
Frontiers in Forests and Global Change 01 frontiersin.org

Carbon sequestration and 
nitrogen loss drive the evolution 
of French forest soils
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The temporal change of soil chemistry in the forest floor and mineral soil down 
to a depth of 40  cm was assessed for the 102 permanent plots of the French 
Network for the Monitoring of Forest Ecosystems (RENECOFOR), over a 15-
year period (from 1993–1995 to 2007–2012). In examining the separate and 
joint evolutions of a large set of parameters, many significant changes were 
detected reflecting the fact that French forest soils were not in a steady state. 
A significant increase in soil organic carbon (SOC) stocks was found, mainly in 
the surface soil (13.0% increase over the forest floor and the 0–10  cm layer). 
Conversely, the relative increase of the total nitrogen (Ntot) stocks was lower 
in the surface soil (4.8% increase), and a general and sharp decline of Ntot was 
detected between 10 and 40  cm depth (12.0% decrease). These results led to a 
substantial raise of C/N ratio over the whole soil profile. Another major finding is 
the difference in soil acidification recovery depending on the initial trophic level. 
In highly acidified contexts (top soil pH H2O  <  4.5), increased soil acidification 
(pH and base saturation decrease, exchangeable Al increase) over the profile 
was observed while exchangeable base cation (Ca, Mg, K) pools increased. On 
the other hand, less acidic soils saw their global buffer capacity enhanced. These 
observations contrast with what is measured in other European inventories. 
While a previous study carried out on the same plots and over the same period 
highlighted SOC as a major driver of soil evolution in the top mineral soil, the 
possible mechanisms behind the large N decrease in the lower mineral soil 
remain to be confirmed.
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1 Introduction

Over the last decades, the magnitude of human-induced environmental changes has raised 
serious concerns about the evolution of soils, and their capacity to ensure the long-term 
provision of ecosystem services, including water and nutrient cycling regulation, support for 
biomass production, carbon sequestration and habitat for soil fauna and micro-organisms 
(Adhikari and Hartemink, 2016; Pereira et al., 2018). For forests, atmospheric deposition of 
sulfur (S) and nitrogen (N) pollutants, together with climate change, are two main interacting 
drivers of changes (Hyvönen et al., 2007; de Vries et al., 2014; Wang et al., 2022), with complex 
feedbacks on ecosystem functioning. As N is a major nutrient for both plants and microbes, 
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any modification in its supply is expected to steer ecosystem patterns 
and functions onto trajectories of change. Nitrogen deposition has 
indeed the potential to increase ecosystem C sequestration through 
increased productivity (Bontemps et al., 2011; Ferretti et al., 2014; 
Gentilesca et al., 2018; Etzold et al., 2020), increased soil C inputs as 
well as soil organic matter stabilization and reduced decomposition 
(Berg and Matzner, 1997; Janssens et al., 2010; Whittinghill et al., 
2012; Maaroufi et  al., 2019; Mayer et  al., 2020). This potential is 
however strongly dependent on the N status of the site, as well as on 
possible limitations related to climate, water or nutrient availability 
(Kint et al., 2012; Mausolf et al., 2020). External N inputs can also 
affect the acid–base relationships of the N cycle, resulting in 
contrasting impacts on the net soil acidification and leaching of 
cations depending on the form in which N is deposited, the associated 
cation(s) or anion(s) load, as well as on the initial acid–base status of 
soil (Reuss and Johnson, 1986; Erisman and De Vries, 2000). Aside the 
form of N deposition, its intensity and duration are also critical as 
surpassing ecosystem retention capacity will lead to N saturation with 
adverse effects on biodiversity, seepage water quality and tree growth 
and vitality (Aber et al., 1998; Veresoglou et al., 2014; de Vries and 
Schulte-Uebbing, 2019; Toïgo et al., 2020). Detecting changes in soil 
properties and functions is therefore essential to correctly assess their 
consequences in terms of provision of ecosystem services and long-
term soil fertility.

This led to the implementation of various monitoring plans, 
such as the International Co-operative Program on Assessment and 
Monitoring of Air Pollution Effects on Forests (ICP Forests), which 
comprises a network of intensively monitored forest sites (level II 
plots) distributed across Europe (de Vries et al., 2003; Lorenz and 
Fischer, 2013; Schwärzel et al., 2022). A fundamental requirement 
of those networks is to adopt harmonized and standardized 
methods framed by quality insurance and quality control measures 
giving rise to high-quality monitoring data (Ferretti et al., 2021). 
Such a robust methodological framework is notably essential to 
control the sources of variability involved at each step of the 
monitoring process, from sampling to analysis, and to provide 
reliable estimates of temporal changes. For forest soils, sampling is 
particularly challenging, due to the considerable vertical and lateral 
heterogeneity associated with forest sites (Cools and De Vos, 2013; 
Jandl et al., 2014).

While changes in forest soil properties are being increasingly 
documented, a wide diversity of responses has been reported, 
depending notably on soil type (Vanguelova et al., 2010; Cools and De 
Vos, 2011; Schmitz et al., 2019; Hazlett et al., 2020), soil layer depth 
(Cools and De Vos, 2011; Ahrends et al., 2022; Clesse et al., 2022), 
species composition (Trum et al., 2011; Cremer and Prietzel, 2017; 
Rehschuh et al., 2021; Ahrends et al., 2022; Clesse et al., 2022), forest 
management (Knoepp and Swank, 1997), topographic location and 
hydrology (Fraser et al., 2019), as well as N and S deposition levels and 
trends (Kirk et al., 2010; Lawrence et al., 2015; Schmitz et al., 2019). 
This strongly calls for further investigations on a wider range of 
situations in terms of initial conditions, including land-use legacies, 
and combinations of drivers (Perring et al., 2016). In addition, reliable 
estimates of soil changes are still highly needed to serve as benchmark 
values for comparison with model predictions, which highlights the 
need to combine monitoring and modeling approaches for a better 
understanding of the underlying processes (De Vos et al., 2015). Even 
if the uncertainties associated with measured changes may be large, 

they can be precisely quantified and reported consistently over time, 
in contrast with most model predictions (Canham et al., 2003).

On the other hand, it seems that the potential of those monitoring 
networks for assessing environmental changes is still largely under-
exploited due to the frequent oversight of the interrelationships 
between changes. Up to now, most reports focused on responses to 
specific drivers by looking at dedicated indicators of changes being 
related to C sequestration (Grüneberg et al., 2013; Frey et al., 2014; 
Jonard et al., 2017; Bowden et al., 2019), soil acidification (Kirk et al., 
2010; Cools and De Vos, 2011; Ahrends et al., 2022; Seaton et al., 2023) 
or soil eutrophication (Boxman et  al., 2008; Iost et  al., 2012; 
Verstraeten et al., 2017; Johnson et al., 2018). Surprisingly, only few 
studies consistently addressed the simultaneous change of diverse soil 
parameters (Clesse et al., 2022; Thai et al., 2023), with most of them 
consisting mostly of separate reports of change for the individual 
parameters (Reynolds et al., 2013; Jandl et al., 2022).

Using an integrated approach of soil changes rather than 
independently focusing on few parameters presents a series of key 
advantages. First, such an approach gives the opportunity to further 
assess the consistency of changes, by checking whether the correlations 
between temporal changes in soil parameters agree with expected 
evolutions based on spatial correlations or theory. Second, it allows to 
analyze the response to specific drivers or processes by looking 
simultaneously at different, complementary, indicators. For example, 
considering acidification, this would mean investigating not only soil 
pH but also base saturation (BS) or targeted components of soil Acid 
Neutralizing Capacity (ANC). Third, using a common framework 
including simultaneously all changes makes it possible to investigate 
the causal relationships, interactions and hierarchy between the 
observed changes and associated processes. While helping in 
understanding, it also contributes to rule out some flawed hypothesis 
or conclusion that could otherwise be pointed out if only one single 
change was considered in isolation from the others. For example, 
whereas soil organic carbon (SOC) is known to impact many soil 
properties (Murphy, 2015; Solly et  al., 2020), its change is rarely 
investigated together with other soil changes. In other respects, pH 
change in many monitoring programs is most often analyzed in 
relation to changes in external drivers such as atmospheric deposition, 
while it might also arise from modifications in the properties of the 
soil itself, such as notably SOC change (Ritchie and Dolling, 1985; 
Rukshana et al., 2011). Finally, combining a whole set of parameters 
into a single analysis offers the opportunity to detect contrasting 
trends between parameters, which might point out specific processes 
and enable to predict changes in soil trajectory. For example, 
contrasting patterns between C and N variations might suggest 
specific mechanisms, with implications on SOC sequestration (Knorr 
et al., 2005; Su et al., 2022).

The RENECOFOR network was created in 1992 as the French 
part of the ICP Forests intensive (Level II) monitoring network. The 
strength of its soil dataset lies in (i) the large number of monitored 
plots (102) covering a vast panel of ecological contexts, (ii) the strict 
comparability of data (analyses carried out on the same plots and with 
identical methods at each campaign) and (iii) the nested sampling 
design allowing careful control of the spatial heterogeneity at plot 
scale. Using the soil data from two sampling campaigns (1993–1995 
to, 2007–2012, average time span between campaigns = 15 years) 
carried out within the RENECOFOR network, the specific objectives 
of our research were therefore to:
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 (i) detect and quantify the temporal changes of a wide range of soil 
chemical parameters over the monitoring period;

 (ii) analyze the interrelationships between the temporal changes in 
these various parameters;

 (iii) characterize the patterns of change as a function of depth 
(holorganic horizons; 0–10, 10–20, and 20–40 cm mineral 
soil layers).

We hypothesized that those changes were driven by SOC 
sequestration (Jonard et al., 2017), as well as by the recent decreased 
trend in inorganic N inputs after the historic enhanced N deposition, 
especially since the 1950’s (Waldner et al., 2014; Engardt et al., 2017). 
While we report the specific evolution of each parameter, our main 
focus is on how the changes are interrelated and vary across the 
soil profile.

2 Materials and methods

2.1 Soil sampling

Soil sampling was carried out in the French Level II forest 
monitoring plots (RENECOFOR network). The 102 plots are 
distributed over the French territory excluding overseas territories, 
and cover a wide range of climates, soil types and tree species 
(Figure 1; Table 1). Soil sampling was first conducted between 1993 
and 1995, and then repeated between 2007 and 2012. Within the 
0.5 ha central zone of each plot, the individual forest floor horizons 
(litter (Ol), fragmented (Of), and humic (Oh) horizons) and three 
mineral soil layers (0–10 cm, 10–20 cm and 20–40 cm) were sampled 
separately on 5 subplots of 13.5 m × 13.5 m each, located at the center 
and in the four corners (Figure 2). For each subplot, one composite 
sample per horizon or layer was obtained from five individual 

sampling points selected among the 16 intersections of a systematic 
grid (4.5 × 4.5 m), to account for local site variability while avoiding 
disturbed areas (logging residues, skidder tracks) and proximity to 
living trees. For the forest floor, the three horizons were collected 
separately, using a 30 cm × 30 cm frame after discarding the living 
material (other than fine roots), the branches of a diameter greater 
than 0.5 cm and the fresh fruits. Three underlying mineral soil layers 
based on soil depth (0–10, 10–20, 20–40 cm) were also sampled 
separately by digging a small pit over an approximately 50 cm × 50 cm 
area. For each mineral layer, an undisturbed soil sample was first taken 
with a Kopecky cylinder (250 cm3, h = 5 cm, Ø = 8 cm) to measure bulk 
density, and the remaining soil was then sampled for chemical 
analyses. The same protocol was followed for both soil surveys, except 
that the subplots were moved by 1.5 m in a fixed direction per plot 
during the second campaign to avoid any possible soil disturbance 
resulting from the previous sampling. For a given plot, the soil was 
sampled during the same season for both surveys. A more 
comprehensive description of the sampling grid soil is provided in the 
guidebook of Ulrich et al. (2009). In addition to this nested sampling 
design, two soil pits were opened per plot during the first survey to 
characterize the soil horizons down to a depth of 1 meter and to 
estimate the volumetric coarse fragment content (see below).

2.2 Soil sample processing and data quality 
control

All samples for chemical analysis were first oven-dried at 35°C for 
24 h. For the forest floor, the dry to fresh mass ratio was determined 
on subsamples oven-dried at 105°C until constant weight, and the 
chemical analyses were performed after grinding. For the mineral soil 
layers, all samples were passed through a 2-mm sieve and those for 
fine earth bulk density measurements were further oven-dried at 
105°C before being weighed.

All chemical analyses were performed according to French and 
international standards by one single reference laboratory (Laboratory 
of Soil Analyses, INRAe Arras, France), using the same methods for 
both campaigns. This laboratory is routinely involved in ring test 
analyses, and was selected to assess the uncertainty of SOC 
concentrations by multi-laboratory analysis in the frame of the BioSoil 
project (De Vos et al., 2015). Soil pH was determined in the mineral 
layers according to NF ISO 10390 (2004) using a glass electrode in a 
1:5 (V/V) suspension of soil in deionized water (pH H2O), and in a 
solution of 0.01 mol.L−1 calcium chloride (pH CaCl2). SOC content of 
the forest floor and 0–10 cm layers was determined by dry combustion 
after decarbonation according to the Dumas method (NF ISO 10694, 
1995). For the 10–20 cm and 20–40 cm layers, SOC was determined 
by sulfochromic oxidation at a temperature of 30°C after 
decarbonation according to the Anne method (variant of the Walkley-
Black method; NF X31-109, 1993). Total nitrogen (Ntot) of the forest 
floor and 0–10  cm layers was determined by dry combustion 
according to NF ISO 13878 (1998), while Ntot of 10–20  cm and 
20–40 cm layers was measured according to the Kjeldahl method (NF 
ISO 11261, 1995). Total K, Ca, and Mg were extracted from the forest 
floor layers by hydrofluoric and perchloric acid according to NF ISO 
14869-1 (2001), then measured by flame atomic absorption 
spectroscopy (FAAS) for Ca and Mg, and by flame atomic emission 
spectroscopy (FAES) for K.

FIGURE 1

Location of the 102 French ICP Forests level II plots.
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Extractable phosphorus (P) in the mineral soil layers was 
quantified either by the Dyer method for samples with pH CaCl2 < 6.5 
(NF X31-160, 1993), or by the Joret-Hébert procedure (NF X31-161, 
1993) for samples with a pH CaCl2 > 6.5. The Dyer method involves a 
solution of citric acid monohydrate 20 g.L−1 and a 1:5 ratio (w/v), 
while P is extracted with a solution of ammonium oxalate 0.1 mol.L−1 
using a 1/25 ratio (w/v) with the Joret-Hébert method. In both cases, 
P is determined by colorimetry. Exchangeable cations (K, Ca, Mg, Al) 
were extracted with a solution of barium chloride (0.1 mol.L−1) in a 
1:10 mass/volume ratio according to NF ISO 11260 (1994), then 
measured by FAAS. Exchangeable Al was measured either by 
titrimetry (1st campaign) or ICP (2nd campaign), on all samples with 
a pH CaCl2 < 7.

Values below the Limit of Quantification (LOQ) were set to either 
LQ or LQ/2, the latter being used when the parameter was included 
in sums or ratios. As in practice exchangeable Al concentrations in 
soils with pH CaCl2 > 6.5 were generally below the LOQ, the 
corresponding values were set to 0 for all those samples.

Carbonated soil samples were excluded from temporal change 
analysis of exchangeable Ca and Mg, since BaCl2 extraction is known 
to partly dissolve the carbonates (Dohrmann and Kaufhold, 2009; Nel 
et  al., 2023). Similarly, soil samples involving different analytical 
methods between campaigns regarding extractable P (Dyer vs. Joret-
Hébert procedures) were not considered when analyzing changes in P.

Finally, the whole data set was systematically checked for 
possible outliers. One individual measurement was considered as 

TABLE 1 Soil types, altitude, ranges for the main climatic variables and number of RENECOFOR plots by main tree species.

Tree species Soil types (WRB) Altitude (m) Mean precipitation 
(mm)*

Mean annual 
temperature (°C)*

Number of 
plots

Quercus robur Eutric Cambisols 20–370 651–1,163 9.7–13.4 9

Dystric Cambisols

Hyperdystric Cambisols

Haplic Luvisols

Quercus petraea Dystric Luvisols 55–330 663–1,103 9.2–11.7 19

Mixture of Quercus 

petraea and Quercus 

robur

Dystric Luvisols 80–350 698–920 9.8–10.8 2

Gleyic Luvisols

Entic Podzols

Pseudotsuga menziesii Eutric Cambisols 375–700 906–1,522 9.1–12.2 6

Dystric Cambisols

Picea abies Eutric Cambisols 480–1,700 1,043–1,987 5.6–10.1 11

Rendzic Leptosols

Calcaric Cambisols

Dystric Cambisols

Fagus sylvatica Rendzic Leptosols 50–1,400 736–1,894 4.9–13.3 20

Calcaric Cambisols

Dystric Cambisols

Haplic Luvisols

Gleyic Luvisols

Larix decidua Rendzic Leptosols 1,850 922 6.7 1

Pinus nigra laricio 

corsicana

Eutric Cambisols 140–1,100 743–1,566 9.6–10.9 2

Entic Podzols

Pinus pinaster Entic Podzols 5–850 775–1,328 11–13.6 7

Eutric Cambisols

Rendzic Leptosols

Pinus sylvestris Dystric Cambisols 38–1,670 699–1,144 7.9–11.8 14

Gleyic Luvisols

Eutric Cambisols

Abies alba Eutric Cambisols 400–1,360 925–1,564 6.1–10 11

Dystric Cambisols

Rendzic Leptosols

Folic Umbrisols

*Mean annual precipitation and temperature were based on average climate between 1971 and 2000 computed by the AURELHY model (Météo France).
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outlier and the corresponding (subplot × layer) excluded from 
further analyses if the two following conditions were met 
simultaneously: (i) z-score of the individual measurement 
(calculated based on the 10 individual measurements of a plot × 
layer combination across the two campaigns) beyond ±2.58 
standard deviations and (ii) subplot value beyond the ±2.58 residual 
standard deviations confidence interval associated with the 
regression line between the two campaigns.

2.3 Calculation of ratios, sums, and stocks

Effective cation exchange capacity (ECEC) and base saturation 
(BS) were calculated as follows:

 ECEC Ca Mg K Al� � � �� �
exch. (1)

 
BS

ECEC
�

� �� �
�

Ca Mg K
exch. 100

 
(2)

As mentioned above for Ca and Mg, carbonated soil samples were 
not considered when comparing ECEC and BS among both soil 
campaigns as extraction with BaCl2 causes partial dissolution of 
carbonates, thereby giving rise to overestimation of these 
two quantities.

For the forest floor, the stocks of elements were calculated 
by multiplying their concentration by the dry mass of the 
layer, expressed per unit area for each plot at each sampling 
campaign. For the mineral layers, the stocks of SOC, Ntot, 
extractable P and exchangeable cations were calculated by 
multiplying the soil content of the element (Cx) by the soil bulk 
density (BD, in g.cm−3) and by the thickness of the layer (t, in 
cm), corrected for the fraction of coarse elements (CE) larger 

than 2  mm, estimated by visual observation of soil profiles, 
as follows:

 Stock C BD t CEx x� � � � �� �1  (3)

As bulk density measurements of the two soil surveys were not 
strictly comparable due to a change in the sieving technique (mostly 
manual for the first soil survey vs mechanical for the second), the use 
of a campaign-specific BD would bias the comparison of stocks. 
We  therefore compared the BD on a subset of 260 soil samples 
covering the diversity of soil types and the different soil layers that 
were sieved mechanically at both soil surveys, and found no significant 
differences between the first (1.031 g.cm−3) and second (1.027 g.cm−3) 
survey (p-value of the paired t-test = 0.71). Based on this, we assumed 
there was no change in BD and we  used BD values of the first 
campaign (the most complete) as a reference for all stock calculations.

2.4 Statistical analyses

Temporal changes of soil chemical parameters between the 
sampling campaigns were assessed for each depth individually by 
linear mixed models accounting for the correlation structure of the 
data set. These models included the sampling campaign as a fixed 
effect and accounted for the inter-plot variability with a random factor:

 
x � � � � � � �a plots plot0 0

2 2
, ,� � ��  

(4)

where x  is the soil property measure, as  is the parameter 
estimating the mean value of the soil property at each soil survey s, 
plot  is the random factor accounting for the plot effect with mean 
value zero and variance σ plot

2  and ε  is the residual term with mean 
value zero and variance 2

εσ .

FIGURE 2

Soil sampling design. The arrows in the right panel indicate the direction of the 1.5  m shift (here toward the North) between the first and the second 
campaigns.
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A change was considered as significant when the p value 
associated with the fixed effect was lower than 0.05.

Estimation of model parameters was performed using the method 
of Restricted Maximum Likelihood (REML). The linearity, 
homoscedasticity (Levene test), normality [skewness and kurtosis 
coefficients ranging between −2 and 2 to accept the normality of the 
distribution, Miller (1986)], and independence of residuals have been 
checked for all models. All chemical parameters (except for 
exchangeable Al) were not complying with Gaussian distribution. 
Data were therefore log-transformed before performing 
statistical tests.

When comparing large datasets, minor changes are sufficient to 
generate a significant effect (Lourel et al., 2011). To properly interpret 
the P levels of the fixed effect, we therefore calculated the effect size 
with the following indices: Eta2 (Cohen, 1973), Cohen’s d (Cohen, 
1988), Pearson’s correlation coefficient r (Rosenthal et al., 2000). Effect 
sizes were classified as small (Eta2 < 4%, Cohen’s d < 0.40, r < 0.20), 
medium (Eta2 4–16%, Cohen’s d 0.40–0.87, r 0.20–0.40) or high 
(Eta2 > 16%, Cohen’s d > 0.87, r > 0.40).

To study the relationships between the changes in the various 
chemical parameters, principal component analysis (PCA) and 
Spearman rank correlation were performed. PCA were performed 
using centered-reduced data at plot scale (individual sub-plot values 
minus plot mean calculated over the two soil surveys) so that inter-
plot variability has been removed, allowing to better highlight the 
temporal changes.

Finally, for illustrative purposes, we separated the plots into three 
classes of trophic levels, based on the mean pH H2O of the 0–10 cm 
mineral soil layer calculated over the two soil surveys: highly acidic 
soils with pH < 4.5, intermediate soils with pH between 4.5 and 5.5, 
and low-acid soils with pH > 5.5. A linear mixed model including the 
interaction between ‘campaign’ and ‘soil trophic level’ was tested first. 
In case of a significant (p < 0.05) interaction, a linear mixed model 
similar to Equation (4) was then run separately for each trophic level 
to test for the campaign effect.

All statistical analyses were performed using the R version 3.0.2 
software (ade4 package, Dray and Dufour (2007) and nlme package, 
Pinheiro et al., 2013; R Core Team, 2013).

3 Results

3.1 Changes in SOC, N, C/N ratio, and total 
base cations in the forest floor

The temporal change of the main chemical parameters of the 
forest floor between the two sampling campaigns is presented in 
Table 2. We noted a significant 11.2% increase of SOC concentrations, 
while Ntot concentrations did not change significantly. Consequently, 
the C/N ratio increased sharply by 8.1% or 2.6 units. Total calcium 
(Catot) and total magnesium (Mgtot) concentrations increased 
significantly between the two campaigns with, respectively, 8.3 and 
10.9% increase. Total potassium (Ktot) concentrations did not display 
any significant change. As total litter mass did not change significantly 
over time (data not shown), the changes in stocks reflected the changes 
in concentrations.

3.2 Evolution of the chemical parameters in 
the mineral soil

3.2.1 Evolution of SOC, Ntot, C/N ratio, and P
Similarly as aforementioned for the forest floor, a significant 

increase of SOC stocks between the two sampling campaigns was 
also observed in the mineral soil when considering all 
investigated layers together (average stocks rising from 69.1 ± 27.9 
to 73.5 ± 29.9 MgC.ha−1 for the full 0–40 cm depth, average 6.4% 
increase; see Table 3). SOC accumulation over the investigated 
depth was mainly driven by the 0–10 cm layer (mean SOC stock 
increase of 14.1%), while no significant change was found for the 

TABLE 2 Average concentrations and stocks of soil chemical parameters in the forest floor for both sampling campaigns, mixed model parameters and 
effect size (NS, ↗ and ↘ symbols indicate, respectively, non-significant, positive and negative changes among campaigns; mentions of one, two or 
three symbols correspond, respectively, to low, medium and high effect sizes).

Soil chemical 
parameter

N 
obs

N 
plots

Average concentrations 
± standard deviation

Average stocks ± 
standard deviation

Model 
p-value

Effect 
size

Campaign 
1

Campaign 
2

Campaign 
1

Campaign 
2

Organic carbon (concentrations 

in g.kg−1; stocks in MgC.ha−1)
505 101

380.92 ± 73.12 423.41 ± 72.19 < 0.001 ↗↗

11.8 ± 12.2 13.0 ± 13.3 < 0.001 ↗

Total nitrogen (concentrations in 

g.kg−1; stocks in MgN.ha−1)
505 101

12.68 ± 3.39 12.77 ± 2.81 0.410 NS

0.4 ± 0.4 0.4 ± 0.4 0.139 NS

C/N 505 101 31.71 ± 9.26 34.28 ± 7.57 < 0.001 ↗↗

Total Ca (concentrations in g.kg−1; 

stocks in kg.ha−1)
505 101

8.07 ± 5.67 8.74 ± 6.37 < 0.001 ↗

187.2 ± 302.3 188.5 ± 285.8 0.007 ↗

Total Mg (concentrations in 

g.kg−1; stocks in kg.ha−1)
504 101

1.38 ± 0.89 1.53 ± 0.79 < 0.001 ↗↗

39.0 ± 51.3 43.1 ± 53.9 < 0.001 ↗

Total K (concentrations in g.kg−1; 

stocks in kg.ha−1)
505 101

4.57 ± 3.15 4.58 ± 3.80 0.266 NS

180.9 ± 333.9 177.6 ± 339.5 0.797 NS
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TABLE 3 Average concentrations and stocks (see Equation (3)) of soil chemical parameters in the mineral soil layers for both sampling campaigns, 
mixed model parameters and effect size (NS, ↗ and ↘ symbols indicate, respectively, non-significant, positive and negative changes among campaigns; 
mentions of one, two or three symbols correspond, respectively, to low, medium and high effect sizes).

Soil 
chemical 
parameter

Soil 
layer

N obs N plots Average concentrations ± 
standard deviation

Average stocks ± standard 
deviation

Model 
P-value

Effect 
size

Campaign 1 Campaign 2 Campaign 1 Campaign 2

Organic carbon 

(concentrations in 

g.kg−1; stocks in 

MgC.ha−1)

0–10 cm 500 100 46.18 ± 27.71 53.53 ± 35.19 30.6 ± 12.4 34.9 ± 13.8 < 0.001 ↗↗

10–20 cm 498 100 25.32 ± 18.28 26.03 ± 20.24 17.7 ± 8.3 18.2 ± 9.2 0.092 NS

20–40 cm 493 99 15.99 ± 13.23 15.59 ± 13.55 21.0 ± 11.6 20.7 ± 12.0 0.030 ↘

0–40 cm 491 99 24.61 ± 16.28 26.20 ± 18.47 69.1 ± 27.9 73.5 ± 29.9 < 0.001 ↗↗

Total nitrogen 

(concentrations in 

g.kg−1; stocks in 

MgN.ha−1)

0–10 cm 499 100 2.57 ± 1.68 2.82 ± 1.98 1.7 ± 0.7 1.8 ± 0.8 < 0.001 ↗↗

10–20 cm 499 100 1.59 ± 1.30 1.47 ± 1.32 1.1 ± 0.6 1.0 ± 0.6 < 0.001 ↘↘

20–40 cm 493 99 1.10 ± 0.96 0.95 ± 0.91 1.4 ± 0.8 1.2 ± 0.8 < 0.001 ↘↘↘

0–40 cm 491 99 1.52 ± 1.13 1.47 ± 1.17 4.2 ± 2.0 4.0 ± 2.0 < 0.001 ↘

C/N

0–10 cm 499 100 19.06 ± 5.61 20.52 ± 6.28 < 0.001 ↗↗

10–20 cm 499 100 17.91 ± 6.24 20.82 ± 8.46 < 0.001 ↗↗↗

20–40 cm 493 99 16.21 ± 5.87 19.18 ± 8.62 < 0.001 ↗↗↗

0–40 cm 489 99 17.33 ± 5.61 19.98 ± 7.74 < 0.001 ↗↗↗

Phosphorus 

(concentrations in 

g.kg−1; stocks in 

kgP.ha−1)

0–10 cm 494 100 0.039 ± 0.072 0.038 ± 0.070 25.83 ± 44.75 25.64 ± 43.39 0.268 NS

10–20 cm 489 100 0.032 ± 0.081 0.033 ± 0.090 23.89 ± 60.64 24.79 ± 66.34 0.117 NS

20–40 cm 474 98 0.035 ± 0.094 0.038 ± 0.105 46.92 ± 98.74 50.69 ± 112.23 0.471 NS

0–40 cm 468 98 0.035 ± 0.085 0.038 ± 0.093 97.96 ± 197.07 103.01 ± 212.95 0.400 NS

pH H2O

0–10 cm 499 100 4.78 ± 0.93 4.76 ± 0.98 0.008 ↘

10–20 cm 498 100 4.94 ± 0.99 4.95 ± 1.04 0.878 NS

20–40 cm 491 99 5.11 ± 1.05 5.18 ± 1.13 < 0.001 ↗

pH CaCl2

0–10 cm 498 100 4.11 ± 0.97 4.04 ± 1.00 < 0.001 ↘↘

10–20 cm 498 100 4.33 ± 0.98 4.30 ± 1.01 0.005 ↘

20–40 cm 492 99 4.53 ± 1.01 4.54 ± 1.09 0.472 NS

Exchangeable Ca 

(concentrations in 

cmolc.kg−1; stocks 

in molc.ha−1)

0–10 cm 462 96 3.12 ± 5.92 3.65 ± 6.95 2.21 ± 4.23 2.56 ± 4.85 < 0.001 ↗

10–20 cm 453 93 1.97 ± 4.46 2.31 ± 5.79 1.63 ± 3.75 1.85 ± 4.49 0.002 ↗

20–40 cm 428 90 1.32 ± 3.41 1.41 ± 3.85 2.56 ± 7.14 2.71 ± 8.04 < 0.001 ↗

0–40 cm 428 90 1.40 ± 3.12 1.53 ± 3.47 5.00 ± 12.03 5.41 ± 13.20 0.947 NS

Exchangeable Mg 

(concentrations in 

cmolc.kg−1; stocks 

in molc.ha−1)

0–10 cm 462 96 0.45 ± 0.49 0.56 ± 0.54 0.34 ± 0.40 0.41 ± 0.44 < 0.001 ↗↗↗

10–20 cm 453 93 0.27 ± 0.40 0.31 ± 0.44 0.23 ± 0.37 0.26 ± 0.40 < 0.001 ↗↗

20–40 cm 428 90 0.30 ± 0.54 0.32 ± 0.58 0.58 ± 1.19 0.61 ± 1.30 0.162 NS

0–40 cm 428 90 0.31 ± 0.46 0.35 ± 0.50 1.10 ± 1.87 1.23 ± 2.01 < 0.001 ↗↗

Exchangeable K 

(concentrations in 

cmolc.kg−1; stocks 

in molc.ha−1)

0–10 cm 500 100 0.17 ± 0.09 0.20 ± 0.10 0.12 ± 0.07 0.15 ± 0.08 < 0.001 ↗↗↗

10–20 cm 500 100 0.10 ± 0.06 0.11 ± 0.07 0.08 ± 0.05 0.09 ± 0.06 < 0.001 ↗↗

20–40 cm 493 99 0.09 ± 0.07 0.09 ± 0.07 0.15 ± 0.15 0.16 ± 0.17 < 0.001 ↗

0–40 cm 493 99 0.11 ± 0.07 0.12 ± 0.07 0.35 ± 0.26 0.39 ± 0.29 < 0.001 ↗↗

Exchangeable Al 

(concentrations in 

cmolc.kg−1; stocks 

in molc.ha−1)

0–10 cm 485 98 2.76 ± 2.31 3.01 ± 2.60 1.87 ± 1.37 2.02 ± 1.48 < 0.001 ↗↗

10–20 cm 474 96 2.33 ± 1.61 2.56 ± 1.84 1.80 ± 1.15 1.95 ± 1.22 < 0.001 ↗↗

20–40 cm 466 95 1.85 ± 1.30 1.90 ± 1.31 3.01 ± 2.46 3.11 ± 2.52 0.120 NS

0–40 cm 465 95 2.19 ± 1.42 2.33 ± 1.52 6.75 ± 4.36 7.17 ± 4.52 < 0.001 ↗

ECEC 

(concentrations in 

cmolc.kg−1; stocks 

in molc.ha−1)

0–10 cm 461 96 6.63 ± 5.72 7.55 ± 6.74 4.62 ± 4.13 5.21 ± 4.71 < 0.001 ↗↗

10–20 cm 452 93 4.76 ± 4.38 5.37 ± 5.65 3.80 ± 3.83 4.20 ± 4.51 < 0.001 ↗↗

20–40 cm 425 90 3.70 ± 3.92 3.87 ± 4.41 6.51 ± 8.73 6.85 ± 9.83 0.009 ↗

0–40 cm 424 90 4.16 ± 3.45 4.48 ± 3.81 13.71 ± 14.03 14.70 ± 15.37 < 0.001 ↗↗

Base saturation 

(%)

0–10 cm 461 96 42.78 ± 30.79 44.84 ± 31.05 0.004 ↗

10–20 cm 452 93 30.33 ± 30.71 29.46 ± 30.55 0.001 ↘

20–40 cm 425 90 27.67 ± 28.21 26.60 ± 28.24 < 0.001 ↘

0–40 cm 424 90 29.62 ± 26.62 29.31 ± 26.29 < 0.001 ↘
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10–20  cm layer and SOC tended to decrease slightly in the 
20–40 cm layer (SOC stocks decreasing by 1.4%). In contrast to 
SOC, Ntot stocks significantly decreased over the 0–40 cm layer 
though to a limited extent (4.8% decrease). Ntot accumulation was 
proportionally lower than SOC accumulation in the 0–10  cm 
layer (from 1.7 ± 0.7 to 1.8 ± 0.8 MgN.ha−1, 5.9% increase). 
Conversely, N stocks significantly decreased in both the 10–20 cm 
(from 1.1 ± 0.6 to 1.0 ± 0.6 MgN.ha−1, 9.1% decrease) and the 
20–40 cm (from 1.4 ± 0.8 1 to 1.2 ± 0.8 MgN.ha−1, 14.3% decrease) 
layers. As a result, the C/N ratio increased throughout the profile 
by 7.7%, 16.2%, and 18.3% in the 0–10, 10–20, and 20–40 cm 
layers, respectively. In other respects, the mean C/N values were 
fairly homogeneous over the whole soil profile at the second 
inventory, while they gradually decreased with depth at the 
first inventory.

The extractable P did not exhibit any significant changes, neither 
in the different soil layers studied nor over the entire soil profile.

3.2.2 Evolution of soil pH, exchangeable cations, 
and base saturation

In the top mineral soil layers, pH significantly decreased between 
the two soil campaigns, although to a lesser extent for pH H2O (0.4% 
decrease), compared to pH CaCl2 (1.7% decrease; see Table 3). Though 
significant increasing (pH H2O for the 20–40 cm) or decreasing (pH 
CaCl2 for the 10–20 cm) trends were observed in the lower soil layers, 
they were always associated with a small effect size.

ECEC significantly increased in all mineral soil layers, with a 
medium effect size, except in the 20–40 cm where it was low. The 
percentage increase amounted to 12.8% and 10.5% in the 0–10 and 
10–20 cm layers, respectively.

The ECEC increase in the two upper mineral soil layers was 
associated with a significant increase of all exchangeable cations (K, 
Ca, Mg, Al). Yet, for each layer, changes in exchangeable Ca were 
characterized by low effect sizes (Table 3).

The change in base saturation (BS, see Equation (2)) was 
significant in all soil layers, though with a low effect size (Table 3). BS 
increased in the surface layer (4.8% increase) but decreased in all 
underlying layers (10–20  cm: 2.9% decrease; 20–40  cm: 3.9% 
decrease). Overall, a general BS decline of 1.0% was observed 
throughout the soil profile.

3.2.3 Joint evolution of the chemical parameters 
in the mineral soil layers

For each depth increment, the two first factorial axes of the PCAs 
(Figure 3) accounted for a large part of the total variance, though 
decreasing with depth, with 63.15%, 54.54%, and 49.30% for the 0–10, 
10–20 and 20–40 cm layers, respectively. The distance between the 
centroids associated to each sampling campaign strongly decreased 
with depth. In addition, the trajectories with respect to the two PCAs 
axes differed according to the soil layer. In the 0–10 cm, there was a 
general shift along the first PCA axis, toward enrichment in SOC, Ntot 
and exchangeable cations (ECEC, K, Mg), as well as a limited upward 
trend along the second axis reflecting an increased acidity. In the 
10–20 cm layer, the soil evolution appeared to be mainly driven by an 
increased acidification, as shown by the upward shift along the second 
PCA axis (increased exchangeable Al concentrations, decrease in pH). 
Regarding the 20–40 cm layer, the shift of soil properties between 
campaigns also reflected a change in soil acid–base status toward a 

higher acidity for the second campaign, even if this change was 
quite limited.

Many changes in soil parameters between the two campaigns 
were significantly correlated to each other, and most of them were 
observed in the three mineral soil layers, though with varying 
strengths in some cases (see Supplementary material S1 for Spearman 
rank correlation matrices for soil parameter changes in each layer). 
In all soil layers, there was an inverse correlation between change in 
pH H2O or pH CaCl2 and change in exchangeable Al, while the 
correlation between both pH changes was always positive. The change 
in SOC was positively related to the change in Ntot as well as in ECEC 
for all layers, while it was negatively related to change in pH CaCl2. 
There was a positive correlation between the change in ECEC and the 
change in all exchangeable base cations (K, Ca, Mg) throughout the 
soil profile; by contrast, the correlation between the change in ECEC 
and the change in exchangeable Al was only significant in the 10–20 
and 20–40 cm layers. Finally, for each layer, the change in BS was 
positively correlated with the change of pHs (H2O, CaCl2) and of all 
exchangeable base cations, but negatively related to changes in 
exchangeable Al.

3.3 Contrasted evolutions for different soil 
trophic levels

Aside the overall temporal evolution of soil parameters presented 
above for all soil types together, contrasted change patterns were 
found among the three considered different classes of trophic levels 
(Figure  4; Supplementary material S2). Highly acidic soils (pH 
H2O < 4.5), corresponding to nearly 50% of the plots, exhibited indices 
of further acidification process with a significant decrease in soil pHs 
(1.9 and 2.9% decrease for pH H2O and pH CaCl2, respectively) and 
an increase in exchangeable Al concentrations (10.1% increase) 
especially pronounced in the 0–10 cm soil layer and tending to weaken 
with increasing depth. Nevertheless, aside these acidification indices 
and the general decrease of BS, these soils also exhibited increasing 
exchangeable Ca (2.7% increase), Mg (12.5% increase) and K (12.5% 
increase) concentrations over the whole profile, though not 
significantly for the former element. In contrast, low-acid soils (pH 
H2O > 5.5) presented unchanged or increasing (pH H2O in the 
20–40 cm layer: 2.4% increase) pHs between the two campaigns, no 
significant change in BS, stable or decreasing (20–40  cm layer) 
exchangeable Al stocks and a general increase in exchangeable Ca, 
especially for the 0–40 cm layers (14.1% increase on average). Soils 
with initial pH H2O ranging between 4.5 and 5.5 showed intermediate 
change patterns for these properties. Another noticeable difference 
among trophic levels is the particularly sharp decrease of total 
nitrogen in the 10–40 cm soil layers of the highly acidic soils (21.5% 
decrease on average) compared with the corresponding lower 
reduction for low-acidic soils (6.4% decrease on average, significant 
for the 20–40 cm layer only), while changes of Ntot stocks in the upper 
mineral layer and the forest floor were weaker and close for all 
trophic levels.

For organic carbon, SOC stocks increased significantly in the 
0–10 cm mineral layer with similar relative amplitude for all soil 
types (14.3% increase on average). SOC relative change decreased as 
moving down in the profile to become significantly negative in the 
20–40  cm layer of the highly acidic soils (4.2% decrease) and 
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FIGURE 3

Principal Component Analysis (PCA) of normalized data according to soil layers (mineral soil only). The left plots show the projection of the subplot 
data clustered by campaign on the first two components. The right plots show the projection of variables on the same components.
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non-significant for the two other trophic levels. Regarding the forest 
floor, substantial increase of SOC stock (12.3% increase) was 
observed for highly acidic soils while the amplitude of the differences 
among campaigns decreased with increasing trophic level and was 

found to be non-significant for low-acidic soils. As a result of these 
patterns for Ntot and SOC, the C/N ratio rose significantly among 
campaigns in all cases, though with increasing differences from the 
forest floor (4.8% increase) to the lowest mineral soil layer (21.2% 

(Continued)
FIGURE 4
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increase) for the more acidic soils and inversely for the lowest ones 
(forest floor: 14.9% increase, 20–40  cm layer: 9.0% increase). 
Considering the whole profile, the average temporal increase of the 
C/N ratio raised with soil acidity.

4 Discussion

4.1 Overall consistency of detected trends 
and major soil changes

Significant changes were detected for many chemical parameters 
during t

15-year monitoring period, illustrating the potential of such 
network to highlight even small changes in soil properties while the 
risk of detecting “false” trends was limited by accounting for effect 
size (Sullivan and Feinn, 2012). The correlations between temporal 
changes in soil parameters were in agreement with well established 
relationships between soil parameters (positive relationship between 
ECEC and SOC, pH correlated negatively with exchangeable Al and 
positively with exchangeable Ca and Mg), which supports the 
observed trends. The observed trends were also in agreement with 
the reported evolution of key potential drivers (see below).

The relative or absolute change strongly differed according to the 
parameter or the soil layer. As expected and also reported by other 
authors (e.g., Lawrence et al., 2015; Berger et al., 2016; Fraser et al., 
2019), the change in the soil chemical properties tended to decrease 

with depth, with no or only limited effect in the 20–40 cm layer 
except for total N and the C/N ratio. However, when integrated over 
the whole soil profile (0–40 cm), the changes in some parameters 
including increase in C stocks, C/N ratio, ECEC as well as 
exchangeable K and Mg, were strong enough to be significant and 
associated to at least a medium size effect.

The mixed models together with the PCAs results showed 
contrasting evolution patterns between the top mineral 0–10 cm layer 
and the underlying 10–20 cm and 20–40 cm layers. For the topsoil, 
results from both analyses showed an increase in SOC, exchangeable 
cations (ECEC, base cations), acidity (lower pH, higher exchangeable 
Al) and total N contents. For the underlying layers, the dominant 
temporal change was an acidification trend (increase in exchangeable 
Al, decrease in pH) when considering the PCA results, while the 
mixed-models highlighted a decrease in Ntot, a moderate increase in 
all exchangeable cations (including Al) and no or little change in 
SOC. As the increase in ECEC could not be ascribed to SOC changes 
in these deep layers, the additional exchangeable base cations and Al 
should have replaced exchangeable sites occupied by a cation not 
accounted for in the calculation of ECEC. We hypothesize that this 
could be NH4

+, which could also explain the observed decrease of Ntot.

4.2 Major drivers of soil change

The evolution of soils may be ascribed to change in inputs and 
outputs of elements under solid, liquid and gaseous forms associated 

FIGURE 4 

Evolution of the soil chemical parameters in the different mineral soil layers (0 to 40  cm) according to the trophic levels for highly acidic soils (pH 
H2O  <  4.5, green), intermediate soils (pH H2O 4.5–5.5, red) and low-acid soils (pH H2O  >  5.5, blue) between the first (open symbol) and the second 
(closed symbol) campaigns. The overall evolution refers to the significance of the campaign effect over the whole data set [Table 3; Equation (4)]. The 
factorial effect refers to the interaction between campaign and the trophic level; when significant, a linear mixed model was run separately for each 
trophic level to test for the campaign effect (Supplementary material S2). Statistical significance levels are indicated as follows: *<0.10; *<0.05; **<0.01; 
***<0.001; NS, non-significant.
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with a range of processes. In the following section we will show how 
the reported recent change in two major element fluxes, namely, 
increase in C sequestration (Jonard et  al., 2017) and reduced 
inorganic N inputs (Waldner et al., 2014), contributed to the observed 
changes in soil chemistry within such a short time span.

4.2.1 SOC sequestration as a major driver of soil 
evolution in the top mineral soil

During the 15-year monitoring period, the SOC stocks 
significantly increased in the forest floor (+1.2 MgC) and in the 
0–10  cm mineral soil layer (+4.3 MgC), which resulted in an 
overall sequestration rate of 0.35 MgC ha−1 yr.−1 for the whole soil 
profile (Jonard et al., 2017). As the reasons of the SOC changes 
have been discussed in detail by Jonard et al. (2017), the present 
discussion will focus on the consequences those changes had on 
the overall soil properties of the top mineral soil layer. First, the 
increase in ECEC may be ascribed to the additional exchange sites 
resulting from the pH-dependent charge brought by SOM 
(Helling et al., 1964; Sparks et al., 2024). The ratio between the 
change in ECEC and the extra SOC concentrations amounts to ca 
0.12 cmolc g−1C in the 0–10  cm layer, which is lower than 
corresponding values reported in literature ranging between 0.2 
and 0.8 cmolc g−1C and averaging around 0.47 cmolc g−1C 
(Skyllberg et al., 2001; Gruba and Mulder, 2015). Nevertheless, 
these literature values refer to total cation exchange capacity, 
determined by adding the total titratable acidity to the sum of 
exchangeable base cations, while our ECEC values consider the 
latter component and only the part of total titratable acidity 
associated with exchangeable Al [see Equation (1)]. The relative 
rise in exchangeable base cations and Al accompanying the ECEC 
increase is governed by selectivity coefficients relating the 
composition of the solution and the exchanger (Bourg and 
Sposito, 2011). On average, exchangeable K and Mg were the two 
cations mostly associated to the increase in ECEC, while the 
change in exchangeable Al appeared to be  independent from 
change in ECEC and Ca showing an intermediate status (Figure 3). 
Second, the increase in SOC may also have contributed to the 
limited, yet significant, pH decrease (Table  3) with the latter 
driving the increase in exchangeable Al through solubilization of 
Al oxyhydroxides and Al-bearing minerals (Johnson et al., 1981) 
and/or complexation with organic matter (Berggren and Mulder, 
1995; Van Hees et al., 2001; Li and Johnson, 2016). Consequently, 
the lack of correlation between change in exchange Al and change 
in ECEC could be explained by the additional complexation due 
to the increase in SOC. Finally, as expected from the elementary 
composition of organic matter (Kirkby et al., 2011; Tipping et al., 
2016), the increase in SOC was also associated with a rise in total 
N, though to a lesser extent. The resulting increased C/N ratio in 
the surface layers (forest floor and 0–10 cm depth) may reflect an 
accumulation of poorly decomposed (rich in C) OM during the 
monitoring period. According to Grüneberg et  al. (2014), the 
raise of C/N ratio of organic layers and topsoil observed in 
Germany for the poorest soils may be attributed to a reduction of 
mineralization, due to changes in soil microbial community 
composition and to organic matter stabilization (Berg and 
Matzner, 1997; Janssens et al., 2010; Maaroufi et al., 2019), and to 
the accumulation of SOC subsequent to the high atmospheric N 
deposition (de Vries et al., 2009).

4.2.2 Reduction of total nitrogen in the mineral 
soil and general increase in C/N ratio

In the forest floor and the top mineral soil layer, the increase 
of total N stocks was concomitant with the raise of SOC stocks, but 
was proportionally lower. By contrast, the changes in SOC and 
total N stocks were decoupled in the lower soil layers, with no 
(10–20 cm) or a limited (20–40 cm) change in SOC and a strong 
decrease in total N. Those changes resulted in a significant increase 
in C/N ratio in all soil layers. Also, when integrated over the 
0–40 cm layer, there was a significant decrease of total N storage 
(Table  3). When compared with studies using a resampling 
approach during a similar time period, our results agree with those 
of Steffens et al. (2022), but conflict with studies that either did not 
detect any change (e.g., Fraser et al., 2019; Clesse et al., 2022), or 
reported a net N accumulation (Ross et al., 2021). On the other 
hand, our results are supported by the study of Clesse (2023). 
Using an input–output budget approach for a series of stands 
including some of our plots over the two last decades, this author 
observed a large majority (12 out of 14) of negative N budgets for 
nitrogen, with budget balances ranging from −26.4 to +1.3 kgN.
ha−1.yr.−1 (average of −8.0 kgN.ha−1.yr.−1). Our estimated loss of 
0.2 ± 0.06 MgN.ha−1 down to 40 cm depth between the two soil 
surveys (see Table 3) corresponds to an average annual decrease of 
13 ± 4.3 kgN.ha−1.yr.−1, which is consistent with Clesse’s input–
output nitrogen budgets.

The reduction of soil total N observed in our case is compatible 
with the temporal pattern of atmospheric N deposition over 
Europe and eastern North America, characterized by an historical 
increase since the 1950s till the mid-1980s, followed by a decline 
since the 1990s (Engardt et al., 2017; Feng et al., 2021). Based on 
measurements carried out over the French territory, open field N 
deposition averaged around 10.7 and 7.2 kgN.ha−1 yr.−1 for the 
periods of the first (1993–1995) and the second (2007–2012) soil 
campaigns, respectively. Corresponding average values for N 
deposition under forest amount to 9.4 and 7.2 kgN.ha−1 yr.−1 
(Pascaud et al., 2016; IGN, 2020). Though large variations around 
these averages are observed depending notably on the region and 
on the stand species and structure, these values indicate a decrease 
of annual deposition under forest around 2.2 kgN.ha−1 between 
both periods (i.e., a reduction by 0.15 kgN.ha−1.yr.−1), which 
cannot explain alone the average loss of 13 kgN.ha−1.yr.−1 over the 
soil profile mentioned above. Assuming a sustained elevated forest 
productivity under the combined effects of CO2 fertilization, 
climate change and improved N availability (Norby et al., 2005; 
Solberg et  al., 2009; Bontemps et  al., 2011), the related high N 
vegetation uptake might also partly explain the depletion of soil 
Ntot. Irrespective of whether forest productivity was sustained or 
not (Kint et al., 2012; Etzold et al., 2020), the depletion of Ntot could 
also result from the nitrification of NH4

+ previously accumulated 
on the exchange complex followed by nitrate leaching. It is 
interesting to note that the uptake of NH4

+ by vegetation and 
nitrification are two processes associated with a release of protons 
in the soil solution (van Breemen et al., 1983; Bolan et al., 1991), 
which contributes to the mobilization of aluminum and base 
cations from the solid pools. The occurrence of such processes 
could therefore explain the observed increase in exchangeable 
cations despite no change (10–20 cm layer) or a decrease (20–40 cm 
layer) in SOC. It also corroborates the presence on the exchange 
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complex of cations not considered in ECEC computation, such as 
NH4

+, as already postulated above.
In addition to the above hypotheses, the relative development 

of the shrub layers (Archaux et al., 2009; Boulanger, 2010) in the 
fenced plots protected from ungulates, and the associated N uptake 
and immobilization in woody biomass, may also have contributed 
to this decrease in N stocks.

Finally, the complexity associated with the biogeochemical 
cycle of this nutrient is highlighted by several studies which 
reported inexplicably large changes in soil N (e.g., Knoepp and 
Swank, 1997; Johnson and Todd, 1998; Trettin et al., 1999); this 
makes its thorough characterization and understanding 
particularly challenging.

4.3 Specific evolutions according to the 
initial soil trophic level

Contrasting changes of soil properties as a function of the soil 
trophic level have been observed by several authors (Kirk et al., 
2010; Vanguelova et al., 2010; Cools and De Vos, 2011; Jandl et al., 
2012; Hazlett et al., 2020). For all these works, the soil resampling 
interval covered the period of strong reduction of N and S 
atmospheric deposition. The comparison of soil types mainly 
focused on the variations of soil pH over that period, showing 
generally a more pronounced increase of pH for the acidic soils 
(pH < 5.5) than for soils with intermediate (pH 5.5–7.0) or high 
(pH > 7.0) values for which smaller changes, corresponding even 
sometimes to a pH decrease, were found. Such results suggest that 
recovery from acidification following the decline in acidic 
deposition would primarily occur for acidic soils in which the 
dissolution of aluminosilicates is the main process involved in acid 
neutralization, than for soils in which cation exchange or carbonate 
dissolution is the dominant acid buffering mechanism. Yet, these 
findings differ from our observations of decreasing pH values for 
the highly acidic soils (especially in the upper mineral soil layer) 
and of pH stagnation or increase for the intermediate and low-acidic 
soils (Figure 4; Supplementary material S2). The reasons for the 
divergences between our results and those of the above works are 
not straightforward. Investigating changes in forest soil properties 
at the European level, Cools and De Vos (2011) hypothesized that 
the observed contrasting temporal trend of soil pH among trophic 
levels could be  due to the spatial patterns of soil types and 
atmospheric deposition. Indeed, the soils with relatively high pH 
are better represented in the southern part of Europe and mainly 
rely on atmospheric deposition for the supply of base cations, which 
also decreased in parallel with N deposition; in contrast, more 
acidic soils are mainly located in northwest and northern Europe, 
and mostly rely on weathering as a source of base cations (Draaijers 
et al., 1997). Kirk et al. (2010) indicated that pH increase following 
a decline in acidic deposition is more likely for soils with pH lower 
than 5.5, in which the dissolution of aluminosilicate minerals is the 
main weathering mechanism for increasing soil pH, than for soils 
in which carbonate dissolution (pH ≥ 7) or cation exchange (pH 
between 5.5 and 7) is the dominating buffering process. In our 
study, the SOC increase in the top mineral soil associated with the 
pronounced rise of exchangeable Al for the highly acidic soils 
would favor complexation of this element with organic acids, which 

is accompanied with the liberation of protons and would lead to a 
decrease of pH in these acid soils (Nissinen et al., 1999). Moreover, 
the nitrification of NH4

+ postulated above as a potential explanation 
for Ntot depletion, which is especially pronounced for highly acidic 
soils, would also give rise to a further decrease of soil pH in these 
contexts. Besides, the influence of other factors superimposing on 
that of the soil trophic level on the evolution of the pH, such as 
notably the effect of the species composition (Ahrends et al., 2022; 
Clesse et al., 2022), might also at least partly explain the differences 
between our results and findings of previous studies. Nevertheless, 
within the RENECOFOR plots, deciduous species are more 
frequently associated with eutrophic soils while conifers are mainly 
found on intermediate and acidic soils, with only few exceptions to 
this general pattern (Table 1). Therefore, the effect of species can 
hardly be  distinguished from that of the soil trophic level. In 
addition, as already highlighted by Jonard et  al. (2017) when 
analyzing SOC changes, coniferous stands are on average 30 years 
younger than deciduous ones within the network, so the effect of 
age also overlaps with that of species. In other respects, the larger 
amplitude of the increase of SOC stocks observed in the forest floor 
of the highly acidic soils compared with the two other soil types 
(Supplementary material S2) would arise from a reduced 
decomposition of organic matter in acidic contexts, which is 
corroborated by the much larger SOC pools at the more acid sites.

4.4 Expected long-term effects of the 
detected changes

While many significant changes were detected, some of them 
were of very limited amplitude with therefore few expected 
ecological consequences, except in contexts of nutrient limitation 
or imbalance for which the increase of the availability of the limiting 
nutrient or the alleviation of the disequilibrium might have 
substantial effects on ecosystem functioning. In contrast, the large 
changes observed in SOC and Ntot stocks are likely to have general 
consequences. The rise of SOC between 0 and 10 cm resulted in an 
increase in buffering capacity of soil. Yet, in the current context of 
global change, such an accumulation of SOC in the surface soil 
raises questions with regard to its biogeochemical stability. In 
interface position with the atmosphere and vegetation, the surface 
soil is more exposed to climate changes and land use changes than 
the deep mineral layers (Lozano-García et al., 2017). In the French 
forest soils, the accumulated SOC might be  more vulnerable to 
climate and/or anthropogenic perturbations and be more quickly 
destabilized than the deep C pool (Soucémarianadin et al., 2018, 
2019). However to date, the relative vulnerability of the surface vs 
deep C stocks to environmental changes remains an open question 
(Schmidt et  al., 2011). Besides, the N decrease in the deep soil 
layers, particularly marked in the highly acidic soils, raises questions 
as to the consequences of such changes for tree nutrition. Nitrogen, 
considered until recently as being in excess in areas having been 
subject to elevated N deposition (Jonard et al., 2015), might now 
become limiting for tree growth (Etzold et al., 2020). Nevertheless, 
while the influence of N exceedance on forests has been widely 
studied, the response of the ecosystems to N deposition decline is 
still rather poorly documented and further research should 
be conducted in that direction (Schmitz et al., 2019).
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