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A B S T R A C T

Atmospheric N deposition is known to severely impact forest ecosystem functioning by influencing soil

biogeochemistry and nutrient balance, and consequently tree growth and overall forest health and

biodiversity. Moreover, because climate greatly influences soil processes, climate change and

atmospheric N deposition must both be taken into account when analysing the evolution of forest

ecosystem status over time.

Dynamic biogeochemical models have been developed to test different climate and atmospheric N

deposition scenarios and their potential interactions in the long term. In this study, the ForSAFE model

was used to predict the combined effect of atmospheric N deposition and climate change on two

temperate forest ecosystems in France dominated by oak and spruce, and more precisely on forest soil

biogeochemistry, from today to 2100. After a calibration step and following a careful statistical validation

process, two atmospheric N deposition scenarios were tested: the current legislation in Europe (CLE) and

the maximum feasible reduction (MFR) scenarios. They were combined with three climate scenarios:

current climate scenario, worst-case climate scenario (A2) and best-case climate scenario (B1). The

changes in base saturation and inorganic N concentration in the soil solution were compared across all

scenario combinations, with the aim of forecasting the state of acidification, eutrophication and forest

ecosystem recovery up to the year 2100.

Simulations highlighted that climate had a stronger impact on soil base saturation, whereas

atmospheric deposition had a comparative effect or a higher effect than climate onN concentration in the

soil solution. Although deposition remains the main factor determining the evolution of N concentration

in soil solution, increased temperature had a significant effect. Results also highlighted the necessity of

considering the joint effect of both climate and atmospheric N deposition on soil biogeochemistry.

1. Introduction

Anthropogenic activities have contributed significantly to an
increase in nitrogen and sulfur emissions since the end of the
1800s, leading to the acidification and eutrophication of ecosys-
tems (Galloway et al., 2003 De Vries et al., 2007; De Schrijver et al.,
2008). Atmospheric deposition is known to have a severe impact
on forest ecosystem functioning by influencing soil biogeochem-
istry and nutrients balance, and consequently tree growth and
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overall forest health and biodiversity (Probst et al., 1995; Belyazid
et al., 2006; Jonard et al., 2012).

Owing to the transboundary nature of atmospheric pollution,
the United Nations Convention on Long-Range Transboundary Air
Pollution (LRTAP)was established involving all European countries
(UNECE, 2005). In this context, a common effort was made to
reduce atmospheric emissions from the 1980s, keeping in mind
that the Earth’s soil can be considered a public good that is always
at risk from the use of short-term and highly profitable technology
typical of our century (Perc et al., 2013). As a result, atmospheric
sulfur emissions have decreased by almost 80% in France, and the
same trend has been observed in measured atmospheric deposi-
tion (Pascaud, 2013). Nevertheless the decrease was less obvious
for nitrogen, with deposition reductions of around 35% and 5% for
NOx and NHy respectively (CITEPA, 2010), due especially to the
multitude and diversity of nitrogen sources (Galloway et al., 2008).
Moreover, the nitrogen cycle is more complex than that of sulfur as
nitrogen interacts with all ecosystem compartments, e.g., soil,
plants and micro-organisms, and through various chemical forms
(Galloway et al., 2003). For these reasons, atmospheric nitrogen
emissions, deposition and effects on ecosystems have become an
area of great interest in research in recent decades (Bobbink et al.,
2010; Van Dobben and de Vries, 2010).

The noticeable impact of nitrogen on terrestrial ecosystems,
and particularly on forests, is well documented in literature. Many
experiments have been designed to study the impact of various
nitrogen concentrations on soil biogeochemistry and vegetation
composition. Results highlight significant variations in the
nitrogen cycle as a consequence of higher nitrogen inputs, ranging
from mineralisation and nitrification (Aber et al., 1995) to changes
in species richness (Stevens et al., 2004), composition (Krupa,
2003; De Vries et al., 2007; Bobbink et al., 2010) or relative
abundance (Gilliam, 2006). Moreover, leaching of nitrogen from
soils involves a concomitant leaching of base cations (Dambrine
et al., 1995), further threatening plant nutrient balances. One way
of appreciating overall nitrogen equilibrium in the soil is to
consider the balance between nitrogen inputs into the ecosystem
and nitrogen immobilisation and uptake (UNECE, 2004), where
nitrogen leaching occurs when inputs are greater than immobi-
lisation and uptake. Therefore, nitrogen concentration in soil
solution is often considered a key sensitive parameter for assessing
the impact of atmospheric deposition on a given ecosystem.

Field experimental studies obviously depend on ecosystem
characteristics such as soil pH. It has been shown, for example, that
the nitrogen mineralisation rate increases with nitrogen atmo-
spheric deposition and that the more acidic the soil, the faster the
processes (Falkengren-Grerup and Diekmann, 2003).

Nevertheless, field experiments dealing with the impact of
atmospheric N deposition do not enable predictions to bemade for
the long term. Therefore in order to model and predict the impact
of atmospheric N deposition on forest ecosystems, and more
particularly on soil biogeochemistry, a modeling approach is
required. Historically, models developed for this purpose have
been based on the ecosystem mass balance which, using nitrogen
inputs and outputs through a given ecosystem, reflects the
atmospheric N deposition that the ecosystem can tolerate before
showing harmful changes (Hettelingh et al., 2001; Spranger et al.,
2008). However, this modeling approach is steady state, i.e., it
relies on the ecosystem having a sustainable state. Dynamic
biogeochemical models have been developed to include time
trends and changes (see De Vries et al., 2010 for an overview of the
existingmodels). This is particularly important for testing different
scenarios of atmospheric N deposition that, by definition, change
over time.

Moreover, the impact of atmospheric N deposition must be
considered in the today’s context of climate change (Wamelink

et al., 2009; Belyazid et al., 2011a DeVries and Posch, 2011). Indeed,
soil biogeochemistry is directly and strongly affected by climate
since climate influences soil temperature andmoisture conditions,
which themselves are a major driver of the decomposition of soil
organic matter and consequently of soil nitrogen availability
(Rustad et al., 2001; Ge et al., 2010; Butler et al., 2012; Guntinas
et al., 2012). Therefore the expected temperature increase due to
future climate change could also affect soil nitrogen processes.

Atmospheric N pollution and climate change impacts on
ecosystems are traditionally considered separately, whereas they
have a combined effect (Van Harmelen et al., 2002; Swart, 2004;
Bytnerowicz et al., 2007; Serengil et al., 2011). To model and
predict forest ecosystem trends effectively over time, climate
change and atmospheric N deposition must both be taken into
account.

In this context, this study aimed to use a modeling approach to
predict the combined effect of atmospheric N deposition and
climate change on temperate forest ecosystems in France, and
more precisely on forest soil biogeochemistry, from the present
day to 2100. Modeling tests were computed to determine the
relative importance of climate and atmospheric N deposition on
the N cycle and base saturation in the soil, both of which are of
considerable importance for tree growth and forest stand
development. To achieve these objectives, the integrated biogeo-
chemical model ForSAFE (Wallman et al., 2005; Belyazid, 2006)
was calibrated and validated for French forests, and used to
simulate the future development of two forest sites in France
dominated by oak and spruce.

2. Material and methods

2.1. Modeling tool: ForSAFE

2.1.1. Description
The ForSAFE biogeochemical model has been used in a number

of European countries (Belyazid et al., 2006; Moncoulon et al.,
2007; Belyazid et al., 2011b) and has regularly been improved as a
matter of common concern. ForSAFE builds on themerger and then
the improvement of the PnET forest growth model (Aber and
Federer, 1992; Aber et al., 1997) and the SAFE soil geochemistry
model (Warfvinge et al., 1993). It is a dynamic and process-based
model at forest-stand scale.

ForSAFE includes four submodels related to: (1) soil hydrology,
(2) soil chemistry and weathering, (3) soil organic matter
decomposition and (4) photosynthesis and tree growth (Wallman
et al., 2005; Belyazid, 2006).

ForSAFE simulates the temporal changes of a forest ecosystem,
depending on soil characteristics, climate, atmospheric deposition
and forest stand characteristics. Model outputs include the
allocation of the major elements (C, N, Mg, Ca, K) in the three
tree compartments (leaves, wood and roots), the uptake of these
elements for tree growth, the fluxes (i.e., light and rainfall
intercepted by trees and thus reaching the ground), the nitrogen
and base cation content in foliage, the base cationweathering rate,
the soil organic carbon and nitrogen content in the forest soil and
deadwood, the soil solution characteristics (pH, concentration of
major elements) for each soil layer, the tree biomass by
compartment, the leaf area index and net photosynthesis, and
finally soil moisture, potential and real evapotranspiration and
percolation.

2.1.2. Calibration
The main calibration was performed on the characteristics of

the dominant tree species of the forest stand under consideration
(Wallman et al., 2005). The PnETmodel was used in ForSAFE partly
because of the full set of parameters existing for different tree



species (Aber et al., 1995, 1997). Parameter values were given for
deciduous tree species in general and spruce-fir stands. These
parameters concern canopy, photosynthesis and water balance
variables, and the allocations of carbon, nitrogen and base cations.
Nevertheless, these data can obviously be improved and in the
present study an attempt was made to do this with in-depth
bibliographical research. The main improvements undertaken
were related to the tree species of interest, i.e., Quercus petraea and
Picea abies, and dealt with the estimation of light requirements
(Ellenberg et al., 1992; Gardiner et al., 2009), N-foliar retention
(Hagen-Thorn et al., 2006), relative foliar composition in terms of
base cations and N (Sariyildiz and Anderson, 2005) and fine root
distribution in the soil (Rosengren and Stjernquist, 2004; Bolte and
Villanueva, 2006; Tatarinov et al., 2008; Bolte and Löf, 2010;
Persson and Stadenberg, 2010).

2.1.3. Validation
The performance and reliability of the model were checked

using output data on tree biomass, and soil solution major

elements (inorganic N, base cations, chloride, and sulfur)
concentration and pH. Two types of elements were distinguished
according to whether they interact (active elements) or not (inert
elements) with forest canopy, tree roots or soil structure and
components (Probst et al., 1990, 1992; Houle et al., 1999
Žaltauskait _e and Juknys, 2007).

Inert elements were represented in the study context by
chloride, sulfur and sodium, which mainly originate from
atmospheric deposition and/or mineral weathering. A valuable
simulation of their concentrations in soil solution revealed the
good functioning of the hydrological submodel and the exchange
processes in the soil, since inert elements were assumed to follow
water fluxes without being taken up or interacting with soil clay–
humic complex or vegetation. The active elements investigated
wereN and base cations (K,Mg, Ca). An accurate simulation of their
concentrations in soil solution reflected a good parameterisation of
the other processes included in the modeling chain, linked to soil
chemistry, exchangeable processes, weathering, soil organic
matter decomposition and tree physiological processes. Soil pH
was considered as an integrative variable of the different reactions
occurring in the soil, as well as the whole composition of the soil
solution.

All these parameters were compared against measured values
of soil solution characteristics and stand biomass for two forest
stands in France, presented below.

2.2. Forest sites

2.2.1. Description
The forest sites considered in this study are part of the

RENECOFOR network (REseau National de suivi à long terme des
ECOsystèmes FORestiers) (Ulrich and Lanier, 1996), which is the
French part of the European level II (Ferretti et al., 2010) monitoring
network under the ICP Forests program. Two forest sites, CHS41 and
EPC87, were selected. The selectionwas based on the variety of the
dominant tree species, soil type and climate. The two sites also had
data available on the whole biogeochemical cycle (Ponette et al.,
1997). The environmental parameters of these two forest sites,
described in Table 1, have been followed since 1993.

2.2.2. Input data
ForSAFE requires input data for atmospheric deposition, soil

characteristics, forest management and climate. These are site-
specific inputs, distinct from the parameters necessary to describe
and constrain different processes included in the model (Wallman
et al., 2005; Belyazid, 2006)

Table 1

Description of two forest sites (CHS41 and EPC87) of the French ICP forests network (RENECOFOR): dominant tree species, geographical coordinates,

altitude (m), yearly averaged rainfall (mmyear!1), yearly averaged atmospheric deposition (mEqm!2year!1) and soil type are informed. Both rainfall

and deposition were measured on the 1993–2008 period. Total deposition was calculated for each element (see Section 2.2.2) on the basis of the

measurements from the RENECOFOR database (Ulrich et al., 1998). EPC87.

Forest site name CHS41 EPC87

Dominant tree species Quercuspetraea(Matt.) Liebl Piceaabies(L.) Karst
Latitude–longitude 47"3400900N#2!3#15036”E 45"4800000N#2!3#4805500E

Altitude (m) 127 650

Rainfall (mmyear!1) 766 1594

Atmospheric deposition (mEqm!2 year!1) 25 38

S–SO4
2! 48 77

Cl! 33 46

N–NO3
! 49 61

N–NH4
+ 37 44

Ca2+ 11 16

Mg2+ 5 8

K+ 31 61

Na+

Soil type (Baize et al., 2002) Luvisolredoxisol Alocrisol

[(Fig._1)TD$FIG]

Fig. 1. Time evolution, from 1850 to 2100, of the atmospheric NOx (mEqm!2

year!1) deposition under a Norway spruce stand (EPC87, ICP Forests, France),

according to two deposition scenarios: CLE = current legislation in Europe,

MFR=maximum feasible reduction.



Table 2

Main soil characteristics per soil layer (Brêthes and Ulrich, 1997) for the two RENECOFOR forest sites (ICP Forests) CHS41 and EPC87, that were respectively characterized by

four and five soil layers. Data were measured or calculated frommeasured data. If no data were available, generic data were taken from literature. References used to choose

the formulas applied for the calculations or the generic data were specified.

Soil data Units Data type CHS41 EPC87

Layer thickness m Measured A 0.08 Ah 0.1

Eg1 0.17 Bph 0.31

Eg2 0.26 Bps 0.25

BTg1 0.11 C1 0.6

C2 0.24

Bulk density BD kgm!3 Measured A 766 Ah 529

Eg1 1306 Bph 802

Eg2 1329 Bps 1002

BTg1 1296 C1 1157

C2 1391

Soil texture ST

(clay, loam, sand)

% Measured A 17-61-

22

Ah 19-23-

58

Eg1 20-59-

21

Bph 18-14-

68

Eg2 29-54-

17

Bps 7-26-67

BTg1 47-43-

10

C1 10-26-

64

C2 2-13-85

Specific surface area m2m-3 Calculated from ST

(Jönsson et al., 1995)

(Kurtz, personal communication)

A 1966812 Ah 1029523

Eg1 3475070 Bph 1394571

Eg2 3792187 Bps 1311901

BTg1 3775141 C1 1761530

C2 990986

pCO2 (multiplicative factor for CO2

ambient partial pressure)

– Generic (depends on soil depth)

(Moncoulon et al., 2007)

A 5 Ah 5

Eg1 10 Bph 10

Eg2 10 Bps 20

BTg1 20 C1 20

C2 20

Gibbsite solubility constant – Generic

(Warfvinge and Sverdrup, 1995)

A 6.5 Ah 6.5

Eg1 7.5 Bph 7.5

Eg2 8.5 Bps 8.5

BTg1 8.5 C1 8.5

C2 9.2

Cation exchange capacity CEC kEqkg!1 Measured A 4.8 E!5 Ah 10 E!5

Eg1 3.3 E!5 Bph 4.1 E!5

Eg2 3.6 E!5 Bps 2 E!5

BTg1 10 E!5 C1 1 E!5

C2 1.1 E!5

Base saturation – =
P

Bc/CEC

where Bc is the Base cations concentration (kEqkg!1) measured for each horizon

A 0.305 Ah 0.105

Eg1 0.094 Bph 0.066

Eg2 0.129 Bps 0.087

BTg1 0.267 C1 0.151

C2 0.078

C/N – Measured A 21.87 Ah 17.82

C in soil organic matter gm!2 Measured A 3082 Ah 5053

Eg1 1798 Bph 8826

Eg2 1907 Bps 5286

BTg1 425 C1 2577

C2 965

N in soil organic matter gm!2 Measured A 141 Ah 284

Eg1 165 Bph 542

Eg2 128 Bps 328

BTg1 38 C1 205

C2 75

Field capacity FC m3m!3 Measured A 0.567 Ah 0.443

Eg1 0.203 Bph 0.292

Eg2 0.217 Bps 0.241

BTg1 0.239 C1 0.176

C2 0.083

Wilting point WP m3m!3 Measured A 0.249 Ah 0.345

Eg1 0.091 Bph 0.179

Eg2 0.103 Bps 0.116

BTg1 0.173 C1 0.076

C2 0.033

Field saturation m3m!3 =(1!BD)/host rock density

(Wallman et al., 2005)

A 0.701 Ah 0.793

Eg1 0.49 Bph 0.687

Eg2 0.481 Bps 0.609

BTg1 0.494 C1 0.548

C2 0.456

Limit for evapotranspiration m3m!3 =WP+ y$ (FC!WP)

where y depends on ST

(Bortoluzzi et al., 2010; Wallman et al., 2005)

A 0.532 Ah 0.428

Eg1 0.19 Bph 0.275

Eg2 0.204 Bps 0.223

BTg1 0.233 C1 0.161



2.2.2.1. Atmospheric deposition. Two datasets were used. Bulk
deposition and throughfall compositions were measured monthly
from 1993 to 2008 at the two sites (Ulrich et al., 1998) and
therefore the measured deposition was used for this period, while
EMEP model (Iversen, 1993) was applied to estimate and
reconstruct atmospheric deposition from 1880 to 1993, after
having been adjusted to the measured values. From 2009 to 2100,
two realistic atmospheric deposition scenarioswere computed: (1)
the current legislation in Europe (CLE) deposition scenario, defined
by European legislation and the Gothenburg protocol (Schöpp
et al., 2003) and (2) the maximum feasible reduction (MFR)
scenario, corresponding to emissions being reduced to what is
currently technically possible (Fig. 1).

The atmospheric deposition input required to run the model is
the “total deposition”. For inert elements (chloride, sulfur, sodium),
that do not interact with the forest canopy, throughfall concen-
trations were used as a proxy for total deposition. For active
elements, a “corrected bulk deposition” was taken as the model
input because bulk open field deposition underestimates dry
deposition due to sensors characteristics (Probst et al., 1990; Lovett
and Lindberg, 1993). To make the correction, the assumptionmade
was that differences registered between throughfall and bulk
deposition for chloride (Cl) reflected the part of dry deposition that
was not taken into account in bulk deposition above the canopy.
Therefore, the bulk deposition concentration measured for
nitrogen and base cations was corrected by the ratio

Clthroughfall/Clbulkdeposition. Average yearly deposition values for
the two sites are shown in Table 1.

2.2.2.2. Soil characteristics. Soil characteristics were described for
each soil layer, with the total depth taken into account varying
depending on the available data (Brêthes and Ulrich, 1997; Ponette
et al., 1997). Data were measured once in 1995 or 2007. The soil
parameters used for the modeling are described in Table 2, which
also specifies whether the soil data were measured or calculated
from measured data or were generic data taken from literature.

All the variables presented in Table 2 are input data needed to
run ForSAFE. For the fraction of fine roots, it should be specified
that the nutrient uptake by the trees in ForSAFE is proportional to
the fine root fraction in each soil layer, with the total amount of fine
roots in the combined soil layers corresponding to 100%.

Moreover, soil layer mineralogy needed for the two forest sites
was estimated from previous studies (Party, 1999) using chemical
analysis of major elements present in the soil. From that,
weathering rates were estimated for the PROFILE model (Sverdrup
and Warfvinge, 1988).

2.2.2.3. Forest management. Input data related to forest
management dealt with: (1) year of thinning, (2) intensity of
thinning (considering tree biomass) and (3) percentage of wood
removed from the forest stand after each thinning. Past forest
management history was rebuilt based on information supplied by
forest managers responsible for the two forest sites under
consideration. For the future, the most plausible management
scenarios were also designed, but without considering possible
natural disturbances (such as storms or dieback due to disease).
The current forest stand at CHS41 was naturally regenerated in ca.
1900, while the stand at EPC87 was planted in 1966. Assuming a
stand maturity age of 180 and 70 years for oak and spruce
respectively, final clearcuts were simulated in the year 2070 for
CHS41 and in 2036 for EPC87. Prior to clearcutting, intermediate
forest thinning was planned regularly every 8–10 years, with 10 to
25% of the trees cut and under the assumption that 75% of the cut
tree biomass would be removed from the forest stand, and that
leaves or needles and branches would be left on the forest ground
and would thus be available for organic matter decomposition.

2.2.2.4. Climate data and scenarios. Two datasets of climate were
used to derive climatic data for the two forest sites. The
meteorological database provided by SAFRAN (Quintana-Segui
et al., 2008), an analysis system that requires surface observations
combined with data from meteorological models to produce
hourly meteorological parameters, covers the period from 1959 to
2008. From 2009 to 2100, climate scenarios from the ARPEGE
model (Déqué et al., 1994) were used. Two climate scenarios from
the Special Reports on Emission Scenarios (SRES) were used in this
study: the A2 scenario in which the current emission scheme is
followed and corresponds to the worst prediction, and the
B1 scenario in which disparities between countries decrease in
line with stronger environmental considerations and sustainable

Table 2 (Continued)

Soil data Units Data type CHS41 EPC87

C2 0.075

Fine roots % Rosengren and Stjernquist, (2004); Bolte and Villanueva, (2006); Tatarinov et al.,

(2008); Bolte and Löf, (2010); Persson and Stadenberg, (2010)

A 18 Ah 50

Eg1 33 Bph 50

Eg2 20 Bps 0

BTg1 29 C1 0

C2 0

[(Fig._2)TD$FIG]

Fig. 2. Time evolution, from 1959 to 2100, of the three climate scenarios – current

climate (no climate change, black line), A2 (light grey line), B1 (dark grey line) – on

an oak forest site (CHS41, ICP Forests, France). Climate differences were illustrated

here by the average temperature ("C) evolution.



development. For reference, a scenario of no climate change,
corresponding to the current climate, was adopted. To build a
“typical current climate year”, climate variables (temperature,
precipitation) from the SAFRAN database were averaged from
1997 to 2007 for the two sites (Fig. 2).

2.2.3. Validation data
Soil solution composition and pH were measured monthly at a

20 cm depth from 1993 to mid-2009 (Ponette et al., 1997). These
data can be compared with the simulated data of the correspond-
ing soil layer that are at a monthly step.

Moreover, the estimated wood biomass of the two forest sites
was used to validate simulated forest stand growth. Tree biomass
was calculated from available data on the RENECOFOR sites using
the formula from Pardé (1963) Eq. (1):

Treebiomass ¼ G$ H $ SC$ D (1)

where G stand basal area (measured in RENECOFOR), H average
stand height (measured in RENECOFOR),SC dominant tree species
shape coefficient (Pardé, 1963), species and age-dependent, D
wood density (fixed to 700 and 450kgm!3 for oak and spruce
respectively).

This formula was developed for forest managers with wood
production in mind. Consequently, tree biomass here only reflects
the stem and branch biomass, while leaf and root biomass are not
taken into account.

Depending on the frequency of the forest surveys, six to eight
tree biomass estimations were assessed between 1991 and 2010.
As no measured data relative to root or foliage biomass were
available, these parameters were not validated.

2.3. Data analysis

2.3.1. Datawere analysed using R software (http://www.r-project.org/).
In order to validate the ForSAFEmodel, simulated data and a set

ofmeasured datawere compared on the two forest sites CHS41 and
EPC87 from1993 tomid-2009. A statistical analysiswas performed
on soil solution characteristics (i.e., concentrations of major
elements and pH), whereas stem biomass validation was only
appreciated visually due to the lack of data. A multiple testing
approach was considered (Fromont and Laurent, 2006; Fromont
et al., 2011). For each soil solution element, the difference Y
between simulated and measured time series was considered,
where Y was assumed to be a Gaussian vector with an unknown
mean s and independent coordinates. Thus, the null hypothesis

(s =0)means that simulated data perfectly reflectmeasured values.
Three measures of model performance were calculated: the
normalised average error (NAE), the normalised root mean square
error (NRMSE) and the modeling efficiency (ME) (Janssen and
Heuberger, 1995). The first two parameters are linked to the bias
and the deviation of the simulated data relative to the measured
data, whereasME is useful for ascertaining the quality of thematch
between the two datasets (Vanclay and Skovsgaard, 1997). This
latest criterion provides an index of performance on a relative scale
where 1 corresponds to a perfect fit between simulated and
measured data, 0 indicates that the model is not better than a
simple average and negative values reflect a model's poor
predictive performance.

Dealing with long-term simulations, ANOVAs were run to
determine the effect of both climate and atmospheric N deposition
scenarios on soil characteristics. The focus was on two soil
characteristics: soil base saturation (BS), reflecting acidification,
and N concentration in soil solution, reflecting eutrophication. BS
and N taken into account in statistical analysis were computed
over the course of the ten years before the final forest clearcut, i.e.,
from2060 to 2070 for CHS41 and from2026 to 2036 for EPC87. The
six possible combinations of atmospheric N deposition and climate
scenarios (CLE/A2-B1-no climate change and MFR/A2-B1-no
climate change) were considered: when relevant (p-value
<0.05), means were compared using Tukey’s test.

3. Results and discussion

3.1. Validation: model performance

The simulated forest stand biomass was visually compared to
the observed data. It was quitewell simulated at the two sites, with
a slight overestimation at EPC87 (Table 3).

For soil solution data, two kinds of validation were identified:
hydrological functioning based on inert elements, and all the soil
and forest processes based on active elements and pH. All the
statistical results are summarised in Table 4. The test procedure in
this study only validated the perfect match between simulated and
measured data for chloride for CHS41, and for base cations for
EPC87. Nevertheless, the overall model performance was accept-
able, except in the case of N for CHS41. Nevertheless, this point
could be related to some missing data in the set: when nitrogen
concentration was below the sensor sensitivity, data were
considered as null. Despite discrepancies in point-to-point
comparisons between simulated and measured data, overall
trends were relatively well preserved by ForSAFE (Fig. 3).
Moreover, it is important to highlight that this type of simulation,
in the context of the present study, is dedicated to appreciating

Table 3

Comparison betweenmeasured and simulated (with ForSAFEmodel) stem biomass

(gm!2) for the two RENECOFOR forest sites CHS41 and EPC87 from 1991 to 2011.

Stem biomass (gm!2)

Forest site Year Measured Simulated

CHS41 1991 26995 26110

1995 28023 29107

2000 33053 33026

2002 35749 34510

2003 30766 30882

2004 32064 31637

2009 35734 34795

2010 36090 34909

2011 27821 28106

EPC87 1991 8487 13717

1995 11817 16978

1996 8879 13683

2000 13574 16615

2001 12398 16074

2003 14700 17463

2004 12391 14922

2009 16691 19163

Table 4

Comparison between measured and simulated (with ForSAFE model) soil solution

characteristics for the two RENECOFOR forest sites CHS41 and EPC87, from 1993 to

mid-2009. NAE (normalised average error), NRMSE (normalised root mean square

error) and ME (modelling efficiency) were calculated for the soil solution

concentration of chloride (Cl), sulfur (S–SO4), sodium (Na), base cations (Bc) and

nitrogen (N), and pH. 149 and 186 measurements were respectively collected for

CHS41 and EPC87, and the simulated data have a monthly time step. and measured

data perfectly matched.

CHS41 EPC87

NAE NRMSE ME NAE NRMSE ME

Cl !0.13* 0.70* !1.36* !0.22 0.65 !0.4

S–SO4 !0.45 0.65 !0.56 !0.22 0.36 !0.58

Na !0.33 0.6 !2.25 !0.08 0.45 !0.72

Bc !0.13 0.48 !0.12 0.19* 1.55* !0.05*

Inorganic N 4.42 5.74 !6.53 !0.45 1.79 !0.19

pH 0.09 0.13 !1.12 0.08 0.13 !0.83

* = simulated



long-term trends and not to simulating short-term variations
perfectly. For this reason, themodel showed a predictive ability not
far from that of the mean (ME close to 0), which is often noticed in
such models (Jonard et al., 2012).

Regardless of the forest site, the hydrology was well simulated,
but N in the soil solution was slightly overestimated by the model,
even if the simulatedvalues remained in the rangeofmeasureddata,
i.e., all N concentrations were between 0 and 20mEq l!1. This slight
overestimation could come from the fact that ForSAFE takes the
impact of trees on soil solution into account while the impact of
understoreyvegetationisnotyetconsidered,whereas itmighthavea
noticeable impact on overall forest N uptake (Moore et al., 2007).

After the year 2000 at EPC87, there was a greater mismatch
between the measured and simulated N concentrations in soil
solution (Fig. 3c). EPC87 was slightly affected by the storm Lothar
which occurred in France in 1999 and damaged a high proportion
of French forests. Following a storm event, N uptake by trees
obviously decreases, as observed after a clearcut, due to the
destruction of part of the trees (Didon-Lescot, 1998). The increased
debris on the forestfloormight constitute an additional source of N
(Legout et al., 2009). Moreover, after tree cutting, the soil
temperature can increase by additional light reaching the ground,
leading to the enhancement of organic matter mineralisation and

thus increasing N concentration in soil solution (Rosén and
Lundmark-Thelin, 1987). This underlines the importance of
including forest management as well as natural disturbances as
a model process in ForSAFE functioning, as shown in other
biogeochemical models (Van der Heijden et al., 2011).

3.2. Long-term simulations

Simulationswere run up to the year 2100. The impact of climate
change and atmospheric N deposition was tested on soil base
saturation and inorganic nitrogen concentration in soil solution,
where the pair “CLE-no climate change” scenario is considered as
the reference.

3.2.1. Effect of atmospheric N deposition and climate change on base
saturation (BS)

For the two forest sites, climate change had a greater impact
than atmospheric N deposition on BS, as shown by the F-ratio
(Table 5). Moreover, BS underMFRwas significantly higher than BS
under CLE (Table 5,Fig. 4a and b) when considering the same
climate scenario. Under MFR, atmospheric N deposition is lower
than under CLE, and consequently so are the protons brought
together with ammonium. Therefore, it could be assumed that the

[(Fig._3)TD$FIG]

Fig. 3. Temporal trends of simulated (grey line) and measured (black circles) major elements soil solution concentrations and pH on a Norway spruce stand (EPC87, ICP

Forests, France), from 1993 to mid-2009. Chloride (a) is an inert element reflecting soil hydrology processes of the biogeochemical model ForSAFE whereas base cations (b),

nitrogen (c) and pH (d) reflected soil processes.



lower proton inputs to the soil under MFR might contribute to a
decrease in base cation leaching since base cation exchange with
protons occurs to a lesser extent (Yamada et al., 2013).

Within the same atmospheric N deposition scenario, average BS
increased significantly as climate predictions worsened (Table 5),
reflecting global warming and the decrease in rainfall. Thus, BSwas
highest under A2 and lowest under no climate change, with BS
under B1 being intermediate, at least for CHS41 (Fig. 4a). The
temperature increase might accelerate soil organic matter

mineralisation and thus base cation release in the soil (Aherne
et al., 2012). However, this effect was not as pronounced in EPC87
(Fig. 4b). The difference between BS under no climate change and
the two other climate scenarios was obvious, but unexpectedly BS
was slightly higher under B1 than under A2 for the two deposition
scenarios. This might be explained by the difference in when the
simulation ended that could actually have an influence on results.
The final clearcut in EPC87 was simulated in 2036 (see
Section 2.2.2), implying that average BS was calculated from

Table 5

Predicted average soil base saturation and inorganic nitrogen concentration (Eq l!1) in soil solution over the course of the ten years before the final forest clearcut, i.e., from

2060 to 2070 for CHS41 and from 2026 to 2036 for EPC87. Results were given for six atmospheric N deposition and climate scenarios combinations: CLE-no climate change

(noCC), CLE-B1, CLE-A2, MFR-noCC, MFR-B1, MFR-A2.

CHS41 EPC87

BS N (mEq l-1) BS N (mEq l-1)

CLE-noCC 0.068&0.028 (c)B 6.50&3.09 (b)A 0.004&0.001 (c)B 2.68&0.55 (b)A

CLE-B1 0.643&0.023 (b)B 9.14&5.60 (a)A 0.026&0.003 (a)B 3.17&2.24 (a)A

CLE-A2 0.769&0.021 (a)B 10.72&6.54 (a)A 0.024&0.002 (b)B 3.07&1.48 (ab)A

MFR-noCC 0.31&0.02 (c)A 3.62&1.62 (c)B 0.005&0.002 (c)A 1.85&0.41 (b)B

MFR-B1 0.80&0.02 (b)A 6.27&3.62 (b)B 0.038&0.004 (a)A 2.36&1.33 (a)B

MFR-A2 0.87&0.02 (a)A 8.69&5.21 (a)B 0.037&0.003 (b)A 2.42&0.96 (a)B

ANOVA p-value, F-ratio
atmospheric N deposition

climate change

deposition$ climate

<0.001, 10181 <0.001, 57 <0.001, 1849 <0.001, 61

<0.001, 57471 <0.001, 62 <0.001, 7536 <0.001, 11

<0.001, 576 NS <0.001, 325 NS

Note: lowercases indicate a statistical difference (p<0.05) between climate scenarios for a given atmospheric N deposition scenario, whereas uppercases highlight a

statistical difference between atmospheric N deposition scenarios for a given climate scenario.

[(Fig._4)TD$FIG]

Fig. 4. Simulated soil base saturation (no unit) and N concentration in soil solution (Eq l!1), with ForSAFE, on two French forest sites dominated by oak (CHS41) and Norway

spruce (EPC87), under the combination of two atmospheric N deposition (CLE andMFR) and three climate scenario (no climate change – noCC -, B1 and A2). BS is represented

on figures (a) and (b) and N is represented on figures (c) and (d), for CHS41 and EPC87 respectively. BS and N are average over the course of the ten years before the final forest

clearcut, i.e., from 2060 to 2070 for CHS41 and from 2026 to 2036 for EPC87.



2026 to 2036. This occurred much earlier than CHS41 where the
final clearcutwas simulated in 2070. Thus it was hypothesised here
that the changes due to climate change were slow.

To explore this assumption further, Tukey’s tests were carried
out at EPC87 on temperature to assess the differences between
climate scenarios from 2009 to 2035 on the one hand and from
2036 to 2062 on the other. In thefirst case, no statistical differences
were found among B1 and A2, and themean temperature tended to
be slightly higher under B1. As a consequence, the difference under
no climate change was more significant with B1 than with A2. In
the second case, all scenarios were significantly different. The fact
that the climate scenarios A2 and B1 only differed significantly in
the later stages of the simulation period explained their effect also
being more pronounced in later stages. Moreover, decomposition
of the needle litter is slower than that of broadleaved litter
(Prescott et al., 2000; Guo et al., 2010). Thus base cations produced
by themineralisation of needle litter at EPC87would release over a
longer period compared to CHS41.

3.2.2. Effect of atmospheric N deposition and climate change on
inorganic nitrogen concentration in soil solution (N)

In contrast to BS, climate had a fairly similar or smaller impact
than atmospheric N deposition on N, as shown by the F-ratios
(Table 5). Moreover, the interaction between deposition and
climatewas not significant, indicating that the response scheme of
N to atmospheric N depositionwas the same whatever the climate
conditions.

For the two forest sites, N under CLE was significantly higher
than NunderMFR (Table 5, Fig. 4c and d) when considering a given
climate scenario, which indicated that N deposition had a direct
influence on N soil solution under the two forest ecosystem
conditions. A decrease in N deposition would significantly
contribute to a decrease in N drainage intensity. Within the same
deposition scenario, average N concentration in soil solution was
significantly smaller under the ‘no climate scenario than under the
other two (Table 5). The differences in soil solution N under A2 and
B1 only occurred under theMFR scenario for CHS41, indicating that
the effect of deposition on soil solution N overshadowed that of
climate. The effect of climate could be explained by the fact that
higher temperatures under scenario A2 could accelerate nitrogen
cycling through faster rates of organic matter decomposition and
mineralisation, leading to a higher N concentration in soil solution
(Butler et al., 2012; Guntinas et al., 2012). This was particularly true
for the deciduous forest ecosystem (CHS41, Table 4, Fig. 4c).
Nevertheless, the systematic increase of N with temperature could
also come from a decrease in drainage water relative to a higher
evapotranspiration from trees without a rainfall increase or also
from a decrease in uptake by trees following a decreasing growth
rate (Weemstra et al., 2013).

4. Conclusion

This study has underlined that the ForSAFE biogeochemical
model integrates sufficient biogeochemical processes to simulate
forest ecosystem responses to the combined effects of atmospheric
nitrogen deposition and climate change on forest soil biogeo-
chemistry.

While the simulation results reinforce the need to consider the
combined effects of both climate and atmospheric deposition, they
also indicate that the different drivers may have relatively more
important implications for different aspects of the ecosystem. Soil
alkalinity, in the form of base saturation, is shown to respondmore
strongly to climatic changes and less strongly to future atmo-
spheric N deposition levels. Considering the strong historical
reduction in acid deposition (Shöpp et al., 2003), deposition is

expected to play a secondary role to climate in regulating soil base
saturation and any future recovery from acidification. On the other
hand, future nitrogen deposition is expected to have a stronger
effect on soil and runoff water eutrophication than climate.
Previous studies have shown that nitrogen deposition may be a
more decisive factor than climate in future tree growth trends
(De Vries and Posch, 2011), indicating that atmospheric deposition
has a stronger effect on the net availability of nitrogen by having a
greater impact on the nitrogen cycle.

The model simulations also point to the possibility of
reinforcing as well as balancing impacts of climate and atmo-
spheric deposition. To illustrate the former, increased temper-
atures could lead to higher rates of organic matter decomposition
and mineralisation, contributing further to the risk of eutrophica-
tion, which is primarily linked to elevated nitrogen deposition. As
for the latter, potential water limitations in future may cancel out
the effect of elevated nitrogen deposition on tree growth, or even
compromise the recovery of soils from acidification by inducing
the release of acidifying compounds, both organic and inorganic.

The study stresses the need to consider the simultaneous and
dynamic effect of climate and atmospheric N deposition on
ecosystem processes in general and soil biogeochemistry in
particular. It also highlights the importance of integrating system
processes in ecosystem modeling, as shown by the significance of
soil and plant hydrology in regulating the ecosystem’s response to
external drivers.

Finally, considering the size of the soil organic matter stores in
forest soils, potential changes in decomposition rates with the
subsequent release of organic acids and nutrients may entirely
override the hierarchy of contributors to soil alkalinity and
eutrophication. This study highlights the need for an understand-
ing of the processes governing organicmatter turnover and organic
nutrient retention in soils, as this is crucial to producing reliable
forecasts biogeochemical cycles under changing environmental
conditions.
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