soil characteristics such as nutrients concen
trations and pH did not significantly vary across the experimental site 
(Bonneau et al., 1977; Ranger et al., 2003).

4.1. Differences in potential nitrification activity between BNI and non- 
BNI species are higher for topsoil than for deeper soil layers

Previous work demonstrated that forest tree species have the ca
pacity to strongly influence soil nitrification (Moukoumi et al., 2006; 
Zeller et al., 2007), which was confirmed here. 43 years after plantation, 
spruce and Nordmann fir were associated with potential nitrification 
rates in the topsoil lower than those associated with Corsican pine and 
Douglas fir. This is consistent with studies reporting the capacity of these 
tree species to inhibit nitrification for the same site (Laffite et al., 2020; 

Fig. 3. Relationships between the NO3
− flux measured at 15 (top), 30 (middle) and 60 cm soil depths (bottom), and PNA (left), AOA abundance (middle) or 

Nitrobacter abundance (right) at 0–15 (top), 15–30 (middle) and 30–60 cm (down) soil depths. One point corresponds to one tree species.
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Florio et al., 2021a). However, beech species – with no BNI capacity 
according to Laffite et al. (2020) – exhibited PNA rates comparable or 
lower than those obtained for species with BNI capacities. Similarly, 
previous studies reported significantly low net nitrification for beech 
(Zak et al., 1989; Bárta et al., 2017; Florio et al., 2021a) and Verchot 
et al. (2001) observed highly variable net nitrification rates in beech 
stands, with some exhibiting near-zero rates. This indicates that beech 
influence on nitrification might not be stable with time, and this tem
poral variability would require further investigations. However, except 
for beech, values of PNA observed in this study for the four other tree 
monocultures were well correlated with those observed for soils 
collected in the same experimental site by Laffite et al. (2020).

Nitrification potentials drastically decreased with increasing soil 
depth under both BNI and non-BNI species. Microbial activity is 
generally higher in the surface soil than at greater depths (Speir et al., 
1984), because of the accumulation of litter derived soil organic matter 
which is a source of energy and nutrients for microorganisms, (Bauer 
et al., 2000). However, the observed decrease was particularly high for 
the non-BNI species Douglas fir and Corsican pine, where PNA decreased 
by up to 85 % in the deepest layer of the profile compared to the upper 
soil layer. In contrast, for beech and BNI species, PNA decreased only by 
about 50 %. In addition, values of PNA for non-BNI species at deep soil 
layers were comparable to those for BNI species at the same soil depth. 
In addition, soil NO3

− concentrations were correlated with PNA rates for 
topsoil but not for deeper soil layers. These findings indicate that (i) BNI 
activity might be located mainly in the topsoil rather than at deeper soil 
layers, and (ii) the overall decrease in PNA along the soil profile might 
be mainly attributed to limitation by N. One explanation would be that 
BNI compounds released by root exudation and/or litter decomposition 
are characterized by a low mobility in soils. For agricultural and 

grassland ecosystems, it has been observed that hydrophilic or hydro
phobic BNI compounds are released from plants into the soil (Subbarao 
et al., 2013). Difference in BNI compounds mobility in soil depends on 
their differential solubility and/or affinity to water. Whether hydro
philic BNI compounds are more likely to move out of their sources which 
may enhance their capacity to inhibit nitrification distant from com
pound sources, hydrophobic compounds may remain close to roots and 
litter as they are strongly adsorbed on soil mineral or organic particles 
(Subbarao et al., 2015). The hydrophobic compounds movement in soil 
occurs primarily via diffusion across concentration gradients (Subbarao 
et al., 2013). Yet, identification and characterization of the compounds 
responsible for BNI, which was beyond the scope of this study, remain to 
be investigated. In addition, the presumable exudation of BNI com
pounds from roots might depend on root density and biomass along the 
soil profile. A decrease in root density with soil depth is generally 
observed in temperate forest ecosystems (Persson, 1983; Burke and 
Raynal, 1994), which could result in a decrease in the exudation flux 
with depth, as already observed for the BNI grass species Hyparrhenia 
diplandra (Lata et al., 2000). Further studies on the relationships be
tween BNI capacity by forest tree species and root functional traits (e.g. 
root density, biomass, root length…) considering the soil depth are 
needed.

4.2. Potential nitrification activity rates along the soil profile are mainly 
related to Nitrobacter abundance

The abundance of AOA and Nitrobacter in the topsoil followed the 
same pattern as that observed for PNA. Indeed, nitrification rates were 
significantly correlated with the abundances of AOA for soils at 0–15 cm 
depth. No correlation was observed between nitrification rates and AOB 

Fig. 4. Relationships between the NO3
− flux at 60 cm depth and values of Nitrobacter abundance at 0–15 cm (top left), the mass weighted-mean values of PNA (down 

left), AOA abundance (down right) and Nitrobacter abundance (top right) across the 0–60 cm soil layer.
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(Florio et al., 2021a), Nitrospira or comammox bacteria (Laffite et al., 
2020) for soils at 0–15 cm at the same experimental site. This is 
consistent with a large body of literature suggesting that AOA would be 
the main players of ammonia oxidation in forest soils (Stopnǐsek et al., 
2010; Zhang et al., 2012). This would be due to a higher substrate af
finity and a better adaptation of AOA to catalyze reactions in acidic and 
N-deficient soil environments, typical for forest soils, than AOB 
(Verhamme et al., 2011; He et al., 2012; Hu et al., 2015). As for potential 
nitrification, AOA and Nitrobacter abundances for non-BNI species 
decreased with increasing soil depth. However, AOA abundance for the 
beech and the BNI species did not decrease with depth, and sometimes 
even increased. Previous studies found that AOA increased with depth in 
oak and cypress forest soils (Onodera et al., 2010). Deeper horizons have 
much less plant inputs of N (Button, 2022) as compared to the topsoil. 
This is even more the case for BNI soils, whose deeper soil showed less 
total C and total N than non BNI soils (Table S1). The increasing abun
dance of AOA with depth observed for BNI soils could be attributed to 
their abilities to thrive in oligotrophic conditions as opposed to AOB 
(Florio et al., 2014). In addition, AOA abundance were correlated with 
PNA from both BNI and non-BNI species only for the topsoil. Further, we 
observed low nitrification rates for deeper soil layers despite high 
abundances of AOA, and changes in PNA were not explained by soil pH 
values (not shown). These results are thus not consistent with a tree 
species effect on nitrification mostly mediated by an effect on ammonia 
oxidizers and/or pH. However, ammonia oxidizer populations, here 
quantified by DNA-based quantitative PCR, might have been only 
partially functional. This could be further explored in future research by 
determining to what extent ammonia oxidizer populations are func
tional using RNA-based approaches.

Concurrently, the abundance of Nitrobacter strongly decreased along 
the soil profile for each tree monoculture, and was strongly correlated 
with PNA. This strong decrease of Nitrobacter abundance may be 
explained by the decrease in both oxygen availability and organic car
bon sources with increasing soil depth, since Nitrobacter are particularly 
sensitive to these two parameters in soil (Le Roux et al., 2016). More 
specifically, Nitrobacter abundance showed 500-fold changes between 
soils under Nordmann fir and Douglas fir, i.e. species with and without 
BNI capacity, respectively, whereas AOA showed only 6-fold changes 
between these two tree species. In addition, Nitrobacter abundance, not 
AOA, was correlated with PNA rates for subsurface soils. Although 
temporal variability considered in our study was restricted, we observed 
consistent results on values of PNA, AOA and Nitrobacter abundances as 
those obtained by Laffite et al. (2020) on the same long-term experi
mental site, on the same plots and for the same soil layers (Fig. S2). 
Taken together, these results showed that nitrification was mainly 
related to Nitrobacter abundance for topsoil, and suggests that Nitro
bacter may have a prominent role in nitrification from forest soils under 
tree species with BNI capacity.

4.3. Nitrobacter abundance across the soil profile is the main determinant 
of soil NO3

− fluxes at deep soil layers

The NO3
− flux over a period of 0.5 years under the BNI tree species 

were 8-fold lower than the flux associated with the non-BNI species 
(with the exception of beech). This was consistent with many other 
studies at the same experimental site (Andrianarisoa et al., 2010; 
Moukoumi et al., 2006; Zeller et al., 2007; Legout et al., 2016; Florio 
et al., 2021a) showing that values of NO3

− concentrations in the soil 
solutions and NO3

− leaching fluxes under Douglas fir and Corsican pine 
were higher than those under spruce and Nordmann fir. High NO3

−

concentrations in surface and groundwater cause eutrophication of 
natural ecosystems and are a major concern for water quality (Myrold, 
1999), especially when exceeding the European legal drinking water 
limit set at 50 mg L− 1 (Council Directive 98/83/EC). Excess NO3

− pro
duction over the entire soil profile, i.e. when its production > its con
sumption, is a net source of H+ in soil causing soil acidification (Reuss 

and Johnson, 2012). From a H+ budget point of view, the excess NO3
−

production in the topsoil acidifies soil solution. Proton neutralization in 
soil is very fast and first leads to a desaturation process eliminating the 
nutrient cations (i.e. Ca, Mg, K), and then to a mobilization of Al, a toxic 
element for plant roots and to aquatic organisms (Cronan and Grigal, 
1995; Igbokwe et al., 2019), which is transferred in the soil along with 
NO3

− (Reuss and Johnson, 1986). At the Breuil-Chenue site, these pro
cesses are attested by the significant correlations between NO3

− and Ca or 
Mg and Al in the soil solution (Legout et al., 2016), resulting in nutrient 
cations depletion from the topsoil of Douglas fir and Corsican pine and 
NO3

− leaching into surface water or groundwater.
Changes in nitrate leaching with depth might be linked to increased 

NO3
− consumption, e. g., by denitrification. In our study, differences in 

potential denitrification activity for the 0–15 cm soil samples were not 
related to PNA rates or to NO3

− fluxes at 15 cm (not shown). Soil under 
the five tree species investigated at the Breuil-Chenue experimental site 
is well drained (Supplementary Fig. S4) and is developed on granite, its 
texture being quite constant over the soil profile (Supplementary 
Table S3), without any drastic change in porosity. Considering these 
findings, we may hypothesize that the redox conditions are fairly stable 
along the soil profile. However, further investigation on relationships 
between NO3

− fluxes and denitrifier activity and abundance along the 
soil profile is needed.

To our knowledge, no study has attempted to relate differences in 
NO3

− fluxes in the soil under tree species to differences in soil nitrifying 
communities. Here, by computing weighted mean values of nitrifier 
activity and abundance, we showed that NO3

− fluxes are explained by the 
abundance of Nitrobacter community across the 0–60 cm soil profile. 
Specifically, we demonstrated that Nitrobacter abundance in the up
permost 10 cm had a significant role in explaining NO3

− fluxes from soil. 
In this context, the abundance of Nitrobacter community seems an 
interesting proxy for water quality at the plot scale, and a promising tool 
to understand and predict the risk of NO3

− leaching from soils in these 
temperate forest ecosystems.

4.4. Conclusions

In this study, we investigated tree species effect on soil processes by 
monitoring soil solution and element fluxes, which are one of the most 
reactive components of the ecosystem (Zabowski and Ugolini, 1990), 
and thus represent a dynamic and integrative indicator (Robertson et al., 
2000). Although monitoring soil solution is a powerful tool to address 
these ecological questions in forest ecosystems, the associated difficulty 
and cost are often a barrier to this approach at a large scale. In our study, 
we showed that (i) differences in NO3

− fluxes under different tree species 
were related to their BNI (or no BNI) capacities, and that (ii) NO3

− fluxes 
depend on the abundance of Nitrobacter community across the soil 
profile at the plot scale, thus validating our two hypotheses. It has 
recently been shown that excess in NO3

− production under species 
stimulating nitrification like Douglas fir drives NO3

− concentration in the 
stream water at the catchment scale (Paul et al., 2023). Furthermore, 
NO3

− production and consumption, i.e. via denitrification leading to the 
emissions of the potent greenhouse gas N2O, might be decoupled in soils 
under Douglas-fir (Florio et al., 2021b), thus exacerbating the risk of 
NO3

− leaching through the soil profile. In this context, studies are needed 
to evaluate whether and how forest tree species with contrasting ca
pacity regarding N uptake influence NO3

− leaching from soil and sub
sequent NO3

− concentrations in streams at the forest catchment scale and 
over longer periods.
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