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Abstract 

Background: The EU Biodiversity Strategy to 2020 foresees that Member States assess conditions and potential 
developments of ecosystems under climate change and atmospheric nitrogen deposition. This combination of 
environmental impacts has never been modelled for the German territory before. Therefore, the aim of the pre-
sented dynamic modelling of soil parameters under the influence of changing atmospheric nitrogen deposition 
with simultaneous climate change at representative sites in Germany was to derive knowledge about the expected 
development of ecosystem conditions up to a possible change of the respective site-specific current ecosystem 
type. The dynamic modelling was performed with the Very Simple Dynamic soil model. The selection of 15 model-
ling sites regarded the availability of data from environmental monitoring programmes routinely operated by public 
institutions and the aptitude of data for parametrising the soil model. The most important input data are time series 
of nitrogen and acid deposition as well as time series of the relevant climatic-ecological parameters. The simulation 
period covered the years 1920–2070.

Results: There are no continuous linear correlations between the level of acidifying or eutrophying inputs and the 
course of soil parameter values. The step-like courses result from the resilience of the ecosystems within certain 
parameter ranges. Atmospheric nitrogen deposition has led to nitrogen saturation at 14 of 15 sites selected for mod-
elling. Currently, no linear (negative) correlation between nitrogen deposition and carbon/nitrogen ratio could be 
established at these sites any more. An increase in the N-content in the soil was only slight, if at all. On the other hand, 
the nitrate concentration in the leachate increases in correlation to the N deposition. A clear (negative) correlation 
was found for the dependence of the C/N ratio on the temperature development in connection with climate change. 
The predicted air temperature rise until 2070 will also cause a decrease of the carbon content in the future, caused by 
the increasing activity of decomposing soil organisms. Thus, the drastic decrease of the C/N ratio at all of the study 
sites is due to the significant decrease in the C content. The validation shows that the dynamic modelling of abiotic 
site parameters has delivered plausible results at the investigated sites. The applicability of the results could be dem-
onstrated. Thus, the evaluation of the time series of soil and climate parameters resulted in forest ecosystem types 
that are capable of self-regeneration in the future under the conditions of air pollutant inputs and climate change.
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Background and objective
Climate change and atmospheric nitrogen (N) deposi-
tion can impact the integrity of ecosystems, i.e. their 
dominant structures and functions, and thus limit their 
benefits for humans, the ecosystem services. The N 
cycle interacts with all ecosystem compartments, e.g. 
soil, plants and micro-organisms, and is very complex 
through various chemical forms. Therefore, nitrogen 
emissions, their atmospheric deposition and effects 
on ecosystems on terrestrial ecosystems, and particu-
larly on forests, are well documented in literature [1–4]. 
Nevertheless, field experiments dealing with the impact 
of atmospheric N deposition do not enable predictions 
about possible future developments and the design of 
potential management options. Therefore, in order to 
model and predict the impact of atmospheric N deposi-
tion on forest ecosystems, and more particularly on soil 
biogeochemistry, modelling approaches are required [5]. 
De Vries et al. [6] gave an overview of the existing mod-
els and concluded among others that further testing and 
validation of the models against long‐term monitoring or 
long‐term experimental data sets and against large‐scale 
survey data combining vegetation descriptions with vari-
ables affecting the species diversity, such as soil acidity, 
nutrient status and water availability is required.

The impact of atmospheric N deposition should be 
considered in the context of climate change since the 
expected temperature increase due to future climate 
change could also affect soil nitrogen processes. Atmos-
pheric N pollution and climate change impacts on eco-
systems are traditionally considered separately, whereas 
they have a combined effect [5]. Therefore, predict 
potential forest ecosystem conditions over time, climate 
change and atmospheric N deposition must both be con-
sidered, especially if biodiversity should be protected. 
Therefore, action 5 of the EU Biodiversity Strategy to 
2020 foresees that Member States will map and assess 
the state of ecosystems and their services in their national 
territory. To this end, an operational guidance to the EU 
and the Member States on how to assess the condition of 
Europe’s ecosystems was developed. Accordingly, ecosys-
tem condition should be measured using indicators and 
specified for the national level of the EU member states 
[7]. For Germany, a methodology to identify and classify 

changes in ecosystem integrity due to climate change 
and atmospheric N deposition was developed [8–11] and 
further deepened [12]. This methodology was based on 
extensive vegetation and soil databases, nationwide avail-
able maps, long-term environmental monitoring pro-
grammes and results from climate change modelling. The 
ecosystem classification was complemented by dynamic 
modelling of ecological soil processes under climate 
change and atmospheric nitrogen deposition as essential 
boundary conditions for future ecosystem development 
and services. Since such modelling is largely lacking in 
Germany and also in Europe, a methodological object 
was developed using Germany as an example, which is 
dealt with in this paper.

This paper is intended to combine 2 objectives: (a) 
validation of the forecast model at typical forest sites 
in Germany and (b) presentation and discussion of the 
interpretation possibilities of the model results up to the 
derivation of concrete forest conversion and manage-
ment measures.

Materials and methods
Dynamic modelling of soil chemistry considers atmos-
pheric N deposition in the presence of climate change. 
The expected future climate until the year 2070 was 
based on two scenarios of the STAR II climate projec-
tions (RCP 2.6 and 8.5).1 Soil modelling aimed to sup-
port projection of expected ecosystem conditions up to 
a potential extinction of current ecosystem types. The 
soil modelling was performed with VSD+ (Very Simple 
Dynamic Soil model) version 5.3.1 [15], CCE 2012; [16] 
and a meteo-hydrological pre-processor (MetHyd 1.5.1—
[17]) to calculate daily evapotranspiration, soil moisture, 
precipitation surplus and parameters related to N pro-
cesses. MetHyd reads daily data on temperature, precipi-
tation and radiation, or derives daily values from monthly 
data. MetHyd input includes information on soil hydrau-
lic properties, as well as bulk density, the content of clay, 
sand and organic carbon for 15 forest sites which each 
represent one ecosystem type and ecologically defined 
region (“Modelling sites” section).

Conclusions: The dynamic modelling of soil parameters under the influence of atmospheric nitrogen deposition and 
of climate change enables to transparently rank the potential development of ecosystem conditions up to a possible 
extinction of the current ecosystem type. Thus, the soil modelling approach presented contributes to the implemen-
tation of the European Biodiversity Strategy.

Keywords: Dynamic modelling (Very Simple Dynamics—VSD+), Ecosystem classification, Ecosystem integrity, 
Germany, Representative ecosystems, Statistical modelling of soil indicators from vegetation data

1 Statistical Regional climate model [13], Representative Concentration Path-
ways [14].
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Modelling sites
The modelling sites (Fig.  1) were selected according to 
their representativity for ecosystem and soil types and 
their spatial coverage across Germany [18] as well as 
according to the data availability for the dynamic model-
ling of future soil conditions. The data available for the 
sites selected were as complete as possible for the param-
eterisation and calibration of the model and covers long-
term measurements. Furthermore, data from vegetation 
surveys at each site selected were necessary and therefore 
integrated into the modelling in order to enable model-
ling with vegetation-related indicator values (e.g. for soil 
moisture, nutrient supply). The data used and the char-
acteristic modelling sites are specified in “Modelling data 
and specifications” section and in Additional file 1.

Modelling data and specifications
The dynamic modelling uses reference values from the 
period 1920–1960 (database “Bioindication for Ecosys-
tem Regeneration towards natural conditions, BERN”, 
[19]) which were then used to validate the period 1961–
1990 covered by the W.I.E. soil and vegetation data-
base. The site-specific input data for VSD+ modelling 
are presented in Additional file 2 ([12], vol. 1: Appendix 
A.2; [20]). From the time series of relevant climate data 
and pollutant inputs, compiled both retrospectively and 
prognostically, the values at exemplary years are included 
in Table 1.

Measured values of pH, C/N ratio, and base saturation 
from at least 1 year were available as annual averages for 
all sites. The VSD+ model run was calibrated against 
these measured values. Thus, a comparison of modelled 
and measured values for validation of the model values 
does not make sense.

Results
Overview
This section presents an overview of the results of the 
dynamic modelling of soil chemical parameters such as 
carbon stock (total C pool), N stock (total N pool), C/N 
ratio (average soil C:N ratio), pH(H2O) value (pH), alu-
minium/base ratio (Al/(Ca + Mg + K) ratio) and base 
saturation (EBc) as a function of the historical and pre-
dicted development of atmospheric deposition (S_dep, 
NOx_dep, NH3_dep, Ca_dep, Mg_dep, K_dep), two fore-
cast N-scenarios (5  kg; 15  kg) as well as implementing 

two forecast scenarios (RCP 2.6; RCP 8.5) of the leachate 
rate (precipitation surplus) under the influence of climate 
change. The modelled time series thus show trends and 
possible developments on the basis of predefined sce-
narios. Additional file 4: Figures S1–S14 depict all model 
results for 1920 to 2070. Sites measurments are given as 
blue crosses. Table  2 lists the results of the modelling. 
For modelling site 1, “Results exemplified by ICP Forests 
Level II Site 606” section exemplarily presents the respec-
tive findings. “Relevance of modelling results for the pro-
jection of possible future ecosystem conditions and for 
related forest management options” section contains sug-
gestions for potential future forest management options.

Results exemplified by ICP Forests Level II Site 606
The simulated time series for this site are shown in Fig. 2 
in connection with Table 3. 

Model results are shown in Table  2. From 1920 
onwards, the S deposition rose from 0.74 to 
1.13  keq  S   ha−1   a−1 in 1940 and then dropped to 
0.5 keq S  ha−1  a−1 by 1945. The N deposition was rather 
constant at 1.1  keq  N   ha−1   a−1 until 1945, after which 
there was a moderate increase in sulphur deposition from 
0.5 to 2.2 keq S   ha−1   a−1 between 1945 and 1980, while 
atmospheric N deposition increased massively from 1.1 
to 2.4 keq N   ha−1   a−1 during this period. As a result of 
the simultaneously acidifying and eutrophicating effect of 
the very high N deposition, the pH dropped from 7.1 to 
6.4 from 1920 to 1980 and the base saturation from 99 to 
95%. Since the parent material was naturally very rich in 
bases, a high release rate of basic cations through weath-
ering of the substrate effectively counteracts acidification. 
The carbonate buffer area was not abandoned, so that no 
aluminium ions are released. The Al/(Ca + Mg + K) ratio 
has therefore remained constant at an extremely low 
level. The N deposition caused a slight increase in the N 
inventory. High N inputs in the 1980s, coupled with ris-
ing temperatures and a consistently good base and water 
supply, accelerate the mineralisation of litterfall and thus 
the release of  CO2 from the humus layers. The C content 
in the soil decreases. However, the simultaneous decrease 
of the C stock caused a significant decrease of the C/N 
ratio from 18.5 to 14.6 in the period from 1920 to 1980. 
However, both values still lie within the typical range for 
the humus class mull which corresponds to both the ref-
erence condition and the current condition. From 1980 

(See figure on next page.)
Fig. 1 Geographical locations of the 5 modelling regions and 15 modelling sites. BDF = Long-term soil monitoring; BÜK = reference soil profile 
of the land use-specified soil map 1:1,000,000 Germany (BÜK1000N); Level II = monitoring site of the International Cooperative Programme on 
Assessment and Monitoring of Air Pollution Effects on Forests, Level II (ICP Forests); LII 1202 was at the same time the site of the International 
Cooperative Programme on Integrated Monitoring of Air Pollution Effects on Ecosystems (ICP IM)
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Fig. 1 (See legend on previous page.)
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Table 1 Input data for modelling soil processes at 15 sites in Germany for exemplary years

1920 1985 2009 2070 2070 2070 2070
RCP2.6_5 kg N RCP2.6_15 kg N RCP8.5_5 kg N RCP8.5_15 kg N

ICP Forests LII-606 calciphilous mull beech forests (Eb-5n-E2)

 T (°C) 8.3 9.3 9.3 12.8 12.8

 PS (mm  a−1) 148 146 68 68 12 12

 Sdep (keq  ha−1  a−1) 0.74 2.2 0.3 0.3 0.3 0.3 0.3

 Ndep (keq  ha−1  a−1) 1.1 2.4 1.1 0.36 1.07 0.36 1.07

ICP Forests LII-608 moder beech forests of the montane level (D1-5n-C2)

 T (°C) 8 9.5 9.5 12 12

 PS (mm  a−1) 90 172 96 96 99 99

 Sdep (keq  ha−1  a−1) 0.71 2.2 0.3 0.3 0.3 0.3 0.3

 Ndep (keq  ha−1  a−1) 1 2.2 1.1 0.36 1.07 0.36 1.07

ICP Forests LII-911 moder beech forests with fir of the montane level (C1-6d-B2)

 PS (mm  a−1) 752 999 540 540 409 409

 Sdep (keq  ha−1  a−1) 1.02 3.2 0.34 0.34 0.34 0.34 0.34

 Ndep (keq  ha−1  a−1) 1.25 2.8 1.45 0.36 1.07 0.36 1.07

ICP Forests LII-1202 mor humus pine forests (Ebc-4n-c1)

 PS (mm  a−1) 141 234 176 176 117 117

 Sdep (keq  ha−1  a−1) 0.9 2.5 0.31 0.31 0.31 0.31 0.31

 Ndep (keq  ha−1  a−1) 0.8 1.8 0.9 0.36 1.07 0.36 1.07

ICP IM Neuglobsow mor humus beech forests with pine (Eb-4n-B2)

 T (°C) 7.9 8.8 8.8 11.8 11.8

 PS (mm  a−1) 141 234 176 176 117 117

 Sdep (keq  ha−1  a−1) 0.9 2.5 0.31 0.31 0.31 0.31 0.31

 Ndep (keq  ha−1  a−1) 0.8 1.8 0.9 0.36 1.07 0.36 1.07

BÜK 33_61_31 Moder pine forests (Eb-4n-C2)

 T (°C) 8 9.5 9.5 12 12

 PS (mm  a−1) 90 172 96 96 99 99

 Sdep (keq  ha−1  a−1) 0.71 2.2 0.3 0.3 0.3 0.3 0.3

 Ndep (keq  ha−1  a−1) 1 2.2 1.1 0.36 1.07 0.36 1.07

BÜK 34_42_31 Moder hornbeam forests with small-leaved lime (Eb-5n-D1)

 T (°C) 8.7 9.1 9.1 9.3 9.3

 PS (mm  a−1) 31 31 31 31 27 27

 Sdep (keq  ha−1  a−1) 1.8 5.8 0.62 0.62 0.62 0.62 0.62

 Ndep (keq  ha−1  a−1) 1.18 2.67 1.2 0.36 1.07 0.36 1.07

BÜK 35_19_31 Loamy mull beech forests (Ed-4n-C2)

 T (°C) 8 11.5 11.5 11.5 11.5

 PS (mm  a−1) 26 26 25 25

 Sdep (keq  ha−1  a−1) 0.92 2.5 0.46 0.46 0.46 0.46 0.46

 Ndep (keq  ha−1  a−1) 1 2.1 1.26 0.36 1.07 0.36 1.07

ICP Forests Level II 1405 mor humus pine forests (Eb-4n-b1)

 PS (mm  a−1) 289 396 385 239 239 200 200

 Sdep (keq  ha−1  a−1) 1.9 4.3 0.5 0.5 0.5 0.5 0.5

 Ndep (keq  ha−1  a−1) 0.29 1.45 0.6 0.35 1.07 0.35 1.07

ICP Forests Level II 1602 Moder beech forests with spruce and fir of the altimontane level (C3-6d-C2)

 T (°C) 6.4 6.5 7.6 8.2 8.2 9.8 9.8

 PS (mm  a−1) 708 599 559 385 385 348 348

 Sdep (keq  ha−1  a−1) 1.1 4.07 0.5 0.47 0.47 0.47 0.47

 Ndep (keq  ha−1  a−1) 0.28 1.38 0.6 0.35 1.06 0.35 1.06
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to 2009, the S deposition decreased to 0.3 keq S  ha−1  a−1, 
while the atmospheric N deposition decreased to only 
1.1 keq N  ha−1  a−1. In this period, the pH value rose again 
to 6.6. Base saturation continued to decline slightly and 
amounts to 93% in 2010, due to the significant increase in 
ammonia deposition, as ammonia has a particularly high 
acidification potential compared to NOx. The C/N ratio 
also continues to decrease to 12.6, which was still within 
the reference range for the current mull humus class.

From 2010 to 2070, the temperature will rise from about 
8.3 °C to approximately 9.3 °C in the RCP2.6 scenario and 
to about 12.8 °C in the RCP8.5 scenario. The leachate rate 
will increase slightly in the RCP2.6 scenario but decrease 
significantly in the RCP8.5 scenario. The S deposition will 
be maintained at the 2009 level. The 5  kg  N deposition 
scenario leads from 2010 to a reduction below Status’ by 
1920 (0.34 keq N  ha−1  a−1). The 15 kg N deposition sce-
nario simulates a very low NOx deposition at the 1920 
level of 0.4 keq N   ha−1   a−1, but for the NH3 deposition 
a consistently high deposition of 0.7 keq N  ha−1  a−1 since 
1980. An influence of the various climate scenarios on 
the model results from 2010 was hardly discernible. The 

C content will continue to decrease after 2010, presum-
ably driven by the rising temperature in both scenarios, 
so that the activity of decomposing soil organisms will 
be stimulated. However, the decrease in C stock 2070 
was more significant in the RCP2.6 scenario than in the 
RCP8.5 scenario (ΔC = 120  g   m−2), presumably due to 
the more humid conditions that promote C respiration.

In 2070, the 15  kg  N deposition scenario causes a 
higher N pool than the 5  kg  N deposition scenario 
(ΔN = 140  g   m−2) and at the same time a decrease in 
the C/N ratio from 12.6 to 11, which was still within the 
typical range of the current humus class mull. Under 
the 5  kg  N deposition scenario, the C/N ratio does not 
decrease further. Under both scenarios, pH and base 
saturation will remain at 2010 levels. Presumably, a new 
equilibrium will be achieved with this C:N:(Ca + Mg + K) 
ratio.

The results of the dynamic modelling of the calciferous 
mull beech forests between 1920 and 2070 show plausi-
ble results depending on the related scenarios.

From the time series of the soil chemical and cli-
mate-ecological parameters the natural conditions for 

Table 1 (continued)

1920 1985 2009 2070 2070 2070 2070
RCP2.6_5 kg N RCP2.6_15 kg N RCP8.5_5 kg N RCP8.5_15 kg N

ICP Forests Level II 1605 mor humus spruce forests of the altimontane level (C4-6d-B1)

 T (°C) 5.4 6 6.4 6.8 6.8 8.4 8.4

 PS (mm  a−1) 643 710 794 731 731 493 493

 Sdep (keq  ha−1  a−1) 1.1 4.07 0.5 0.47 0.47 0.47 0.47

 Ndep (keq  ha−1  a−1) 0.27 1.3 0.6 0.35 1.06 0.35 1.06

ICP Forests Level II 1609 moder spruce forests of the montane level (Dg-5n-c2)

 T (°C) 6 6.1 7.6 8 8 9.6 9.6

 PS (mm  a−1) 512 471 393 353 353 303 303

 Sdep (keq  ha−1  a−1) 1 4.6 0.53 0.5 0.5 0.5 0.5

 Ndep (keq  ha−1  a−1) 0.26 1.4 0.62 0.35 1.06 0.35 1.06

W.I.E. Biesenthal moder beech forests with sessile oak (Eb-4n-C1)

 T (°C) 8.2 8.4 9.4 9.9 9.9 11.6 11.6

 PS (mm  a−1) 384 505 528 531 531 817 817

 Sdep (keq  ha−1  a−1) 1.2 4 0.47 0.47 0.47 0.47 0.47

 Ndep (keq  ha−1  a−1) 0.26 1.4 0.55 0.35 1.06 0.35 1.06

W.I.E. Kahlenberg moder pine forests (Ebc-4n-c2)

 T (°C) 8.1 8.3 10.3 10.1 10.1 11.7 11.7

 PS (mm  a−1) 337 450 437 449 449 302 302

 Sdep (keq  ha−1  a−1) 1.2 4 0.5 0.47 0.47 0.47 0.47

 Ndep (keq  ha−1  a−1) 0.26 1.6 0.57 0.35 1.06 0.35 1.06

W.I.E. Peitz sub-continental mor humus pine forests (Ed-3n-b1)

 T (°C) 8.6 8.5 9.9 10.4 10.4 12.1 12.1

 PS (mm  a−1) 189 262 335 235 235 269 269

 Sdep (keq  ha−1  a−1) 1.9 4.3 0.5 0.48 0.48 0.48 0.48

 Ndep (keq  ha−1  a−1) 0.29 1.5 0.59 0.36 1.06 0.36 1.06
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Table 2 Results of modelling soil processes at 15 sites in Germany for exemplary years

1920 1985 2009 2070 2070 2070 2070
RCP2.6_5 kg N RCP2.6_15 kg N RCP8.5_5 kg N RCP8.5_15 kg N

ICP Forests LII-606 calciphilous mull beech forests (Eb-5n-E2)

 Base saturation (%) 99 95 93 93 93 93 93

 pH(H2O) (–) 7.1 6.4 6.6 6.6 6.6 6.6 6.6

 C/N (–) 18.5 14.6 12.6 12.6 11 12.6 11

ICP Forests LII-608 moder beech forests of the montane level (D1-5n-C2)

 Base saturation (%) 38 25 20 21 21 21 21

 pH(H2O) (–) 4.9 4.6 4.7 4.9 4.9 4.9 4.9

 C/N (–) 19.7 13.7 13 10.2 9.9 10.2 9.5

ICP Forests LII-911 moder beech forests with fir of the montane level (C1-6d-B2)

 Base saturation (%) 25 10.2 10 4 4 4 4

 pH(H2O) (–) 5.1 4.3 4.7 4.4 4 4.4 4

 C/N (–) 26 18 17 10.6 10.3 10.6 10.3

ICP Forests LII-1202 mor humus pine forests (Ebc-4n-c1)

 Base saturation (%) 41 24 20 12 4 12 4

 pH(H2O) (–) 5.2 4.5 4.6 4.5 3.9 4.5 3.9

 C/N (–) 32 25 15.6 10.7 10.7 10.7 10.7

ICP IM Neuglobsow mor humus beech forests with pine (Eb-4n-B2)

 Base saturation (%) 66 48 43 36 36 36 36

 pH(H2O) (–) 5.6 5 5.5 5.4 5.4 5.4 5.4

 C/N (–) 26.5 21 19.6 17.6 16.7 17.6 16.7

BÜK 33_61_31 moder pine forests (Eb-4n-C2)

 Base saturation (%) 38 19 9 4 3 4 3

 pH(H2O) (–) 4.9 4.4 4 3.8 3.8 3.8 3.8

 C/N (–) 24 15.6 13 10 10 10 10

BÜK 34_42_31 moder hornbeam forests with small-leaved lime (Eb-5n-D1)

 Base saturation (%) 60 54 52 50 50 50 50

 pH(H2O) (–) 4.8 4.5 4.7 5 5 5 5

 C/N (–) 22 13 11.1 9.1 8.5 9.1 8.5

BÜK 35_19_31 loamy mull beech forests (Ed-4n-C2)

 Base saturation (%) 60 65 66 70 70 70 70

 pH(H2O) (–) 5.2 5.2 5.4 5.7 5.7 5.7 5.7

 C/N (–) 20 13 11.4 10.2 9.2 10.2 9.2

ICP Forests Level II 1405 mor humus pine forests (Eb-4n-b1)

 Base saturation (%) 12 10 9.8 11 7.6 9.2 7

 pH(H2O) (–) 4.33 4 4.5 4.6 4.2 4.4 4.2

 C/N (–) 40 20 16.2 10.8 10.7 10.26 10.26

ICP Forests Level II 1602 moder beech forests with spruce and fir of the altimontane level (C3-6d-C2)

 Base saturation (%) 18 13.6 12.8 13.8 13.8 13.8 13.8

 pH(H2O) (–) 4.83 4.37 5.07 5.1 5.1 5.1 4.9

 C/N (–) 31 22.5 19.9 15.5 14.5 14.1 13.2

ICP Forests Level II 1605 mor humus spruce forests of the altimontane level (C4-6d-B1)

 Base saturation (%) 16 5.9 5 18.9 3.6 5.1 3

 pH(H2O) (–) 5.1 4.4 5 5.4 4.3 4.4 4.1

 C/N (–) 29 18.6 16.3 12.3 12 11.4 11.4

ICP Forests Level II 1609 moder spruce forests of the montane level (Dg-5n-c2)

 Base saturation (%) 17 4.5 3.1 5 6.3 6.4 6.4

 pH(H2O) (–) 5 4 4.7 4.8 4.9 4.9 4.9

 C/N (–) 31 22 18.9 15 13.7 13.9 12.6
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the potential forest ecosystem type (pEsT), for the cur-
rent forest ecosystem type (cEsT) and for the modelled 
development until 2070 result as follows:

1. pEsT: calciferous mull beech forests
2. cEsT: calciferous mull beech forests
3. Future possible ecosystem types according to sce-

nario RCP2.6_5 kg: calciferous mull beech forests
4. Future possible ecosystem types according to sce-

nario RCP2.6_15 kg: calciferous mull beech forests
5. Future possible ecosystem types according to sce-

nario RCP8.5_5 kg: calciferous mull beech forests
6. Future possible ecosystem types according to sce-

nario RCP8.5_15 kg: calciferous mull beech forests.

Relevance of modelling results for the projection 
of possible future ecosystem conditions and for related 
forest management options
The dynamic modelling of soil properties exposed to 
atmospheric N deposition and climate change at 15 
selected sites of different ecosystem types aimed at 
identifying potential developments of ecosystem con-
ditions up to a possible change of the current ecosys-
tem type.

The VSD-model only takes into account soil chemi-
cal changes. The resulting changes in tree vitality, self-
regeneration potential and the necessary adjustments 
in management are only the result of the interpretation 

and evaluation of the model results, as exemplified by 
the 15 forest sites considered in following chapters.

ICP Forests Level II Site 606
For the period up to 2070, the results do not indicate any 
threat to the ecosystem (see “Results exemplified by ICP 
Forests Level II Site 606” section).

The ecosystem type will retain under the conditions of 
expected climate change and slightly increased N deposi-
tion. This is due to the high buffer capacity, good nutri-
ent and water supply, and overall the high resilience of 
the site and the vegetation within it. The heat gain of the 
site in connection with an adequate water supply and an 
optimal nutrient supply will with high probability lead to 
an increase of the net primary production of tree wood 
depending on the characteristics of the modelled site 
change. The natural accompanying tree species of copper 
beech such as mountain maple, ash, mountain elm and 
Norway maple should be supported by forestry meas-
ures. This will further increase plant species diversity and 
the adaptability of the ecosystem to changing environ-
mental conditions.

The future possible ecosystem type according to sce-
nario RCP2.6_5  kg is a calciferous mull beech forests, 
according to scenario RCP2.6_15  kg: calciferous mull 
beech forests, according to scenario RCP8.5_5  kg: cal-
ciferous mull beech forests and according to scenario 
RCP8.5_15 kg: calciferous mull beech forests.

Table 2 (continued)

1920 1985 2009 2070 2070 2070 2070
RCP2.6_5 kg N RCP2.6_15 kg N RCP8.5_5 kg N RCP8.5_15 kg N

W.I.E. Biesenthal moder beech forests with sessile oak (Eb-4n-C1)

 Base saturation (%) 38.7 3 3 3 3 3 2

 pH(H2O) (–) 5.2 3.7 4.6 4.7 4.4 4.7 4.4

 C/N (–) 32.6 18.8 14 10.6 8.3 9.2 8.2

W.I.E. Kahlenberg moder pine forests (Ebc-4n-c2)

 Base saturation (%) 20 11 11 21 16 21 15

 pH(H2O) (–) 4.8 4.2 4.9 5.2 4.8 5 4.7

 C/N (–) 35.6 18.8 15 10.2 10.1 9.6 9.5

W.I.E. Peitz sub-continental mor humus pine forests (Ed-3n-b1)

 Base saturation (%) 12 10 9.8 11 10.3 11 10.1

 pH(H2O) (–) 4.3 4 4.5 4.6 4.3 4.6 4.4

 C/N (–) 39.5 20.1 16.2 10.8 10.8 10.3 10.3



Page 9 of 22Schlutow et al. Environ Sci Eur           (2021) 33:87  

ICP Forests Level II Site 608
The results of the dynamic modelling of the moder 
beech forests of the montane level already show a clear 
change in the ecosystem status for the simulation period 
between 1920 and 2009, which, depending on the related 
scenarios, continues until 2070 and leads to a change in 
the ecosystem type. On the one hand, between 1985 and 
2009 the mean air temperature was increased by 1.4  K 
and the mean precipitation decreased by 16%. On the 
other hand, already between 1920 and 1985 there was a 

narrowing of the C/N ratio combined with a reduction of 
the base saturation and the pH value.

In both assumed deposition scenarios, the C/N ratio 
was further narrowed by the N deposition until 2070. 
The buffer potential of the basic volcanic rock leads to 
the formation of harmonious humus states, so that in 
the case of deposition of up to 15  kg per hectare and 
year a new type of material cycle was formed, which 
was associated with the formation of the humus class 
clay brown dust. The eutrophication of the site thus 
does not lead to any adverse impact on forest nutrition.

Fig. 2 Location 606 according to the following scenarios from 2010: RCP2.6 + Ndep = 5 kg  ha−1  a−1 (top left); RCP2.6 + Ndep = 15 kg  ha−1  a−1 (top 
right); RCP8.5 + Ndep = 5 kg  ha−1  a−1 (bottom left); RCP8.5 + Ndep = 15 kg  ha−1  a−1 (bottom right) (Source: Schlutow et al. [20])
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The climatic change leads to significant changes in 
the heat and water balance of the ecosystem, which 
lead to a shift in competition in favour of the native oak 
species, in conjunction with increased N deposition of 
up to 15 kg per hectare and year in favour of hornbeam, 
small-leaved lime and mountain maple. The possible 
future ecosystem types identified were therefore the 
moder beech forests with sessile oak and, in the case of 
long-term elevated N deposition, the loamy brown mull 
beech forests with small-leaved lime.

Climate change leads to a loss of the typical mountain 
forest character and thus to a changed identity of the 
ecosystem. Plant species diversity both in the tree layer 
and in the ground vegetation was expected to increase 
due to climatic change in connection with N deposition. 
Net primary production of tree wood will decrease due 
to lower rainfall availability, although this decrease can 
only be partially offset by an improvement in nutrient 
supply due to increased N deposition. The stability of the 
tree population was not expected to be endangered. A 
meaningful forestry support of the transformation pro-
cess consists in the promotion of the accompanying tree 
species of the beech and thus the mixed forest character.

The future possible ecosystem type according to sce-
nario RCP2.6_5 kg could be the moder beech forests of 
the montane level with disharmonic ratio of C/N and 
base saturation, according to scenario RCP2.6_15  kg: 
moder beech forests of the montane level with dishar-
monic ratio of C/N and base saturation, according to 
scenario RCP8.5_5  kg: moder beech forests with sessile 
oak with sessile oak with disharmonic ratio of C/N and 
base saturation and according to scenario RCP8.5_15 kg: 

loamy brown mull beech forests with small-leaved lime 
with disharmonic ratio of C/N and base saturation.

ICP Forests Level II Site 911
The results of the dynamic modelling of the moder beech 
forests with fir of the montane level show a significant 
decrease in base saturation with a simultaneous signifi-
cant narrowing of the C/N ratio between 2009 and 2070, 
while the state between 1985 and 2009 remains largely 
unchanged. This trend was independent of the amount 
of N quantity registered between 2009 and 2070. Since 
climate change in the period 2041–2070 leads to a sig-
nificant reduction of the leachate discharge, an accumu-
lation of N in the ecosystem triggered by this could be 
responsible for the simulated trend.

The significant increase in the mean air temperature 
leads to a reduction in the proportion of conifers and a 
segregation of the fir–beech forest, so that a moder beech 
forests of the montane level was to be expected as a prob-
able future ecosystem type.

Other possible options for future ecosystem types that 
emerge from the VSD+ results include according to sce-
nario RCP2.6_5 kg a moder beech forests of the montane 
level with disharmonic ratio of C/N and base saturation, 
according to scenario RCP2.6_15 kg a moder beech for-
ests of the montane level with disharmonic ratio of C/N 
and base saturation, according to scenario RCP8.5_5  kg 
a moder beech forests of the montane level with dishar-
monic ratio of C/N and base saturation and according to 
scenario RCP8.5_15  kg the moder beech forests of the 
montane level with disharmonic ratio of C/N and base 
saturation.

Table 3 Structure of description of the modelling results

RCP 2.6_5 kg N_dep RCP 2.6_15 kg N_dep

S deposition 
(eq  m−2  a−1)

NOx deposition 
(eq  m−2  a−1)

NH3 deposition 
(eq  m−2  a−1)

S deposition 
(eq  m−2  a−1)

NOx deposition 
(eq  m−2  a−1)

NH3 deposition 
(eq  m−2  a−1)

Total C pool (g C  m−2) Total N pool (g N  m−2) Average soil C:N (g  g−1) Total C pool (g C  m−2) Total N pool (g N  m−2) Average soil C:N (g  g−1)

pH Al/(Ca + Mg + K) 
(mmol  eq−1)

EBc pH Al/(Ca + Mg + K) 
(mmol  eq−1)

EBc

Ca + Mg + K dep 
(eq  m−2  a−1)

PS precipitation surplus 
(m  a−1)

Ca + Mg + K dep 
(eq  m−2  a−1)

PS precipitation surplus 
(m  a−1)

RCP 8.5_5 kg N_dep RCP 8.5_15 kg N_dep

S deposition 
(eq  m−2  a−1)

NOx deposition 
(eq  m−2  a−1)

NH3 deposition 
(eq  m−2  a−1)

S deposition 
(eq  m−2  a−1)

NOx deposition 
(eq  m−2  a−1)

NH3 deposition 
(eq  m−2  a−1)

Total C pool (g C  m−2) Total N pool (g N  m−2) Average soil C:N (g  g−1) Total C pool (g C  m−2) Total N pool (g N  m−2) Average soil C:N (g  g−1)

pH Al/(Ca + Mg + K) 
(mmol  eq−1)

EBc pH Al/(Ca + Mg + K) 
(mmol  eq−1)

EBc

Ca + Mg + K dep 
(eq  m−2  a−1)

PS precipitation surplus 
(m  a−1)

Ca + Mg + K dep 
(eq  m−2  a−1)

PS precipitation surplus 
(m  a−1)
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ICP Forests Level II Site 1202
The results of the dynamic modelling show a steadily 
increasing narrowing of the C/N ratio from 1920 to 2070, 
which covers the entire ecological range from 32 to 10.7. 
This narrowing can initially be interpreted as a conse-
quence of natural site degradation of the pine forest, but 
increasingly as a consequence of anthropogenic N depo-
sition. In the case of increased atmospheric N deposition 
of up to 15 kg per hectare and year, a further reduction in 
base saturation and pH value as a result of N-eutrophi-
cation occurs by 2070, as well as the formation of dishar-
monious humus conditions, which are associated with 
disturbed nutritional conditions of the pine tree species 
and are highly likely to lead to an increased mortality rate 
and a possible death of the pine stand.

As a silvicultural sensible countermeasure, the conver-
sion into a tree population corresponding to the expected 
potentially natural ecosystem type must be accompanied 
by timely control. For this purpose, naturally arriving 
deciduous tree undergrowth must be consistently pro-
moted. In the case of the RCP 2.6 scenario, the future 
possible ecosystem type to be assumed was a moder 
beech forests with sessile oak, in the case of the RCP 8.5 
scenario a moder sessile oak forests.

The following possible future ecosystems are also 
derived from the VSD+ findings: according to scenario 
RCP2.6_5  kg: mor humus beech forests with pine with 
disharmonic ratio of C/N and base saturation, accord-
ing to scenario RCP2.6_15 kg: mor humus beech forests 
with pine with disharmonic ratio of C/N and base satu-
ration according to scenario RCP8.5_5  kg: mor humus 
pine grape oak forest, mor humus sessile oak forests with 
pine with disharmonic ratio of C/N and base saturation, 
according to scenario RCP8.5_15  kg: sandy mor humus 
pine forests, sub-continental mor humus pine forests 
with disharmonic ratio of C/N and base saturation.

Intensive monitoring site Neuglobsow mixed forest
The results of the dynamic modelling of the mor humus 
beech forests with pine show a steady narrowing of the 
C/N ratio from 26.5 to 19.6 in 2009 since 1920, depend-
ing on the level of the expected N deposition the C/N 
ratio decreases further to 17.6 or 16.7 in 2070. Increased 
N deposition since the middle of the last century can be 
assumed to be the main cause of this obvious N-eutroph-
ication. Presumably, this population developed out of a 
pine afforestation and the good supply of basic cations 
naturally given on the late Pleistocene site, in connec-
tion with the ameliorative effect of the ingrowing beech, 
guarantees a balanced nutrient supply. An improvement 
of the humus condition from mor humus towards moder 
conditions was therefore very likely.

In the case of the moderate climate scenario RCP 
2.6, the proportion of beech will probably continue to 
increase at the expense of pine until 2070. The water 
balance situation, which will be worsening as a result of 
increasing air temperatures, could, however, lead to a 
situation in which native oak species gain a considerable 
share of the total, especially by rejuvenating larger gaps 
in the population which can no longer be closed by the 
beech. A development towards the moder beech forests 
with sessile oak thus presents itself as a probable scenario 
of ecosystem development. The climate scenario RCP 
8.5 would aggravate the water balance situation to such 
an extent that the beech would clearly lose its competi-
tive power and a moder sessile oak forests would develop. 
The plasticity of the stand can be increased by consist-
ently promoting naturally developing parts of deciduous 
trees.

Other possible options for future ecosystem types that 
emerge from the VSD+ results include according to sce-
nario RCP2.6_5 kg a sandy moder beech forests, accord-
ing to scenario RCP2.6_15 kg: sandy mull beech forests, 
according to scenario RCP8.5_5 kg: moder beech forests 
with sessile oak or moder sessile oak forests with pine 
(Ed-3n-C2) and according to scenario RCP8.5_15  kg: 
sandy mull beech forests.

BÜK1000N reference area 336131
The development of the moder pine forests was charac-
terised by the acidifying effect of atmospheric deposition, 
in particular N, in combination with a base-poor source 
rock. This manifests itself in a strong narrowing of the 
C/N ratio and an extreme decrease of the base saturation 
with a simultaneous significant increase of the total evap-
oration until 2070 due to increasing temperatures.

The results of the dynamic modelling lead to the inter-
pretation that the stability of the moder pine forest was 
no longer guaranteed as a result of this site development 
and that in the long term the potential natural ecosystem 
types to be expected according to the respective climate 
scenarios RCP 2.6 and RCP 8.5, i.e. a moder beech forests 
with sessile oak or a moder hornbeam forests with small-
leaved lime, could develop. It would be advisable to arti-
ficially rejuvenate the stock through appropriate forestry 
measures, such as pre-cultivation of the sessile oak, and 
to transfer it to the potential natural ecosystem type.

The following possible future ecosystem types can 
also be derived from the VSD+ modelling result: sce-
nario RCP2.6_5 kg: moder pine forests with disharmonic 
ratio of C/N and base saturation, scenario RCP2.6_15 kg: 
sandy moder beech forests with disharmonic ratio of C/N 
and base saturation, scenario RCP8.5_5  kg: mor humus 
sessile oak forests with disharmonic ratio of C/N and 
base saturation and according to scenario RCP8.5_15 kg: 
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moder beech forests with sessile oak with disharmonious 
ratio of C/N and base saturation.

BÜK1000N reference area 344231
The Loamy mull beech forests in the Saxon-Thuringian 
loess hill country possesses sufficient ecological plas-
ticity to adapt to the changing climatic conditions with 
moderate to increased N deposition in accordance with 
the given scenarios due to the given soil conditions and 
a stocking corresponding to the potential natural veg-
etation. The moderate increase in mean air temperature 
expected by 2070 with comparable annual precipitation, 
but with a different seasonal distribution, leads to a weak-
ening of the competitive power of the beech-red, which 
was why the formation of a loamy brown mull beech for-
ests with small-leaved lime was probable in both climate 
scenarios. In the case of scenario RCP 8.5, an extreme 
increase in summer dryness could lead to the formation 
of a Brown mull hornbeam forests with small-leaved lime 
without significant participation of beech.

The climatically induced change of the natural tree spe-
cies composition was expected to be accompanied by the 
promotion of naturally arriving accompanying tree spe-
cies of the beech such as hornbeam, small-leaved lime, 
sycamore maple or wild cherry.

BÜK1000N reference area 351931
Due to its current tree species composition (peduncu-
late oak, hornbeam, small-leaved lime), the wood of the 
moder hornbeam forests with small-leaved lime has a 
high plasticity for adaptation to the assumed increase in 
mean air temperature with a simultaneous increase in 
summer dryness and increased N deposition.

No special forestry measures are required to increase 
adaptability; possible accompanying forestry meas-
ures should be aimed at increasing valuable timber 
production.

Therefore, the future possible ecosystem types accord-
ing to scenario A1B_5  kg would be the mull hornbeam 
forests with small-leaved lime and the same according to 
scenario A1B_15 kg.

ICP Forests Level II Site 1405
The mor humus pine forests with a high representative-
ness for the Central European pine forests of the region 
South-Brandenburg/North-Saxony shows in the simula-
tion until 2070 a continuation of the trend of a narrow-
ing of the C/N ratio with decreasing base saturation, 
which can be interpreted as a consequence of increased 
N deposition in connection with the base-poor source 
rock. In connection with this, the increase in the mean 
air temperature, which varies depending on the climate 
scenario, with slightly increasing (RCP 2.6) or decreasing 

(RCP 8.5) annual precipitation leads to an increased risk 
to the stand due to nutrient disharmonies in connection 
with increased water stress, which favour the occurrence 
of pest calamities. The risk of forest fires was also signifi-
cantly increased.

Within the fairway of the ecosystem type, a change 
between the vegetation type blueberry pine forest and 
the vegetation type wire-necked pine forest was to be 
expected. In order to reduce the risks, forest measures 
should be directed towards the initialisation and promo-
tion of natural deciduous tree regeneration (indigenous 
oak species, sand birch, aspen, mountain ash) with the 
aim of transforming it into the potential natural ecosys-
tem type of sandy moder beech forests.

Other possible options for future ecosystem types that 
emerge from the VSD+ results include according to sce-
nario RCP2.6_5 kg a mor humus–moder pine forests with 
disharmonic ratio of C/N and base saturation, according 
to scenario RCP8.5_5 kg: mor humus sessile oak forests 
with pine or mor humus sessile oak forests with dishar-
monic ratio of C/N and base saturation and according to 
scenario RCP8.5_15  kg: sandy mor humus pine forests 
or sub-continental mor humus–moder pine forests with 
disharmonic ratio of C/N and base saturation.

ICP Forests Level II Site 1602
The moder beech forests with spruce and fir of the alti-
montane level in the Vessertal Biosphere Reserve cor-
responds to the natural type of forest that forms in the 
ridges of the Thuringian Forest under today’s climatic 
conditions in self-organisation. The increased N deposi-
tion that had taken place in the past and may be expected 
in the future leads to a narrowing of the C/N ratio. In par-
ticular, the expected further increase in air temperature 
leads to a significant change in the vegetation composi-
tion, so that the typical high mountain forest character 
will be lost and, in the case of the RCP 2.6 scenario, the 
formation of a potential natural moder beech forests with 
fir of the montane level or a natural moder beech forests 
on bunter in the case of the RCP 8.5 scenario becomes 
probable in the self-organised development.

On the basis of this finding and depending on the 
targets for this site, it would be appropriate either to 
maintain the coniferous tree proportion by consistently 
exempting it from the pressing beech, which would imply 
an increasing forest-induced deviation from the newly 
developing forest nature as a result of climate change, or 
to permit the self-dynamic development towards a beech 
forest with a decreasing coniferous tree proportion. A 
balanced compromise from both a forestry and nature 
conservation point of view would be to accompany the 
development of the moder beech forests with fir of the 
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montane level forest, i.e. to strive for the development 
and promotion of the fir share.

ICP Forests Level II Site 1605
The mor humus spruce forests of the altimontane level 
on the ridges of the Thuringian Forest will endangered 
by the expected increase of the mean air temperature in 
connection with increased N deposition in its current 
formation as a natural forest type which forms in self-
organisation under the previous ecological conditions. 
There will be a clear change in the vegetation composi-
tion so that the typical high mountain forest charac-
ter will be lost and the formation of a potential natural 
mor humus beech mountain forest was likely in the self-
organised development.

On the basis of this finding and depending on the tar-
gets for this site, it would be appropriate either to main-
tain the spruce content by consistently exempting it 
from the pressing beech, which would lead to the forma-
tion of a mor humus spruce forests of the montane level 
while preserving the current stock picture, whereby the 
increasing deviation from the developing new forest 
nature was accepted. Alternatively, it was possible to per-
mit the self-dynamic development towards a beech forest 
with decreasing spruce content in favour of the beech.

ICP Forests Level II Site 1609
This forestry-induced moder spruce forests of the mon-
tane level, which replaces a potential natural moder 
beech forests with fir of the montane level at this site, 
was characterised by the fact that the white fir has the 
predominant building value with a base area share of 
almost 60% compared to the spruce. The almost com-
plete absence of the beech and the high proportion of 
spruce (40%) determine the ecological assignment to 
the spruce mountain forest. The fir, which predominates 
in this population, was to a lesser extent also a compo-
nent of the natural beech forest community and was to 
be evaluated positively from an ecological and nature 
conservation point of view. The almost complete absence 
of beech, however, leads to only a low correspondence 
with the spectrum of natural site tree species of less than 
one-third, which results in a rather low adaptability to 
expected environmental changes (in particular global 
warming).

The low base saturation of the topsoil could have a 
negative effect on the balanced nutrient availability in 
the case of the narrowing of the C/N ratio in the top-
soil expected in the scenarios. In terms of silviculture, it 
would therefore be advisable to promote the proportion 
of beech in order to increase adaptability to changing 

environmental conditions and to achieve an ameliorative 
effect on the condition of the topsoil.

The following possible future ecosystem types can be 
derived from the VSD+ modelling result: according to 
scenario RCP2.6_15 kg the Brown mull fir forests of the 
montane level or moder beech forests with fir of the 
montane level with disharmonic ratio of C/N and base 
saturation, according to scenario RCP8.5_5  kg: sandy 
moder beech forests or moder spruce forests with dis-
harmonic ratio of C/N and base saturation, according to 
scenario RCP8.5_15  kg: loamy mull beech forests with 
disharmonic ratio of C/N and base saturation.

Site W.I.E. Biesenthal
The sandy moder beech forest with sessile oak in the 
north-eastern lowlands of Germany corresponds to the 
current potential natural ecosystem type. The empirical 
findings from forest ecosystem research, which originate 
from photographs taken in 1993, 1997 and 2000 and were 
documented and interpreted by Jenssen et  al. [8], con-
firm a high buffering capacity of the Young Pleistocene 
site despite elevated N deposition and the resulting slight 
narrowing of the C/N ratio of the topsoil, which do not 
consistently correspond to the findings of dynamic mod-
elling. Here, an extreme lowering of the base saturation 
was particularly noticeable, which seems to be less plau-
sible under the conditions of the Young Pleistocene.

In the climate scenario RCP 2.6, the fairway of the cur-
rent ecosystem type was not abandoned, while in the 
scenario RCP 8.5, due to the significant warming and the 
increase of summer drought, the formation of a Sandy 
moder beech forests was probable. This type change 
occurs as a result of the weakened competitiveness of 
the beech compared to the native oak species and the 
hornbeam.

An increase in the ecological plasticity of the beech 
stock can be achieved by taking care to consistently 
promote naturally arriving deciduous tree species, in 
particular hornbeam and native oak species, in the forth-
coming natural regeneration and young stock main-
tenance. A mosaic-like structure of the different tree 
species should be aimed at in order to counteract early 
segregation of the beech stock.

Site W.I.E. Kahlenberg
This mor humus–moder pine forests in the Young Pleis-
tocene northeast Brandenburg was under the influence 
of excessive N deposition in the windward catchment 
area of a pig fattening plant between 1975 and 1990. As 
a result of the very high S deposition, the pH dropped 
from 4.8 to 4.2 in the period from 1920 to 1985 and the 
base saturation from 20 to 11%. The N deposition caused 
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a decrease of the C/N ratio in the period from 1920 to 
1985 from 20 to 11. Thus the C/N value in 1985 was 
already below the reference span of the current humus 
class of mor humus-like moder (typical C/N: 17–26). An 
influence of the various climate scenarios on the model 
results from 2010 was clearly discernible for the C/N 
ratio. While the C/N ratio was 10.1–10.2 according to the 
2.6 climate scenario (2070: 10.1 °C), it will fall to 9.5–9.6 
according to the 8.5 scenario (2070: 11.7 °C). The C con-
tent will continue to decline slightly after 2010.

Both deposition scenarios result in a slightly increasing 
N pool in 2070, a significantly decreasing C pool and thus 
a sharp drop in the C/N ratio at the same time.

According to all scenarios, the current ecosystem type 
will continue to change increasingly disharmoniously, 
especially in the future because the C/N ratio was too low 
for the site type. From the time series of soil chemical and 
climatic parameters, disharmonious soil properties result 
for the potential forest ecosystem type (pEsT), for the 
current forest ecosystem type (cEsT) and for the mod-
elled development until 2070 according to all 4 scenarios, 
which do not allow any forest type to develop optimally.

In order to counteract a possible destabilisation of the 
pine stand, a pre-cultivation of deciduous trees and a for-
est-controlled conversion into the potential natural eco-
system type Mor humus Pine Oak Forest to be expected 
under climate change was recommended.

Site W.I.E. Peitz
The site was macroclimatically and pedologically repre-
sentative for around 50% of the forest area of Branden-
burg [8]. For centuries, the population was exposed to 
anthropogenic degradation through litter use, forest 
pasture and forest fires, which regularly destroyed the 
organic layer of humus. As a result of the degrading influ-
ences, a pine forest community rich in lichen emerged on 
the site. In the second half of the twentieth century, the 
ecosystem was exposed for many years to atmospheric 
deposition of N compounds in combination with basic fly 
ashes and S compounds. Under the influence of natural 
regradation and, in particular, the atmospheric deposi-
tion in the second half of the last century, the condition of 
the topsoil has continuously approached the natural site 
potential again. It may have been of major importance 
for this deposition-induced site degradation that, in addi-
tion to the deposition of N and S compounds, basic dusts 
were also introduced, so that nutrient disharmonies were 
at least partially compensated for or prevented. These 
empirical findings [8] were confirmed by the results of 
retrospective dynamic modelling. In the course of this 
development, the site has become convenient for decidu-
ous forests again, so that the potential natural ecosystem 
type today was a mor humus sessile oak forests with pine.

The results of the dynamic modelling show a further 
narrowing of the C/N ratio and a further tightening of 
the water balance. A sub-continental mor humus–moder 
pine forests can be assumed to be the future ecosystem 
type while maintaining current stocking. In order to fur-
ther increase humus condition, productivity and above 
all stability of the stand (risk of forest fire!) in view of 
climate change, the proportion of deciduous trees, espe-
cially sessile oak, should be consistently developed and 
promoted. In the medium and long term, this forest man-
agement should lead to the development of the expected 
future potential natural ecosystem type of moder sessile 
oak forests with pine.

Discussion
The relevance of modelling results for potential future 
forest management options depends to a certain degree 
from the reliability interms of the uncertainty of the data 
used (“Uncertainties” section) and the sensitivity of mod-
elling (“Sensitivity analysis” section).

Uncertainties
The uncertainties of the input data are hard to be quanti-
fied since a thorough research data management in terms 
of transparent documentation and archiving is still only a 
desideratum in Germany [21]. The uncertainties seem to 
be particularly high for the weathering rate of basic cati-
ons, since there were hardly any measurements available. 
Even the carbon stock at the beginning of the simulation 
can only be estimated without quantitative knowledge 
about the (un)certainty. The effects of the uncertain-
ties on the resulting time series could largely be reduced 
by calibration using measurement data. Naturally, the 
uncertainties at the ICP Forests Level II and ICP IM sites 
could be better reduced than at the BÜK reference sites. 
The aim of the modelling of the BÜK reference areas, 
however, was not the site-specific mapping of the actual 
site parameters, but the derivation of the time series of 
the changing soil parameters typical for the BÜK unit 
with changing N deposition and climate parameters. In 
this respect, the uncertainties at the BÜK reference areas 
are more acceptable than at the ICP Forests Level II and 
ICP IM sites.

The model-internal uncertainties cannot be estimated 
by users. It can only be argued whether the results are 
plausible and correspond to experience. It was particu-
larly noticeable that the C/N ratio does not rise again at 
any research site if the N deposition in the 5 kg deposi-
tion scenario falls significantly below the 1920 level. 
However, this would be to be expected if the uptake of 
N by vegetation plus immobilisation and denitrification 
rates exceeded the N deposition. However, this was not 
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provided for in the model and was displayed as an error 
if the input value for the N uptake rate in biomass was 
higher than the deposition. But such scenarios cannot be 
ruled out in the future. It was expected that the miner-
alisation rate will increase with rising temperatures and 
sufficient soil moisture and that the N supply will be 
reduced again by absorption into the biomass and leach-
ing. However, climate change also reduces the C stock in 
the soil, while the C stock in the biomass increases, as the 
net primary production increases with increasing vegeta-
tion period length. How the C/N ratio will develop under 
these forecasts can be seen by comparing the results of 
the first with the second soil condition survey. Grüneberg 
et  al. [22] analysed these results and found rising C/N 
ratios in the Germany-wide average over the period 
1996–2008. The relationships would have to be inves-
tigated and implemented accordingly in the next model 
versions of VSD+.

Questions about plausibility are also raised by the 
resulting time series from VSD+ modelling that at each 
study site the carbon content in the top soil is continu-
ously decreasing. This seems particularly unlikely at sites 
that have meanwhile entered the aluminium buffer due 
to very high acidification deposition, where both the 
base deficiency and the toxic effect of aluminium must 
have led to an inhibition of the humus destruents. Fur-
thermore, pH values below 4.2 lead to the death of earth-
worm populations, which are essentially responsible for 
bioturbation, i.e. the mixing of the upper mineral soil 
layers with nutrients from the humus layer. But even at 
base-rich sites that are not prone to acidification, the lit-
ter always leaves a part of the hard decomposable organic 
components (e.g. waxes, tannins, etc.) that lead to an 
accumulation of carbon over time [23–26].

The progressions of the parameters that characterise 
the acid/base status appear plausible and comprehensi-
ble. The model part that simulates the N budget appears 
to have even more model-internal uncertainties.

Sensitivity analysis
Sensitivity analysis was used to check various param-
eters of the modelling result for sensitivity by changing 
the input values. The sensitivity was determined by the 
change of the result values related to the change of the 
input values. The sensitivity analysis for the 2005 model 
results was carried out at 3 sites. These three sites cover 
approximately the range of all investigation sites with 
regard to the input data.

The input parameters base saturation and C/N ratio 
in the reference state (bsat_0, CNrat_0) as well as the 
carbon content in the reference state (Cpool_0) were 
increased or decreased step by step, whereby the values 
were initially changed by only a few percentage values 

and then increased by higher percentage values. Thus, 
not only the reaction of the results in the narrower range 
could be observed, but also the development of the val-
ues over a larger range. On the basis of the percentage 
changes of the individual parameters over an entire vari-
ation range, the results can be presented in the following 
sensitivity diagrams.

Carbon content in reference state
Additional file  4: Figures  S15–S17 show the sensitivity 
of the modelled result parameters to the variation of the 
parameter Cpool_0. The 3 selected sites cover the car-
bon content spectrum of all sites. 606: 7091 g   m−2; 608: 
14,212 g  m−2; 911: 27,258 g  m−2.

The modelled carbon content in 2005 at all 3 sites was 
positively linearly proportional to the C content at the 
beginning of the simulation in 1920 (= reference state). 
The maximum variance in 2005 was 4% with maximum 
variation of Cpool_0 to 6%. There are no recognisable dif-
ferences depending on the height of Cpool_0. The same 
picture can be seen with the modelled Npool 2005.

The rate of change of the nitrate concentration in the 
leachate  [NO3] with variation of Cpool_0 by up to ± 6% 
was highest at site 911 and ranges from − 100 to + 130%. 
At site 608, the nitrate concentration changes only insig-
nificantly from − 0.25 to + 0.07% with the same pool var-
iation and not at all at site 606.

The rate of change of the Al/Bc ratio (Bc = Ca + Mg + K) 
was also highest at site 911, where Cpool_0 was also high-
est. The rate of change here ranges from − 7 to + 5% from 
− 5 to + 4% when the Cpool_0 was varied. At site 608, the 
Al/Bc ratio of − 1% to + 1.5% changes only insignificantly 
with the same pool variation and there are no discernible 
changes at site 606. In summary, it can be estimated that 
the higher Cpool_0, the higher the sensitivity of the result 
parameters to the change in Cpool_0.

C/N ratio in reference condition
The sensitivity of the modelled result parameters to 
the variation of the parameter CNrat_0 is shown in 
Additional file  4: Figures  S18–S20. The three exam-
ple sites cover the bandwidth of CNrat_0 with 
606: CNrat_0 = 18.5, 608: CNrat_0 = 20 and 911: 
CNrat_0 = 26.

The variation of the C/N ratio (CNrat_0) at the begin-
ning of the simulation (= reference state) has no notice-
able influence on the modelled carbon content in 2005. 
Regarding the rate of change of the N-Pool with varia-
tion of the CNrat_0, a negative linear correlation shows 
up at all 3 sites. The deflection was greatest at site 606 
with the lowest CNrat_0 (= 18.5). If the CNrat_0 was var-
ied from − 46 to + 35%, the rate of change of the Npool 
2005 was + 66% to − 21%. At site 608 (CNrat_0 = 20), 
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if the CNrat_0 varies from − 25 to + 25%, the change 
rate of the Npool 2005 was + 29% to − 20%. At site 911 
(CNrat_0 = 26) the maximum variation of CNrat_0 
by ± 19% generated a deviation of the N-Pool from − 12 
to + 16%.

The rate of change of the nitrate concentration in 
the leachate  [NO3] with variation of CNrat_0 by up to 
± 19% was highest at site 911 and ranges from − 100 
to + 25%. Thus an increase of CNrat_0 produces a 
decrease of the nitrate concentration, which was to be 
expected. A decrease in CNrat_0 leads to an increase in 
nitrate concentration, which was also plausible. How-
ever, there seems to be no directional correlation. At site 
608, a CNrat_0 variation between − 10 and + 25% does 
not change the nitrate concentration, but a change of 
CNrat_0 from − 0.10 to − 25% increases the nitrate con-
centration steeply to 1200%. Nothing changes at site 606. 
The variability of  [NO3] as a function of CNrat_0 was 
very high.

The CNrat_0 has a negative proportional influence on 
the variance of the Al/Bc ratio. The rate of change was 
particularly high at site 911 with the highest CNrat_0, 
where the Al/Bc ratio fluctuates from 40 to − 15% if the 
CNrat_0 was varied by ± 19%. At sites 608 and 606 with 
significantly lower CNrat_0, variation of CNrat_0 from 
− 10 to + 40% initially does not change anything, but 
when CNrat_0 decreases from − 10 to − 45%, Al/Bc rises 
steeply to 62% (site 608) and 14% (site 606), respectively.

Base saturation in reference state
The sensitivity of the modelled result parameters to the 
variation of the parameter bsat_0 is shown in Additional 

file  4: Figures  S21–S23. Accordingly, the rate of change 
of the pH value shows a strong positive proportional 
correlation to the variation of the base saturation at the 
beginning of the simulation (= reference state) at all sites 
in the form of a typical error function. At site 606, which 
was attributed to the carbonate buffer with a very high 
base saturation in the reference state and in the current 
state, the pH value changes by − 34% if the bsat_0 was 
changed by up to 100%. Site 608 was and was very pH-
stable in the middle area of the exchanger buffer. Even 
if the bsat_0 was varied by − 100% to + 150%, the pH 
value only changed from a maximum of − 8% to + 23%. 
Also at site 911, which was and remains in the exchanger 
buffer, a positive proportional error function was shown 
with variation of bsat_0 from − 100 to + 300%, whereby 
the pH value deviates only to a maximum of − 5% down-
wards, but to a maximum of + 22.5% upwards.

The change of the Al/Bc ratio (Bc = Ca + Mg + K) as a 
function of the variation of bsat_0 runs in steps. As long 
as a limit value of bsat_0 was not fallen below (obviously 
at the transition from the exchanger buffer to the alumin-
ium buffer), the value of Al/Bc close to 0 does not change 
with variation of bsat_0 (sites 606 and 608). If this limit 
value of bsat_0 was undershot, Al/Bc increases steeply in 
negative proportion. This was demonstrated by site 911 
with variation of bsat_0 from − 10 to − 100% with an 
increase of Al/Bc from 0 to 1820%.

Temperature and leachate rate
In order to investigate how sensitive the VSD+ model 
reacts to changes in the climate parameters, the time 
series of the soil parameters base saturation (BS), pH 

Table 4 Pearson correlation coefficients for the dependence of base saturation (BS), pH value (pH) and C/N ratio (CN) on temperature 
(T) and leachate rate (PS)

BS/T pH/T CN/T BS/PS pH/PS CN/PS

LII-606 − 0.50 − 0.16 − 0.56 0.09 0.44 − 0.03

LII-608 − 0.58 0.44 − 0.69 0.77 − 0.55 0.86

LII-911 − 0.63 − 0.50 − 0.70 0.92 0.79 0.96

LII-1202 − 0.69 − 0.55 − 0.73 0.71 0.57 0.72

IM Neuglobsow − 0.66 0.10 − 0.66 0.66 − 0.16 0.67

BÜK346131 − 0.69 − 0.71 − 0.68 0.89 0.93 0.88

BÜK344231 − 0.73 0.86 − 0.69 0.42 − 0.49 0.40

BÜK351931 0.88 0.96 − 0.71 − 0.48 − 0.53 0.39

LII-1405 − 0.69 0.15 − 0.74 0.40 − 0.21 0.38

LII-1602 − 0.44 0.57 − 0.85 0.59 − 0.56 0.97

LII-1605 − 0.48 − 0.56 − 0.80 0.25 0.54 0.20

LII-1609 − 0.39 0.48 − 0.85 − 0.44 − 0.65 − 0.23

W.I.E. Biesenthal − 0.55 0.04 − 0.78 − 0.56 − 0.14 − 0.70

W.I.E. Kahlenberg 0.17 0.47 − 0.80 − 0.42 − 0.12 − 0.12

W.I.E. Peitz − 0.17 0.66 − 0.74 − 0.79 0.22 − 0.51
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value (pH) and C/N ratio (CN) resulting from the mod-
elling were investigated with regard to their correlation 
to the time series of the climate parameters temperature 
(T) and leachate rate (PS). A clear (negative) correlation 
(p < 0.001) was only found for the dependence of the C/N 
ratio on the temperature (Table  4). The other two soil 
chemical parameters BS and pH were not calculated in 
the model as a function of climate parameters. This result 
was to be expected and was plausible.

A comparison of the time series of soil chemical param-
eters from 2010 to 2070 nevertheless shows obvious dif-
ferences depending on the climate scenario at only a few 
sites. The absolute differences in the C/N ratio depend-
ing on the temperature forecasts of the climate scenarios 
RCP2.6 and RCP8.5 are also only minor. The W.I.E. Peitz 
site has the largest temperature variance between RCP2.6 
and RCP8.5 (1.7 K). However, the C/N ratio only differs 
by 0.6%C/%N.

Conclusion
The sensitivity analysis shows the expected correlations 
between input data and results. Both the direction of 
the correlation and the extent of the rates of change with 
variation of the input data are plausible and scientifically 
reasonable.

Validation and evaluation of results
Based on quantitative criteria outlined by Jenssen et  al. 
[8, 18], Schlutow et  al. [27, 28] and Schröder et  al. [11, 
12], the modelling results were interpreted by two 
experts with respect to recommendations for measures 
to increase the adaptability of forest ecosystems as fol-
lows (“Relevance of modelling results for the projection 
of possible future ecosystem conditions and for related 
forest management options” section).

The comparison of the two expert assessments of 
ecosystem types in their current forest ecosystem type 
(cEsT) shows complete agreement (Table  5, column 3). 
This results from the good information available on the 
current value ranges of the relevant site factors which 
was based on measured values. The assessment of poten-
tial forest ecosystem type (pEsT) also shows a high 
degree of agreement (87%). Differences in the assessment 
of pEsT at 2 sites (Table 5, column 2) result from the dif-
ferent state of knowledge of the local situation. While the 
first mentioned pEsT of ICP Forests Level II site 1202 
and W.I.E site Peitz were derived solely from the results 
of the dynamic modelling, the estimation of the second 
mentioned pEsT of these sites was based on many years 
of local knowledge with corresponding vegetation and 
site analyses. The uncertainties of dynamic modelling 
were pointed out in “Discussion” section. However, pEsT 

estimates of both experts were not very far apart and are 
within the discretion of the two experts estimate.

The differences with regard to the development of 
possible future ecosystem types in dependence on Sce-
narios RCP 2.6 and 8.5 (Table  5, columns 4 and 5) 
assuming different climate and deposition scenarios are 
predominantly significant and show a clear trend: the 
first mentioned ecosystem types (expert 1) show worse 
site conditions in the future than the second mentioned 
ones (expert 2). The development of the humus class was 
estimated less favourable and the proportion of conifer-
ous tree species higher. This assessment results from the 
fact that the first mentioned future ecosystem types were 
derived from the results of the VSD+ modelling. In the 
estimation of the second ecosystem types (expert 2), on 
the other hand, the influence of the proposed silvicultural 
adaptation measures was already taken into account, so 
that the forecasts of forest development are correspond-
ingly more favourable.

The investigation shows that the dynamic modelling 
of abiotic site parameters has delivered plausible results. 
There was always some leeway in the interpretation of 
the results with regard to the geochemically induced veg-
etation development. To reduce the scope of interpreta-
tion, the coupling of the geochemical-dynamic model 
VSD+ with a dynamic vegetation model would be help-
ful. Nevertheless, the modelling approach presented 
contributes to the implementation of the European Bio-
diversity Strategy which is intended to be based on thor-
ough assessments of ecosystem conditions. The approach 
to dynamically model soil chemical conditions under the 
influence of climate change is part of a complex method-
ology to address ecosystem integrity in the framework 
of the European Biodiversity Strategy. In addition to 
dynamic modelling of soil chemical properties, the meth-
odology includes a statistically based classification of eco-
system types, including their GIS-based mapping, as well 
as a set of rules for objectively classifying the deviations 
of an observed or predicted ecosystem state compared to 
a quantified reference state. The methodology is generic 
in that it is based on publicly available environmental 
monitoring data from the competent authorities and 
is fully transparent and thus reproducible. This and all 
(sub-)methodologies have been published and are acces-
sible in detail. In this respect, the presented methodology 
is unique so far and should therefore be published.

Conclusions
The obtained results indicate a decrease in the C con-
tent and a decrease in C/N in soils. These findings are 
consistent with a comprehensive review by Jonard et al. 
[2]. A certain limitation of the research is the number of 
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research plots and the availability of long-term observa-
tion series. However, this is a common problem, as it is 
difficult to make available spatially and timely consist-
ent and methodically harmonised data on vegetation 
and soils derived by long-term monitoring. According 
to Jonard et al. and Sardans et al. [3], N deposition may 
be associated with a decrease in P and K in leaves and 
soil, resulting in soil nutrient imbalance. Atmospheric N 
deposition may accelerate tree growth, but deterioration 
of mineral nutrition of fast-growing stands is recently 
observed, particularly in Europe [2], which in the future 
may reduce forest ecosystem stability [3].

From the results of soil modelling by example of 15 rep-
resentative forest sites in Germany the following trends 
can be summarised:

1. There are no continuous linear correlations between 
the level of acidifying or eutrophying inputs and 
the course of soil parameter values. This is plausi-
ble because ecosystems generally have a type-spe-
cific resilience that enables them to compensate for 
impairments within a tolerable range. Only when this 
range is exceeded or undercut by the impacts does a 
relatively rapid and drastic change in parameter val-
ues occur. This explains the step-like courses of the 
resulting time series of the soil parameters.

2. This was particularly evident from the modelling 
results at sites where the exchanger buffer has been 
consumed by high acid deposition and low acid neu-
tralisation capacity in the reference state and the 
aluminium buffer was now effective. If the pH value 
 (H2O) falls below 4.2, the base saturation drops 
abruptly to values of up to 3%.

3. The high N deposition induced N saturation at all 
sites (with the exception of ICP IM Neuglobsow). In 
the current state there was no recognisable relation-
ship between C/N ratio and humus class any more. 
There was no linear (negative) correlation between N 
deposition height and C/N ratio at these sites. Also, 
for this parameter there seems to be a step-wise 
decrease depending on the accumulation capacity of 
the soil and vegetation.

4. According to the modelling results, an increase in 
the N-content in the soil was only slight, if at all. On 
the other hand, the nitrate concentration in the lea-
chate increases in correlation to the N deposition 
and decreases again from 1985 to 2009 and also until 
2070 according to the deposition scenarios. Thus, the 
drastic decrease of the C/N ratio at all study sites was 
also progressively due to the significant decrease of 
the C content until 2070.A clear (negative) correla-
tion was found for the dependence of the C/N ratio 

on the temperature development in connection with 
climate change.

5. The reference state of the base saturation has a deci-
sive influence on the course of base saturation and 
pH value. If base saturation 1920 was around 60% or 
higher, the decrease due to acid deposition, regard-
less of their amount, was rather low or non-existent.

6. The continuing acidification at all study sites even 
after 2010, even with strongly declining S and N 
deposition, was due in particular to the fact that 
the deposition of basic cations will fall far below the 
1920 level from 2010 onwards. The basic fly ash from 
coal and wood combustion was largely eliminated. 
The equipping of industrial plants with dust filters 
has already led to a significant reduction in the base 
input by 2010.

7. The base loss due to exchange at the soil colloids and 
their leaching was associated with the loss of the 
adsorption capacity of carbon at the soil colloids, so 
that it was likely that the C stock due to release and 
soil respiration at all study sites decreased continu-
ously until 2010. The predicted air temperature rise 
of the climate scenarios until 2070 will also cause a 
decrease of the carbon content in the future, caused 
by the increasing activity of decomposing soil organ-
isms.

8. The validation shows that the dynamic modelling 
of abiotic site parameters has delivered plausible 
results at the investigated sites. The applicability of 
the results can be demonstrated. Thus, the evalua-
tion of the time series of soil and climate parameters 
resulted in forest ecosystem types that are capable of 
self-regeneration in the future under the conditions 
of air pollutant inputs and climate change. These 
results lead to scientifically justified proposals for 
site-specific forest conversion with the aim of devel-
oping stable and resilient forests with high biodiver-
sity and ecological functionality.

The question of whether and to what extent ecosystem 
types will change in the future under the influence of N 
input scenarios and climate change, or are already changed 
today compared to the reference state, cannot be concluded 
generally on the basis of the few sites analysed. However, 
this would be a decisive prerequisite for the development of 
regionally differentiated proposals for adaptation measures, 
e.g. in forestry, to climate change and soil chemical changes.
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