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Abstract 

Background: Atmospheric deposition of nitrogen and climate change can have impacts on ecological structures 
and functions, and thus on the integrity of ecosystems and their services. Operationalization of ecosystem integrity is 
still an important desideratum.

Results: A methodology for classifying the ecosystem integrity of forests in Germany under the influence of climate 
change and atmospheric nitrogen deposition is presented. The methodology was based on 14 indicators for six 
ecosystem functions: habitat function, net primary function, carbon sequestration, nutrient and water flux, resilience. 
It allows assessments of ecosystem integrity changes by comparing current or prospective ecosystem states with 
ecosystem-type-specific reference states as described by quantitative indicators for 61 forest ecosystem types based 
on data before 1990.

Conclusion: The method developed enables site-specific classifications of ecosystem integrity as well as classifica-
tions with complete coverage and determinations of temporal trends as shown using examples from the Thuringian 
Forest and the “Kellerwald-Edersee” National Park (Germany).

Keywords: Ecosystem classification, Ecosystem functions, Ecosystem structures, Ecological indicators, Environmental 
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Background
Climate change and atmospheric nitrogen (N) inputs 
can alter the integrity of ecosystems, i.e., their domi-
nant structures and functions, and thus limit their 
bene fits for humans, i.e., the ecosystem services. There-
fore, 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 con-
dition (or the state) of Europe’s ecosystems was devel-
oped [13]. Accordingly, ecosystem condition should be 

measured using indicators and specified for the national 
level of the EU member states [13]. For Germany, Jens-
sen et  al. [7] and Schröder et  al. [23] laid the founda-
tions for a spatially explicit and nationally applicable 
concept for the classification of changes in ecosystem 
integrity. This methodology was further deepened and 
developed by Schröder et  al. [22]. It enables an inte-
grative assessment of changes in ecosystem integrity, 
taking into account the effects of climate change in 
combination with atmospheric nitrogen (N) deposi-
tion. Characteristics of ecosystem integrity concerned 
are self-organizational capacity, functionality and com-
pliance of abiotic and biotic properties with the natural 
site potential (identity). The methodology was based on 
an extensive vegetation database, nationwide available 
data from digital maps and long-term monitoring pro-
grams. It was complemented by dynamic modeling of 
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future climate and soil conditions. The ecosystem con-
dition was assessed on the basis of the criteria of func-
tionality, chemical and biological characteristics, and 
stress tolerance to anthropogenic nitrogen inputs and 
climate change. The methodology allows the identifica-
tion and mapping of potential natural ecosystem types 
and current near-natural ecosystem types. For certain 
climate scenarios and atmospheric nitrogen inputs 
(2011–2070), possible ecosystem developments can 
be projected and evaluated in the future. The concept 
complements existing assessment methods for ecosys-
tem conditions by taking abiotic environmental factors 
and their changes into account as drivers of biological 
changes and ecosystem functions. At the same time, it 
should serve to identify the causes of disturbances as 
early as possible and to derive suitable measures for 
the preservation and development of certain ecosystem 
conditions.

For the development of the methodology presented in 
this paper, the Federal Environment Agency has attached 
importance to use data from monitoring programs and 
to cover three spatial levels: the forest stand level as well 
as the regional and national levels. Thereby, the German-
wide map of hemeroby [25] could not be used since it does 
not address ecological functions and “is inappropriate for 
a more accurate calculation of spatial extent and thus the 
monitoring of local and regional developments” [26]:2.

A fundamental component of the methodology is a 
classification of Germany’s semi-natural ecosystems. 
Their concordance with other ecosystem classifications 
for which no spatial concretisation has been carried 
out nationwide (European Nature Information System 
EUNIS, [20], habitat types according to Annex I of the 
Habitats Directive) has been achieved. Thus, the devel-
oped ecosystem classification is connectable with other 
approaches and enables ecologically founded interpreta-
tion and spatial differentiation. For 61 selected ecosys-
tem types, a historical reference condition was quantified 
based on data from the period 1961–1990 [7, 23]. The ref-
erence condition was defined as a type-specific condition 
of ecosystems, the characteristics of which are character-
ized by intervals of historical ecosystem condition vari-
ables (1961–1990). These conditions are relatively least 
affected by substance inputs and climate change, which 
can be adequately quantified with measurement data.

For selected ecosystem functions (habitat function, 
net primary function, carbon storage, nutrient flow, 
water flow and adaptability), indicators were selected 
with which current and modeled future ecosystem con-
ditions can be compared with the respective ecosystem 
type-specific reference conditions. The indicators were 
quantified with data from monitoring programs and from 
the Waldkunde Institut Eberswalde (W.I.E.) database, 

whereby the focus was on the effects of changes in the 
abiotic systemic bases of development.

The reference states were quantified for 40 near-natural 
forests and 21 cultivated forests. Cultivated forests are 
distinguished from near-natural forests by a tree spe-
cies composition that has been changed significantly 
compared to the potential natural state. The reference 
states refer to the period up to 1990, mainly from 1960 
onwards, but in individual cases to data dating back to 
the 1920s and 1930s. For each ecosystem type, its refer-
ence status was indicated by a data sheet with the follow-
ing information:

 1. Ecosystem code: 1st digit = climate ecological 
coordinate, 2nd digit = water balance type, 3rd 
digit = substance cycle type (for description see 
[22], vol. 3),

 2. Name of ecosystem type,
 3. EUNIS class,
 4. Biotope type BfN [20],
 5. Vegetation type according to common plant socio-

logical classifications,
 6. Photo,
 7. Habitat type according to the Fauna–Flora–Habitat 

Directive [24],
 8. Position in the two-dimensional ecogram with the 

coordinates soil moisture and base saturation,
 9. Location factors: soil shape, soil type, terrain, mac-

roclimate,
 10. Habitat function: characteristic species association 

with continuity and mean quantity development of 
the soil cover, maximum Kullback distance of the 
individual records to the mean species quantity 
distribution, minimum similarity of the individual 
records with the mean species quantity distribu-
tion,

 11. Net primary production (NPP): above-ground 
average annual NPP at the time of culmination in 
tree wood, leaf/needle mass, ground vegetation 
and total mass, upper stand height at age 100 as 
comparative parameter,

 12. Carbon storage: carbon stock in humus  (Corg in 
humus layer and in soil up to 80 cm depth),

 13. Nutrient flow: pH in 1/10 KCl, base saturation V in 
% and C/N ratio in the uppermost 5 cm from H to 
Ah horizon (interval of mean value and standard 
deviation), humus form, nutritional characteristics 
N%, P%, K%, Ca%, Mg% in the assimilation appa-
ratus of trees in g/100 g of leaf/needle dry matter 
(August, interval of mean value and standard devi-
ation),

 14. Water flow: soil moisture index (interval from 
mean value and standard deviation) as well as
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 15. Adaptation to changing environmental conditions: 
maximum proportions of natural site tree species 
in self-organized development stages.

The objective of this contribution is to present the 
methodology of quantifying the ecosystem functions 
referred to in bullet points 10–15 and to show how eco-
system integrity was classified on this basis.

Methods and results
This paper presents for the first time the following 
methodical issues for classifying the ecosystem integ-
rity of forests by example of Germany: the opera-
tionalisation of ecosystem functions by quantitative 
indicators (Sect.  “Determination of indicator character-
istics”) and, based on this, the quantification and clas-
sification of ecosystem integrity (Sect.  “Classification of 
ecosystem integrity”) including its site-specific analy-
sis (Sect.  “Site-specific classification”), regionalisation 
(Sect.  “Area-related classification”) and temporal trends 
(Sect.  “Determination of temporal trends”). The data 
used and the results produced as well as software tools 
developed were published as data and software papers [8, 
9, 16, 17].

Determination of indicator characteristics
Indicators of habitat function
The habitat function is simply indicated by the composi-
tion of the vegetation according to quality (higher plant 

species as well as species of soil-dwelling mosses and 
lichens) and quantity (coverage percentage). For this pur-
pose, the Kullback distance [7, 11, 23] of the vegetation 
composition of the study area was calculated from the 
distribution of the mean species quantities of the refer-
ence state (Fig. 1).

For each of the individual vegetation relevés represent-
ing the reference state, the Kullback distance to the mean 
species quantity distribution was calculated and from 
the sum of the mean value and standard deviation of the 
totality of these distances, a value was calculated charac-
terizing the reference state, referred to as the maximum 
Kullback distance of the individual relevés to the mean 
species quantity distribution, and documented in the 
data sheets [8] for each ecosystem type. A comparison 
of the Kullback distance of the vegetation composition of 
the investigated area with this "limit value" allows a state-
ment on the extent to which the vegetation composition 
corresponds to the reference condition or not.

In addition to the Kullback distance, an index is calcu-
lated which shows the quantitative correspondence of the 
current species composition of the vegetation with the 
mean species quantity distribution of the type [4]:

This similarity index S is calculated analogously to the 
Kullback distance [22], Vol. 2: Sect. 2.3). It allows a com-
parison to be made with the “limit value”, also identified 

S
(

p1, . . . , pS , p
O
1 , . . . , p

O
S

)

=
S

∑

i=1

min(pi, p
O
i ) · 100%.

Fig. 1 Basic scheme for determining the indicators of the habitat function of a current ecosystem type
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in the data sheets [8] as the minimum similarity of the 
individual relevés representing the reference state with 
the mean species quantity distribution, which was calcu-
lated as the difference between the arithmetic mean of all 
similarity indices of the individual relevés representing 
the reference state and their standard deviation.

Due to its formal structure as entropy, the Kullback 
distance emphasizes differences in characteristic com-
binations of several species, each with medium quantity 
development, while the similarity index is influenced 
mainly by agreement of the highly continuous domi-
nating species. This difference may be relevant to the 
interpretation of habitat function for different groups of 
plant and animal species in different ecological domains, 
and therefore both indicators are considered and illus-
trated in the following by the ICP1 Forests Level II Loca-
tion 1605 (Großer Eisenberg, Germany): [19: Table  3] 
already presented the calculation of the Kullback dis-
tance KD(1960) = 0.31 between the vegetation condition 
of the investigated area in 1960 and the reference condi-
tion of ecosystem type C4-6d-B1. A similar calculation 
was performed for the vegetation surveys from 2001 and 

2006 taken from the Level II database with the results 
KD(2001) = 1.97 and KD2006) = 1.72. If the KD values 
for all images of the reference condition from the years 
up to 1990 from Jenssen et al. [9] “C4-6d-B1_Vegetation-
sgesamttabelle.xls”) are calculated in an analogous man-
ner, the sum of the mean value and standard deviation 
of these KD values is obtained as the value for the maxi-
mum Kullback distance of the individual relevés to the 
mean species quantity distribution  KDmax = 0.53, which 
is also shown in Jenssen et al. [8]. An analogous calcula-
tion of the percentage similarity index S yields values of 
S(1960) = 69.4%, S(2001) = 50.1% and S(2006) = 60.6% 
compared to a minimal similarity of the individual rel-
evés representing the reference state with the mean 
species quantity distribution of Smin = 65%. Thus, both 
calculated indicators for the habitat function show that 
the typical species composition of the investigated area 
is clearly disturbed after 2000, with a reversible develop-
ment being observed between 2001 and 2006.

Indicator net primary production
The indicator net primary production refers to the net 
NPP of above-ground wood biomass relevant from a 
forestry point of view, which is recorded in the form of 
growth. To make it possible to compare this size, which 
fluctuates greatly with the age and treatment of the stand, 
with the reference state valid for the respective ecosystem 

Fig. 2 Basic scheme for determining the mean net primary production (NPP)

1 International Co-operative Programme on Assessment and Monitoring of 
Air Pollution Effects on Forests.
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type, the average net primary production of wood bio-
mass at the time of its culmination is calculated from the 
wood measurement monitoring data using the method 
outlined in Fig. 2 and described below.

1. Calculation of the mean stand height HG as the 
height of the circular mean trunk from the individual 
tree data recorded on the study area for breast height 
diameter di and height hi according to the formula

 HG =

∑

i

d2i ·hi
∑

i d
2
i

.

2. Calculation of the relative height class from the stand 
age and HG according to the routine BON_REL [9].

3. Calculation of the growth trend depending on the age 
of the portfolio according to the routine “Growth” [9] 
and determination of the average total growth DGZ 
depending on the age of the portfolio. The “Growth” 
routine in turn accesses the “Stock” routine and, if 
necessary, the “Diameter” routine [9].

4. Determination of the culmination point of the aver-
age timber growth (DGZ). Multiplication of the 
 DGZmax with the density of the wood species leads 
to the indicator maximum of the average net primary 
production  DNPmax.

The calculation of the indicator for the year 1995 is 
exemplified here by example of ICP Forests Level II Loca-
tion 1605 (Großer Eisenberg, Germany): the Level II data 
set for the area shows individual timber data for 141 trees 
of the spruce species for 1995.

1. The chest height diameter  d1,3 and the tree height 
h are given for all 141 trees. In a spreadsheet, the 
squares of the breast height diameter di2 (I = 1 … 
141, i indicates the line number) in column 1 and the 
individual tree heights hi in column 2 are imported. 
In column 3 the multiplication di2 × hi is executed. 
The sum over column 3 is divided by the sum over 
column 1 and one receives in the result the inventory 
mean height to HG = 18.6 m.

2. According to the Level II data set, the respective for-
est stand was allocated to age group 5 (80–100 years) 
in 1995. An average population age of 90  years is 
derived from this. The routine BON_REL (ET; ALT; 
HOE_MITT) [9] is used to determine the relative 
altitude creditworthiness. The spruce yield table 
marked with the variable ET = 4 is used, the stock age 
is entered with ALT = 90 and the mean height with 
HOE_MITT = 18.6 according to point 1. The result 
is the relative height credit rating BON_REL (4.90; 
18.6) = 4.46.

3. With the help of the routine ZUWACHS (ET; ALT; 
BON_REL), with ET = 4 and BON_REL = 4.46 for a 
sufficient interval of the stand age, the growth course 
of an optimally stocked spruce stand is now calcu-
lated using the location quality calculated for the 
stand as a function of the stand age ALT. For each cal-
culated age of ALT, the average annual total growth 
DGZ of the previous stock development is obtained 
by dividing the sum of the annual increases (= total 
growth) by the reached age of ALT. The result is the 
course of the DGZ depending on the age of the stand 
for an optimally stocked spruce stand according to 
the forestry management model specified by the yield 
table.

4. The maximum of the DGZ curve calculated accord-
ing to point 3 corresponds to the average annual total 
growth at the time of culmination,  DGZmax = 13.03 
 m3/ha, or after multiplication by the density of 0.378 
t DM/m3 the average annual net primary production 
of tree wood  DNPmax = 4.93 t/ha under the assump-
tion that the stand would have the stocking density 
assumed in the yield table model.

5. However, for the calculation of the growth trend, 
the typical stocking density identified for the refer-
ence ecosystem type shall be taken into account. 
The data sheet on the reference condition of the 
Rohhumus-Fichten-Hochbergwald (C4-6d-B1; Raw-
humus spruce forest on the altimontane level) [9] 
shows an average stand height of 22 m at the age of 
100 years. This results in a relative height class rating 
of BON_REL (4,100; 22) = 3.97 for the mean refer-
ence condition. Using the GROWTH (4; ALT; 3,97) 
routine, the average annual net primary production 
of tree wood  DNPmax = 5.58 t/ha is now calculated 
using the method described in point 3, assuming 
that the reference condition would have the stock-
ing density assumed in the yield table model. In fact, 
however, it is a natural spruce forest in the ecological 
battle zone between a closed high forest and an open 
grove vegetation with a stocking density significantly 
reduced compared to the forest yield table model, 
which in turn leads to a proportional reduction of 
stock and hectare-related growth. The data sheet on 
the reference condition of the Rohhumus-Fichten-
Hochbergwald (C4-6d-B1; Raw-humus spruce for-
est on the altimontane level) [9] shows an average 
annual net primary production of  DNPmax = 2.2 t/ha. 
This results in a reduction factor of 2.2/5.58 = 0.394, 
by which the average annual net primary production 
of tree wood  DNPmax = 4.93 t/ha determined under 
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point 4 must be multiplied, so that an average annual 
net primary production of tree wood  DNPmax = 1.94 
t/ha is obtained as an indicator of the net primary 
production of the tree stock of the monitoring area 
“Großer Eisenberg”.

Indicator carbon storage
As an indicator for carbon storage, the carbon stored in 
the humus of the organic layer and in the mineral soil 
between 0 and 80 cm deep is calculated (Fig. 3).

The quantities of  Corg in g/kg given for the individual 
soil horizons are multiplied by the respective bulk den-
sity (kg/m3) and converted into stock values per hectare 
using the respective horizon thickness data.

If the data for individual horizons do not contain infor-
mation on bulk density, the volume-related C reserves 
can alternatively be calculated on the basis of an empiri-
cal relationship between C content and litre weight of the 
fine soil according to [2]:54. After conversion, the follow-
ing formula results from this relationship for calculating 

the bulk density [kg/m3] as a function of the organic car-
bon content [g/kg]: Bulk density = 1593/Corg0

.177465.
Example: ICP Forests Level II site 1605 (Großer Eisen-

berg, Thuringian Forest, Germany).
The sample calculation was performed using the Level 

II data for 2009 (Table  1). The mean value for  Corg [g/
kg] was calculated for each of several measurements 
given per layer. For the layers of the mineral soil M01 
(0–10 cm), M12 (10–20 cm), M24 (20–40 cm) and M48 
(40–80  cm), the bulk density was calculated according 
to the empirical formula given above. The hectare stocks 
of organic carbon obtained by multiplying  Corg [g/kg] by 
bulk density [kg/m3] were summed across all layers.

Nutrient and water flow indicators
Nutrient and water flow indicators are calculated using 
indicator value models (Fig. 4).

Indicator value model for  calculating the  C/N and  pH 
of the topsoil The indicator value model calculates for a 
given vegetation survey a probability distribution over the 
C/N ratio and the pH (KCl) of the topsoil (top 5 cm of the 

Fig. 3 Basic scheme for determining the Corg content in humus

Table 1 Calculation of the content of organic carbon in the litter layer and in the soil block up to 80 cm depth from the Level II data 
for the year 2009

Shift Layer thickness (cm) Number of measurements in 
each layer

Corg (g/kg) Bulk density (kg/m3) Corg (t/ha)

Of + Oh 6 8 362.8 62 13,4

M01 10 8 28.7 878 25,2

M12 10 8 12.3 1021 12,5

M24 20 8 8.5 1089 18,6

M48 40 9 3.1 1306 16,0

Total Top layer
 + 80 cm mineral soil

85,70
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humus layer or mineral soil). The C/N ratio serves as an 
indicator of nutrient availability similar to the N number 
according to Ellenberg et al. [1]. From this distribution, an 
expected value for the C/N ratio and the pH of the topsoil 
is calculated. A complete documentation of the model is 
contained in Jenssen et al. [9].

The basis for the modeling of the C/N ratio and the 
pH are the probability distributions of the most fre-
quent plant species of the Central European forest veg-
etation, taking into account their stratum affiliation 
and quantity development ([9]: Tables 3 and 6, respec-
tively). These distributions are multiplicatively linked to 
a probability distribution for the ecotope characterized 
by the vegetation uptake. From the resulting distribu-
tion, the characteristic values can be assigned to the 
ecotope. In the applications performed, the expected 
value assigned to the ecotope was the arithmetic mean 
of the class values of the C/N ratio or the pH weighted 
with the class probabilities of the resulting probability 
distribution ([9]: Tables 1 and 4).

The following model algorithm has been implemented:

1. Reading a table (tblVEG) with the vegetation rel-
evé including all occurring species separated by tree 
layer, lower and upper shrub layer, field layer and the 
corresponding percentage cover values.

2. Reading the class mean values C/N and pH [9]: 
Tables 1 and 4. for 20 classes, respectively.

3. Calculation of the probability densities of the occur-
ring species taking into account stratification and 
cover value class using the function

f (x) = a0 · exp

[

−
(x − a1)

2

2 · a22

]

+ a3 + a4 · x + a5 · x2

and the parameters according to Jenssen et  al. ([9]: 
Tables 3 and 6, respectively), if these are included in 
the tables. The parameter “Number” is the number of 
distributions included in the calculation.

 The deciduous tree species in brackets in the tables 
are not taken into account due to possibly dominant 
forestry influences which may falsify the indicator 
value.

 If there are negative values for f(x), these are set to 
zero. The probability densities are then normalized to 
1 by dividing each f(x) by the sum of all f(x) over all 
20 classes.

4. Create a matrix (number, 20) containing the respec-
tive probability densities above the class values for 
the considered plant species (if necessary, separated 
by strata and cover value class).

5. Multiplicative linking of probability densities

for each of the 20 classes. The resulting vector pd 
contains the probability density for each of the 20 
class values.

6. Weighting of the probability density vector pd with 
the case numbers of the individual classes (column 
“Absolute frequency” in [9]: Tables 1, 4).

7. Calculation of the expected value for the C/N ratio or 
the pH as an average over the class values of the C/N 
ratio or the pH weighted with the probability densi-
ties pd.

Example: ICP Forests Level II site 1605 (Großer Eisen-
berg, Germany).

The calculation should be performed using an execut-
able program that implements the algorithm described 

pd(∗) =
Anzahl
∏

i=1

Matrix (i, ∗)

Fig. 4 Basic scheme for the determination of indicators of water and nutrient flow
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above based on the data documented by Jenssen et al. [9]. 
For a better comprehensibility of the model algorithm, a 
spreadsheet calculation was carried out in Table 2 for the 
vegetation survey of the ICP Forests site LII-1605 from 
1960, which is documented under the area designation 
STO 180 in Jenssen et al. [8] (“C4-6d-B1_Vegetationsge-
samttabelle.xls”).

The first two columns contain the plant species taken 
from the vegetation survey separately by stratum and 
the corresponding percentage cover values (step 1 of the 
model algorithm). The first row contains the class mean 
values C/N [9]: Table 1 for 20 classes each (step 2). The 
inner fields of the table contain the probability densities 
calculated according to steps 2 and 3 for the occurring 
species over the respective classes, provided that a den-
sity function (parameters in [9]) exists for the species. 
The probability densities were normalized so that their 
sum over all classes of the C/N ratio (row sum, stored in 
the last column) results in one. In the row “Column prod-
uct”, the probability densities of the different plant spe-
cies were multiplied by the respective C/N classes (step 
4). In the next row “Column product, weighed with class 
frequencies” the probability densities are weighed with 
the case numbers (absolute frequencies) of the individual 
classes from Jenssen et al. [9]: Table 1 (step 5). This is to 
ensure that the two extreme classes with a significantly 
lower number of underlying measured values and cor-
respondingly lower statistical representation are given a 
lower weighting in the calculation of the expected value 
(explanations in [9]). In our example, however, these 
classes have a zero probability, so step 5 has no effect on 
the result (Table 2). The modal value of the distribution 
remains unchanged above the class with the class value 
C/N = 28.2. The corresponding class probability is 43% 
after normalization across all classes. In the last line, the 
expected value for the topsoil C/N ratio of the investi-
gated area is calculated by multiplying the class values 
with the respective class probabilities and then summing 
all classes (step 6). The result for the expected value is 
C/N = 27.4. A completely analogous calculation is carried 
out to determine the pH (KCl) in the topsoil. pH = 2.8 is 
obtained.

Indicator value model for calculating the base saturation 
of  the  topsoil So far, no probability density functions 
have been created for base saturation (V). Therefore, with 
the help of 787 measurements of the V value available in 
the W.I.E. database and on the basis of a close correla-
tion to the pH values, a total of 838 forest plant species 
were assigned mean values of the base saturation of the 
topsoil [9]: Table 9. For the calculation of an area-related 
base saturation, an average value weighted with the cover 

values was calculated. This value is subject to correspond-
ing uncertainties compared to the C/N ratios and pHs.

Example: ICP Forests Level II site 1605 (Großer Eisen-
berg, Thuringian Forest, Germany).

Table  3 shows the calculation of the base saturation 
for the ICP Forests site LII-1605 (Großer Eisenberg, 
Thuringian Forest, Germany) in 1960 on the basis of 
the vegetation survey of the site LII-1605 from 1960, 
which is documented under the area designation STO 
180 in Jenssen et  al. [9] (“C4-6d-B1_Vegetationsgesa-
mttabelle.xls”). The first two columns contain the plant 
species taken from the vegetation survey and the corre-
sponding percentage cover values, whereby the values 
r = 0.01% and +  = 0.1% were set. The third column con-
tains the mean V values of the individual plant species 
taken from Jenssen et  al. [9]: Table 9. The last column 
contains the products from these V values and the cov-
erage percentage, i.e., the products from the two previ-
ous columns. In the last row, the column sum of these 

Table 3 Calculation of the base saturation (V) in the topsoil of 
the ICP Forests LII-1605 site (Großer Eisenberg, Thuringian Forest, 
Germany) in 1960 as weighted mean of V indicated by occurring 
plant species

Species Cov% V value V value × Cov%

Upper tree layer

 Picea abies 15.00

Lower tree layer

 Picea abies 60.00

Shrub layer

 Picea abies 87.00 19.4 1691.9

 Sorbus aucuparia 0.01 29.1 0.29

 Sylvatica fagus 0.10 36.3 3.63

Herb layer

 Calamagrostis villosa 15.00 6.2 92.75

 Vaccinium myrtillus 37.00 19.7 727.68

 Deschampsia flexuosa 37.00 22.1 817.26

 Galium saxatile 15.00 12.8 191.51

 Trientalis europaea 15.00 10.4 156.71

 Dryopteris dilatata 0.10 27.7 2.77

 Maianthemum bifolium 0.10 36.0 3.60

 Pteridium aquilinum 0.10 27.9 2.79

 Luzula pilosa 0.10 31.6 3.16

Moss layer

 Dicranum scoparium 0.10 21.8 2.18

 Barbilophozia floerkei 0.10 4.3

 Pleurozium schreberi 3.00 22.5 67.41

 Lophocolea heterophylla 0.10 32.3 3.23

 Dicranum majus 15.00 4.0

Sum 224.81 3766.83

V value, weighed with Cov% 17
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products is divided by the sum of the cover percent-
ages taken into account and the result 17 is shown as an 
area-related V value.

Indicator value model for calculating the moisture index 
of  the  topsoil The modeling of the moisture indicators 
for the topsoil is based on the scaled DKF soil moisture 
index estimates of the topsoil moisture derived by Hof-
mann [3] (pp. 204–214) for sociological–ecological spe-
cies groups [9]: Tables  7 and 8, respectively). From the 
given soil moisture intervals a Gaussian function is cal-
culated, which approximates a normal distribution of the 
soil moisture indices in the given interval. The calculation 
of a moisture index characterizing the test area is car-
ried out analogously to the calculation of the C/N and pH 
expected values. The probability densities for the respec-
tive plant species are weighted with the cover values from 
the vegetation survey.

The following model algorithm has been implemented:

1 Reading a table (tblVEG) with the vegetation picture 
contains all occurring species.

2. Definition of 20 classes distributed equidistantly 
between the extremes 0 and 10 and reading the class 
averages.

3. Approximation of the probability densities of the 
occurring species with the function

and the parameters

 according to Jenssen et al. [9]: Table 8, if these are 
included in the tables. The probability densities are 
then normalized to one by dividing each f(x) by the 
sum of all f(x) over all 20 classes.

4. Create a matrix (number, 20) containing the approxi-
mated probability densities above the class values for 
the plant species considered. The parameter “Num-
ber” is the number of distributions included in the 
calculation.

5. Weighting of the approximated probability densities 
over the class values with the cover values of the spe-
cies summed across all strata.

6. Multiplicative linking of probability densities

f (x) =
1

√
2π · σ

· exp
[

−
(x −m)2

2 · σ 2

]

m = DKFmin + σ , σ =
DKFmax − DKFmin

2

 for each of the 20 classes. You get a vector pd that 
contains the resulting probability density for each of 
the 20 class values. Normalization of the resulting 
probability density across all classes to one.

7. Calculation of a surface-related topsoil moisture as 
mean value over the class values of the topsoil mois-
ture weighed with the probability densities pd.

Example: ICP Forests Level II Location 1605 (Großer 
Eisenberg, Thuringian Forest, Germany).

Table  4 comprehends the characteristic values for the 
parameterization of the moisture distribution functions 
of the plant species occurring in 1960 on the at ICP 

pd(∗) =
Anzahl
∏

i=1

Matrix(i, ∗)

Table 4 Parameters of the soil moisture distribution functions 
of the plant species at site LII-1605 (Großer Eisenberg, Thuringian 
Forest, Germany) in 1960

DKFmin and  DKFmax denote the lower and upper limits, respectively, of a moisture 
characteristic of the topsoil scaling between the extremes 0 and 10, m and 
sigma denote the characteristic values of a normal distribution approximated 
therefrom

Species Cov% DKFmin DKFmax m Sigma

Upper tree layer

 Picea abies 15

 Lower tree layer

 Picea abies 60

Shrub layer

 Picea abies 87 4.0 9.0 6.50 2.50

 Sorbus aucuparia r 3.0 6.0 4.50 1.50

 Sylvatica fagus  + 2.0 6.5 4.25 2.25

Herb layer

 Calamagrostis villosa 15 4.0 8.0 6.00 2.00

 Vaccinium myrtillus 37 3.5 8.0 5.75 2.25

 Deschampsia flexuosa 37 2.5 7.0 4.75 2.25

 Galium saxatile 15 2.5 7.0 4.75 2.25

 Trientalis europaea 15 3.0 7.0 5.00 2.00

 Dryopteris dilatata  + 5.0 8.0 6.50 1.50

 Maianthemum bifolium  + 3.0 7.0 5.00 2.00

 Pteridium aquilinum  + 5.5 8.0 6.75 1.25

 Luzula pilosa  + 3.0 7.0 5.00 2.00

Moss layer

 Dicranum scoparium  + 2.0 6.0 4.00 2.00

 Barbilophozia floerkei  + 

 Pleurozium schreberi 3 2.0 7.5 4.75 2.75

 Lophocolea heterophylla  + 5.0 7.0 6.00 1.00

 Dicranum majus 15 5.0 7.5 6.25 1.25
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Forests site LII-1605 (Großer Eisenberg, Thuringian For-
est, Germany), which are documented under the area 
designation STO 180 in Jenssen et al. [9],“C4-6d-B1_Veg-
etationsgesamttabelle.xls”). The characteristic values 
DKFmin and DKFmax, which designate the lower and 
upper limits of the moisture index of the topsoil scaling 
between the extremes 0 and 10, are taken from Jenssen 
et al. [9]: Table 8. From this, the parameters of a normal 
distribution according to step 3 were derived.

The first row of Table 5 contains the class mean values 
of 20 equidistantly distributed classes of topsoil moisture 
between the extremes 0 and 10 (step 2). The inner cells 
contain the class probabilities (probability densities) cal-
culated for each type of shrub layer and ground vegeta-
tion occurring and for each class mean according to the 
formula given in step 3 (probability densities) normal-
ized to one across all classes (last column, step 4). Table 6 
shows the class probabilities multiplied by the respective 
percentage cover values (second column) (probability 
densities, step 5). The row “Column product” contains 
the product of the class probability pages calculated for 
each moisture class and weighted with the cover values 
of the species. In the line below, the class probabilities 
(probability densities) were normalized to one across all 
classes. The greatest probability of 45% is calculated for 
the class between the moisture index 5.5 (medium to per-
manently fresh) and 6 (permanently fresh). These values 
were multiplied in the lowest line by the respective class 
values of the moisture index. The sum of the lines is the 
expected value of the moisture content of the topsoil on 
the test area and gives the ratio 5.6 (step 7).

Indicator of adaptability to changing environmental 
conditions
As an indicator of adaptability to changing, unpredictable 
environmental conditions, the percentage similarity of 
the current proportions of tree species with the spectrum 
of natural site tree species [5] is used:

The pi denote the percentage amount shares of the 
tree species indexed with i for the current stocking on 
the area to be valuated, whereby the quantity shares are 
summed over several possibly existing tree layers and set 
to 100%:

The Pi
max describe the maximum percentage areas of 

natural site-specific tree species that are not exceeded 
in the course of self-organized development stages 
under the respective site conditions (explanations in 
[7], Chapter 4).

The Pi
max were determined on the basis of the knowl-

edge of the natural distribution and the site require-
ments as well as the growth and competition behavior 
of the native tree species for the different ecosystem 
types and documented in the data sheets of the refer-
ence conditions [9]. The pi are determined from the 
actual cover values of the natural site-specific tree spe-
cies on the receiving area (Fig. 5).

For a raw humus pine beech forest (Eb-4n-B2), for 
example, the data sheet for reference conditions [9] 
gives 80% for the red beech, 40% for the grape oak, 30% 

P =
∑

i

min
(

Pi,P
max
i

)

.

∑

i

Pi = 100%.

Fig. 5 Basic scheme for determining the similarity of the current tree species composition with the spectrum of natural tree species
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each for sand birch and pine and 5% for the mountain 
ash as the maximum proportions of natural site-spe-
cific tree species in self-organized development stages. 
At present, 70% pine, 20% red beech, 5% grape oak and 
5% sand birch are found on a vegetation survey area 
assigned to this reference condition. The indicator is, 
thus, calculated as follows.

The current proportions of tree species are, therefore, 
60% similar to the spectrum of natural site tree species, 
i.e., those tree species which are not exceeded in the 
course of self-organized developmental stages (in con-
trast to the classical definition of potential natural veg-
etation (PNV), the spectrum covers not only the main 
stages but also temporary intermediate forest stages) 
at this site. Despite excessive amounts of pine, the 
stock still has sufficient potential to adapt to possibly 

P =min(70%, 30%)+min(20%, 80%)

+min(5%, 40%)+min(5%, 30%) = 60%.

changing environmental conditions through self-organ-
ized development.

Example: ICP Forests Level II site 1605 (Großer Eisen-
berg, Thuringian Forest, Germany).

For ecosystem type C4-6d-B1, the data sheet of refer-
ence states [9] gives the maximum proportions of natural 
site-specific tree species in self-organized development 
stages as 100% for spruce, 5% for mountain ash, 2% for 
bog birch and 5% for silver fir as maximum propor-
tions of natural site tree species. In 1960 and in all other 
monitoring years, 100% spruce was found on the veg-
etation survey area. Thus, the indicator is calculated to 
P = min(100%, 100%) = 100%. The current proportions of 
tree species are, therefore, 100% similar to the spectrum 
of natural site tree species, i.e., those tree species which 
are not exceeded in the course of self-organized develop-
ment stages at this site.

Fig. 6 Scheme for classifying ecosystem integrity



Page 17 of 28Jenssen et al. Environ Sci Eur           (2021) 33:46  

Table 7 Definition of the deviation levels from the reference state

Indicator Total span Classification of deviations from the reference condition

Very low Low Medium High Very high

Habitat function

 Kullback Distance 0.0–4.0 Range between 0 and 
respective maximal 
Kullback distance

Quartering of the remaining interval

 Percentage similarity of plant 
species quantity distribution

0–100% Interval from 100% to 
minimum percentage 
similarity

Quartering of the remaining interval

Net primary production

 Average net primary production 0–∞t TS/ha Values above the average 
net primary production 
of tree wood

Quartering of the remaining interval

Carbon storage

 Carbon stock 0–t/ha∞ Values above the individ-
ual value for the mean 
carbon stock (or mean 
value for ranges)

Quartering of the remaining interval

Nutrient flow

 pH

  Material cycle type A pH 2.5–5 MW ± 1 SD MW
 ± 2 SD

MW
 ± 3 SD

Halving of the remaining interval within the 
total span width specific to the material 
cycle type

  Material cycle type B pH 2–6

  Material cycle type C pH 2–8

  Material cycle type D pH 3–8

  Material cycle type E pH 3.5–8

 Base saturation

  Material cycle type A 0–30% MW ± 1 SD MW
 ± 2 SD

MW
 ± 3 SD

Halving of the remaining interval within the 
material cycle type-specific total span  Material cycle type B 0–50%

  Material cycle type C 0–100%

  Material cycle type D 5–100%

  Material cycle type E 15–100%

 C/N ratio

  Material cycle type A 17–50 MW ± 1 SD MW
 ± 2 SD

MW
 ± 3 SD

Halving of the residual interval within the 
material cycle type-specific total span  Material cycle type B 13–50

  Material cycle type C 6–50

  Material cycle type D 6–36

  Material cycle type E 6–26

 Leaf/needle mirror values

  Nitrate 0–4.0% by 
weight

MW ± 1 SD MW
 ± 2 SD

MW
 ± 3 SD

Halving of the remaining interval within the 
substance-specific total span width

  Phosphor 0–0.6% by 
weight

  Potassium 0–2.5% by 
weight

  Calcium 0–2.65% by 
weight

  Magnesium 0–0.6% by 
weight

Water flow

 Soil moisture index according to 
Hofmann (20,002)

0 (= extremely 
dry) to 11 
(= flooded)

MW ± 1 SD MW
 ± 2 SD

MW
 ± 3 SD

Halving of the remaining interval within the 
total span width

Adaptation to changing environmental conditions

 Similarity of tree species com-
position

100–0% 100–60%  < 60–45%  < 45–30%  < 30–15%  < 15–0%



Page 18 of 28Jenssen et al. Environ Sci Eur           (2021) 33:46 

Classification of ecosystem integrity
The analysis and estimation of ecosystem conditions and 
their development over time is basically carried out by 
comparison with a functionally and structurally deter-
mined historical reference condition [7, 23]. The change 
in ecosystem integrity is to be classified as higher the 
more the status parameters deviate from those of the 
respective ecosystem type-specific reference status.

To classify ecosystem integrity, a distinction is made 
between 5 levels in comparison with the reference state, 
namely on three levels (Fig. 6):

1. Deviations from the reference situation for individual 
indicators,

2. Deviations from the reference state for individual 
functions (based on indicators),

3. Changes in ecosystem integrity across functions for 
the ecosystem type under consideration.

The deviations between the interval limits of the eco-
system-specific reference condition and the lower or 
upper limit of the ecosystem-specific total span are sub-
divided into the levels very low (= within the reference 
span) and low, medium, high and very high. The classi-
fications for a total of 13 indicators assigned to 6 ecosys-
tem functions are based on the principles presented in 
Table 7.

The variance levels for the indicators of habitat func-
tion, net primary production and carbon sequestration 
are based on the historically determined reference span 
and a quartering of the residual interval within the total 
span. For the nutrient balance indicators whose reference 
range is defined by the respective ecosystem mean value 
of ± the simple standard deviation (see above): indicator 
value models for calculating the C/N and pH the topsoil, 

the base saturation of the topsoil and the moisture index 
of the topsoil), are assigned low and medium with values 
into the ranges smaller than 2 or 3 times the standard 
deviation. The steps high and very high were defined by 
halving the remaining intervals within the overall spans 
specific to the material or material cycle type. For ecosys-
tem types where the triple standard deviation is already 
outside the total span, the deviation steps high and very 
high are omitted (e.g., for the pH of the Moder-Tannen-
Buchen-Bergwald (D2-6d-C2; Moder fir and beech for-
ests of the montane level), or the base saturation of the 
Magerrohhumus-Sand-Kiefernwald (Ed-2n-A2; Sandy 
meager-raw-humus pine forests). According to Jenssen 
and Hofmann [5], near-natural stands are character-
ized by values of 60–100%. This span is used as a refer-
ence (= very small). The deviation interval below 60% is 
quartered and distributed equally for all ecosystem types 
to the levels low (= 59–45%), medium (= 44–30%), high 
(= 15–29%) and very high (= 0–14%).

In the case of ecological functions, which are described 
by only one indicator (net primary production, carbon 
storage, water flow, adaptability), the classification is 
directly linked to the assessment of the individual indica-
tors. For functions with several assigned indicators (habi-
tat, nutrient flow), the individual estimates are aggregated 
via the modal value (level 2 in Fig.  6. The modal value 
also provides good orientation for the overall functional 
classification of changes in ecosystem integrity, with all 
criteria being considered equally. For the interpretation, 
the meanings of the 5 levels of deviation and change are 
described in Table 8.

With regard to the interpretation of detected devia-
tions from the reference condition, various threshold val-
ues can be used to derive different needs for action on the 
basis of Mitchell et al. [14] (Fig. 7). Under the simplified 

Table 8 Levels of deviation from ecosystem type reference states and levels of change of ecosystem integrity

Level Meaning

Very low The values of the indicators habitat function, net primary production and carbon storage correspond to those of the reference range. For 
the respective ecosystem type there are also no or only very minor changes in the values for the physical–chemical conditions (nutrient 
flow, water flow) compared to the values that characterize the historical reference condition 1961–1990. The similarity of the current tree 
species composition with the spectrum of natural site-specific tree species is very high

Low The indicators for habitat function, net primary production and carbon storage show small deviations from the historical reference values. 
The physical–chemical conditions also deviate only slightly from the values of the reference type. There is a high similarity between the 
current tree species composition and the spectrum of natural site-specific tree species

Medium The values of ecosystem function indicators differ moderately from those normally associated with the historically determined reference 
status. The values give indications of moderate deviations and show significantly stronger interference than was the case under historical 
conditions. There is a moderate similarity between the current tree species composition and the spectrum of natural site-specific tree 
species

High Ecosystem conditions where indicators point to major changes and differ significantly from those normally associated with the reference 
status. There is little similarity between the current tree species composition and the spectrum of natural site-specific tree species

Very high Ecosystem conditions in which the indicators point to very strong changes and deviate very strongly from the historical reference condition. 
There is very little similarity between the current tree species composition and the spectrum of natural site-specific tree species
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assumption of a linear decrease in ecosystem integrity 
beyond the characteristic range of the reference state, 
continued measures of environmental monitoring are 
recommended from the stage low, at the latest from the 
stage medium, if the temporal trend indicates an increase 
in deviations from the reference state. Management 
measures are recommended from the high level onwards, 
at which conditions outside the ecosystem-specific, natu-
ral variability are given (here: mean value of ± three times 
standard deviation). Appropriate concretizations can be 
justified with the changes identified at indicator, function 
and/or ecosystem level.

Site‑specific classification
The assessment forms for 61 forest and forest ecosystem 
types [9] can be used to classify ecosystem integrity at 
individual sites.

A. Deviation levels for  the  indicators At the first level, 
it is assumed that the ecosystem type was determined by 
means of a determination key or computer-aided com-
parison of a vegetation survey with the reference condi-
tions documented in Jenssen et al. [9, 10, 22], vol. 2, chap-
ter 2) and that the characteristics of the indicators for the 
6 ecosystem functions (Sect. “”Determination of indicator 
characteristics) were determined. On this basis, the devia-
tion from the respective reference status is classified using 
the assessment sheet specified for the ecosystem type 
identified (level 1 in Fig. 6).

Example: ICP Forests Level II site 1605 (Thuringian 
Forest, Germany)—“base saturation” at the Rohhumus-
Fichten-Hochbergwald (C4-6d-B1; Raw-humus spruce 
forest on the altimontane level; Fig. 7).

For the Rohhumus-Fichten-Hochbergwald (C4-6d-B1; 
Raw-humus spruce forest on the altimontane level) at 
ICP Forests Level II site 1605 in the Thuringian Forest, 
the interval of the reference condition is 12.9–19.7%. A 
base saturation value of 25% was estimated on the basis 
of vegetation cover (Sect. “Indicator value model for cal-
culating the base saturation of the topsoil”). The devia-
tion from the reference condition is classified as ‘medium’ 
on the basis of the rules documented in the evaluation 
sheet. Continuous observation of the examination area is 
recommended.

B. Deviation levels for  the  functions In the case of 
ecosystem functions (level 2 in Fig. 6), deviations from 
the reference status are determined by evaluating the 
characteristics of the assigned indicators. Since net pri-
mary production, carbon storage, water flow and adap-
tation to changing environmental conditions are each 
described by a singular indicator, the level of deviation 
for the function is identical to that of the indicator. With 
regard to habitat function and nutrient flux, deviations 
from the reference status are determined by aggregat-
ing the levels of deviation of the associated indicators. 
Aggregation is done with the modal value providing 
good orientation. All steps of the deviation from the 

Fig. 7 Classification of ecosystem integrity and derivation of needs for action (based on [14]
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Fig. 8 Ecosystem integrity assessment sheet for a Raw-humus spruce forest on the altimontane level (C4-6d-B1), ICP Forests Level II site 1605 
(Großer Eisenberg, Thuringian Forest, Germany)
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reference condition are considered equally. In principle, 
there can be several modes if several different devia-
tion levels occur with equal frequency. These multiple 
responses are carried along until the final classification 
of integrity at the ecosystem level.

Example: ICP Forests Level II site 1605 (Großer Eisen-
berg, Thuringian Forest, Germany)—“nutrient flow” at 
the Rohhumus-Fichten-Hochbergwald (C4-6d-B1; Raw-
humus spruce forest on the altimontane level; Fig. 8).

For the Rohhumus-Fichten-Hochbergwald (C4-6d-B1; 
Raw-humus spruce forest on the altimontane level) at 
the ICP Forests Level II 1605 site, the determined values 
of the nutrient flow indicators result in different levels 
of deviations from the reference condition: high for the 
pH, medium for the base saturation and very high for the 
C/N ratio, furthermore high (N content needles), very 
low (P content needles), low (K content needles), high 
(Ca content needles), medium (Mg content needles). The 
aggregation of these 8 classifications results in an overall 
deviation from the reference status high for the category 
nutrient flow at the level of ecosystem functions, which 
indicates an increased need for countermeasures (Fig. 7).

C. Stages of  change for  ecosystem types In a third step, 
the change in ecosystem integrity is classified across func-
tions (level 3 in Fig. 6.

Example: ICP Forests Level II Location 1605 (Großer 
Eisenberg, Thuringian Forest, Germany)—“Ecosystem 
Integrity” at the Rohhumus-Fichten-Hochbergwald 
(C4-6d-B1; Raw-humus spruce forest on the altimontane 
level; Fig. 8.

For the habitat function, there are low or medium devi-
ations from the reference status, low deviations from the 
net primary production, very low deviations from the 
C-storage, high deviations from the nutrient flow, low 
deviations from the water flow and very low deviations 
from the reference status for the adaptability to changing 
environmental conditions. This results in 2 denomina-
tions of the level very low, 3 denominations of the level 
low, one denomination of the level medium and one of 

the level high. The subsequent assessment leads to the 
classification slight change in ecosystem integrity, to take 
into account the modal value of the deviation from the 
reference condition in this example. With regard to eco-
system integrity, continued observation of the study area 
is recommended.

Area‑related classification
For an area-related classification of ecosystem integ-
rity at the regional level, data from vegetation-reception 
areas (e.g., in nature reserves) are often available or—in 
contrast to comparable soil data—can be collected with 
relatively little effort. Deviations of current ecosystem 
conditions from the respective reference conditions 
can be spatially generalized either on the basis of map-
ping of the ecosystem types in the area under investiga-
tion or by division of the area into a regular grid (e.g., 
2.5 km × 2.5 km) in each case in connection with a repre-
sentative selection of vegetation survey areas as a sample.

Method 1: classification of ecosystem integrity for mapped 
ecosystem types In a first step, the quantification of the 
topsoil parameters from the vegetation structures accord-
ing to Sect.  “Nutrient and water flow indicators” is car-
ried out. Based on the variances of the reference data to 
the ecosystem types [22], at least 5 vegetation relevés per 
ecosystem type are recommended for the regional level. 
Using the wise values of the plant species, a site-specific 
classification of the deviations from the reference condi-
tion (1: very low, 2: low, 3: medium, 4: high, 5: very high) 
for the corresponding indicators of ecosystem integrity 
(Sect. “Site-specific classification”) is then made for each 
vegetation survey area. Next, the ecosystem type-specific 
median of the deviation levels is determined as the central 
tendency and the maximum deviation. The medians are 
then aggregated via the modal value to levels of deviation 
and change at the levels of ecological functions or eco-
systems (Sect.  “Site-specific classification”). The spatial 
transfer of the ecosystem-specific classifications deter-
mined in this way can finally take place by allocation to 

Table 9 Deviation and ordination of shifting ecosystem integrity based on 6 indicators and 5 ecosystem types in the Kellerwald-
Edersee National Park (Hesse, federal state of Germany)

Ecosystem-specific variance and change levels based on the medians of variance levels at indicator level; variance levels: very low, low, medium, high

HF habitat function, NF nutrient flow, WF water flow, ESI changes in ecosystem integrity

Eco code n Kullback Similarity pH V C/N DKF HF NF WF ESI

D1-5n-C2 51 Very low Very low Low Very low Low Low Very low Low Low Low

D1-6d-D1 8 Very low Low Low Medium Medium Medium Low Medium Medium Medium

Eb-5n-C2 1 Very low Very low Low Low Low Low Very low Low Low Low

Eb-5n-D1a 7 Very low Very low Very low Very low Low Low Very low Very low Low Very low

Eg-7g-D1 3 Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low
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the forest ecosystem types mapped in the area concerned 
in the sense of an area interpolation.

Example: Kellerwald-Edersee National Park (Hesse, 
federal state of Germany).

For the area of the Kellerwald-Edersee National Park 
(Hesse, federal state of Germany), an ecosystem type 
mapping on a scale of 1:5000 and 70 vegetation sur-
veys for five different ecosystem types are available 
[18] (Table  9). After determining the topsoil param-
eters, for example for the Braunmull-Buchen-Bergwald 
(D1-6d-D1, Brownmull beech forests of the montane 
level), the value range of the moisture indicators (DKF) 
originating from eight indicator value calculations is 
between 4.7 and 6.9. This results in eight site-related 
classifications of the deviations from the reference con-
dition between very low and high Fig.  9. The median 
value as the central tendency is medium. Together with 
the median values for the other indicators (here: Kullback 
distance, similarity of species abundance distribution, 
pH, base saturation, C/N ratio), at the level of ecosystem 
functions the modal value results in the levels low for 
habitat function, medium for nutrient flow and medium 
for water flow. The modal value of these three deviation 
steps results in a mean change of ecosystem integrity for 
the Braunmull-Buchen-Bergwald (D1-6d-D1,Brownmull 
beech forests of the montane level). This results in the 
recommendation to further monitor the development of 
ecosystem integrity of D1-6d-D1 in the basement forest 
in the future, especially with regard to base saturation, 
C/N ratio and soil moisture.

Method 2: classification of ecosystem integrity in an area 
grid Alternatively, if no information on the spatial dis-
tribution of ecosystem types is available for an area, the 
mean deviation from the reference state can be deter-
mined on the basis of an area grid. At a resolution of 
2.5 km × 2.5 km per raster element, for example, at least 
two representative vegetation surveys are recommended 
for evaluating indicators of soil condition. As in Method 
1, a site-specific classification of the deviations from the 
ecosystem-specific reference condition for the indicators 
is first carried out for all the sites to be surveyed. For each 
raster element, the arithmetic mean of the deviation levels 
is determined, also to show tendencies within the devia-
tion level. On this basis, as in Method 1, the medians are 
aggregated via the modal value to deviation and change 
levels at the levels of ecological functions or ecosystems 
(Sect.  “Site-specific classification”). This finally makes it 
possible to transfer the site-related classifications to the 
study area grid.

Example: Kellerwald-Edersee National Park (Hesse, 
federal state of Germany).

Based on the 70 vegetation surveys available for the 
Kellerwald-Edersee National Park, the variance levels for 
five different ecosystem types and the indicators of eco-
system integrity were determined. For the moisture index 
as an indicator of water flow, there are 70 site-related 
classifications of deviations from the reference condi-
tion between very low and high. For each grid, the mean 
value of the deviation levels is calculated and used as the 
basis for the grid-related classification (Fig. 10). Informa-
tion losses with regard to the variance and the maximum 
deviation in each grid cell can be avoided by displaying 

Brown mull beech forests of
the montane level

(D1-6d-D1)

Moder beech forests of
the montane level

(D1-5n-C2)

0 1 2 3 40,5
Kilometers

Deviation very low low medium high very high

very low low medium high very high

Fig. 9 Ecosystem type-specific classifications of deviations from the reference condition for the moisture index in the Kellerwald-Edersee National 
Park (Hesse, federal state of Germany)
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the classifications at the individual locations. The exam-
ple of the Kellerwald [18, 19] shows that a higher spa-
tial differentiation can be achieved by using an area 
grid compared to the ecosystem type-specific classifica-
tion, since the area is strongly dominated by the Moder-
Buchen-Bergwald (D1-5n-C2, Moder beech forests of 
the montane level). Together with the variance levels 
for the other indicators (e.g., Kullback distance, similar-
ity of species quantity distribution, pH, base saturation, 
C/N ratio), the variance and change levels at the levels of 
ecological functions or ecosystems are aggregated via the 
modal value, as in method (1).

To make the application of the classification model 
more effective for larger amounts of data, the OESI tool 
can be used as a functional extension of  ArcGIS® Desk-
top 10.2 [16]. It was implemented using the Python pro-
gramming language and supports the classification of 
deviations from the reference state on the basis of 2711 
rules for 60 ecosystem types and 6 indicators to date: 
Kullback distance, similarity of species quantity distribu-
tion, pH, base saturation, C/N ratio and moisture index.

Determination of temporal trends
From repeated recordings of the ecosystem condition, 
temporal trends can be derived and interpreted. This is 
demonstrated by the example of the ICP Forests Level 
II program Table  10: Site LII-1605 (Großer Eisenberg, 
Thuringian Forest, Germany), altitude: 851–900  m; 
ecosystem type: Rohhumus-Fichten-Hochbergwald 

(C4-6d-B1; Raw-humus spruce forest on the altimontane 
level).

Example: ICP Forests Level II site 1605 (Großer Eisen-
berg, Thuringian Forest, Germany).

In 1960, the stand matched all ecological parameters 
of the associated ecosystem type (Rohhumus-Fichten-
Hochbergwald). This type corresponds to the natural type 
of forest that forms in the ridges of the Thuringian Forest 
under today’s climatic conditions in self-organisation.

The data from 1995 onwards could be attributed to the 
effect of liming, whereby both the vegetation and the top-
soil data point to a decreasing effect until 2009 with at 
least partial reversible development to the original spruce 
forest type. This becomes particularly clear in the devel-
opment of base saturation. In vegetation, this effect is 
reflected in the occurrence of Rubus idaeus and Oxalis 
acetosella from 2001 and in their decline with simultane-
ous increases in Trientalis europaea and Deschampsia 
flexuosa in 2006. The significant narrowing of the C/N 
ratio of the topsoil and the increased N value in the nee-
dles compared to the reference condition observed since 
1995 can be attributed essentially to the increased N 
release due to mineralisation of the topsoil due to liming.

In fact, at the end of the 1980s, the Institute of Forest 
Sciences Eberswalde (IFE) developed a method to rem-
edy the Mg deficiency symptoms of the spruce in the 
Thuringian Forest that had appeared on a large scale at 
the time (personal communication by Prof. Dr. habil. 
Gerhard Hofmann, Eberswalde, 12.12.2017). Initially, 
experiments were carried out on Mg liquid fertilization 

1

1 2

2

1
1

1.7

2.3

2.7

1.6 2.4

2.6

1.3 2.1

2.7

2.7 = Mean of deviation
per grid cell 0 1 2 3 40.5

Kilometers

Soil moisture index
Deviation

very low

low

medium

high

very high

very low

low

medium

high

very high

Fig. 10 Grid-based classifications of the deviations from the reference state for the soil moisture index in the Kellerwald-Edersee National Park 
(Hesse, federal state of Germany)
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from the air, which, however, showed no effect due to 
insufficient quantities. As a result, it was decided to fly 
large areas of the Thuringian Forest, including the ridges 
around the Großer Eisenberg, with Kamsdorfer Mg marl 
(high proportions of  CaCO3,  MgCO3).

With regard to the assessment of the longer-term 
effects of liming, it is remarkable that the proportion of 
basic cations in the spruce needles between 1995 and 
2009 remains well below the reference state. A tempo-
ral trend was not detectable in the data. This obviously 
reflects the effect of nitrous gases, which in the eighties 

Table 10 Temporal developments of the ecosystem state between 1960 and 2009 using the example of Level II site 1605 (Großer 
Eisenberg, Thuringian Forest, Germany)

Habitat function 

 Kullback distance to the mean species quantity distribution of the type: 

1960 0.31 4.0

2001 0       0.5 1.97 4.0

2006 0       0.5 1.72 4.0

 Similarity (%) with the mean species quantity distribution of the type: 

1960 0 65 70 100

2001 0 50 65 100

2006 0 61 65 100

Net primary production 

 Maximum average annual NPP of tree wood compared to type (t TS / ha): 

1995   1.9 2.2

2000   2.0 2.2

2004   2.0 2.2

2009   2.1

Carbon storage 

 Carbon stock in humus (support and bottom block 0 - 80 cm depth  t / ha): 

2009 85.7 
80

Nutrient flow 

 pH (KCl or CaCl2): 

1960 2.0 2.8* 8.0

1995 2.0 2.6 2.9 3.2 8.0

2001 2.0 2.6 2.9  3.4* 8.0

2006 2.0 2.6 2.9  3.8* 8.0

2009 2.0 2.6 2.9 3.6 8.0

 Base saturation: 

1960 10 17* 90

1995 10 13 20 39 90

2001 10 13    20 31*  90

2006 10 13    20 28*  90

2009 10 13    20 25   90

 C / N ratio: 

1960 35 27.4* 10

1995 35 29.2    26.2 17.7 10

2001 35 29.2    26.2  18.3* 10

2006 35 29.2    26.2  17.1* 10
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had led to extensive needle yellowing in the Thuringian 
Forest. The nutrient disharmonies in the needles induced 
by the N effect were not eliminated by the marl fertili-
zation, but were obviously maintained as a result of the 
increased N mineralization and N uptake by the roots. 
The relative increase in DNP at the time of culmination, 
calculated from the development of the mean level, indi-
cates accelerated growth due to the enhanced N input. 
These cause–effect relationships indicated here should be 
further analyzed against the background of the process 
data collected in the EU measurement program.

It is clear that with the proven ecological changes com-
pared to the 1960s, the habitat function protected by 
the FFH habitat type has been adversely affected. The 
observed reversible development of vegetation and top-
soil condition, on the other hand, is positive.

Since the 1960s, the moisture level indicated by the 
observed vegetation formation has shifted half a degree 
towards drier condition and is now at the lower inter-
val limit of the reference condition. A further warming 

to be expected as a result of climate change could lead 
to a further decrease in the spread of the natural spruce 
forest type in the ridges of the Thuringian Forest and a 
significant expansion of the spectrum of natural site tree 
species.

Discussion
Over the last couple of years, there has been a broad dis-
cussion about sustainable development, ecosystem integ-
rity, ecosystem services and biodiversity in science and 
the public. However, aside from a bunch of definitory 
treatises, operationalized approaches which are based on 
indicators quantifying ecosystem functions and struc-
tures with data from monitoring programs of competent 
authorities are lacking [21].

Ecosystem integrity or related notions are referred 
to in several national and international biodiversity and 
ecosystem policies. However, it is still poorly defined 
and operationalised. Based on a broad literature review 
Roche and Campagne [21] identified five forms of 

Table 10 (continued)

2009 35 29.2    26.2 17.4 10

 Nutritive elements in last year's spruce needles (%) 
(mean values from 9 samples between 1996 and 2009) 

N 1.0 1.32      1.36 1.52 2.2

P 0.06 0.14 0.18 0.24 0.30

K 0.2 0.49 0.54 0.88 1.4

Ca 0.2 0.36 0.62 0.72 1.4

Mg 0.06 0.09 0.13 0.19 0.30

Water flow

 Moisture index  

1960 1 5.6 10

2001 1 5.1 6.5 10

2006 1 5.1 6.5 10

Adaptation to changing environmental conditions

 Similarity (%) between the quantity distribution of tree species and the spectrum of natural site tree species: 

1960 0 60 95 100

2001 0 60 95 100

2006 0 60 95 100

Bold numbers denote measured values from the level II plot

Italic numbers are scaling values for reference states

Nutrient flow values with asterisk denote values that where derived (modeled) from vegetation survey instead of measured directly

The vegetation survey from 1960 does not originate from the Level II data set, but from the W.I.E. database and was recorded by H. SCHLÜTER. Regarding the year 
in which the stock was established, there were deviations between the information on the website of the Thuringian State Institute for Forest, hunting and fishing 
(http:// www. thuer ingen. de/ imper ia/ md/ conte nt/ folder/ waldo ekolog/ waldz ustan dsueb erwac hung/ eisen berg09. pdf ) and the Level II dataset, that could not be 
fully clarified. For the calculation of net primary production, an age of 80 years in 1995 was assumed on the basis of the latter information. This may explain the low 
absolute values of the calculated NPP

http://www.thueringen.de/imperia/md/content/folder/waldoekolog/waldzustandsueberwachung/eisenberg09.pdf
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ecosystem integrity: 1. ecosystem integrity of wilder-
ness, 2. ecosystem functional and structural integrity, 3. 
ecosystem stability and resilience, 4. ecosystem condi-
tion and 5. ecosystem quality and value. The concept of 
hemeroby is associated with form 1 proposing that natu-
ral state or ahemeroby can be defined by the absence evi-
dence of past and actual human management [12]. The 
values of Hemeroby index are determined by the degree 
of occurrences of human pressures, generally indicated 
by land use, landscape patterns and species assemblages. 
Walz and Stein (2014) published a Hemeroby map of 
Germany linking some few surface covering data: the 
CORINE land cover data, the Base-Landscape Model of 
the Authoritative Topographic–Cartographic Informa-
tion System and the Digital Land Cover model for Ger-
many. A seven-point scale was used to classify land use 
by degree of hemeroby. Ecosystem functions were not 
taken into account, nor were data from ecological envi-
ronmental monitoring. Following Walz and Stein [26], 
their hemeroby mapping approach “is inappropriate for 
a more accurate calculation of spatial extent and thus the 
monitoring of local and regional developments.” There-
fore, in our investigation, we developed a methodology 
based on 14 indicators for six ecosystem functions (habi-
tat function, net primary function, carbon sequestra-
tion, nutrient and water flux, resilience) by example of 
Germany. It allows assessments of ecosystem integrity 
changes by comparing current or prospective ecosystem 
states with ecosystem-type-specific reference states as 
described by quantitative indicators for 61 forest ecosys-
tem types based on data before 1990 [10]. Advantages of 
the rule-based method are the increase in reproducibility 
and effectiveness in assessments of ecosystem integrity 
and the coverage of three spatial scale: the forest stand 
level as well as the regional and national level. As a limi-
tation of the methodology, it should be noted that the 
use of the mode in the aggregation scheme is associated 
with a leveling within the range of the ratings. For special 
issues (e.g., early warning) other linkage algorithms (e.g., 
maximum) may be more appropriate. Due to the formal 
classification at the levels of the indicators and ecosystem 
functions, the evaluation always remains comprehensible 
in detail. In addition, thresholds derived from the classifi-
cation can provide orientation for deriving existing needs 
for action.

Conclusion
A methodological gap in the operationalization of the 
ecological integrity of forests on the basis of generally 
available data in Germany was closed by the method pre-
sented in this article. Following Roche and Campagne 
[21] who identified five major forms of ecosystem integ-
rity concepts, the approach presented operationalises the 

ecosystem functional and structural integrity. Thereby, 
the functional and structural indicators were quantified 
by data from monitoring programs of competent authori-
ties. Opportunities for the further research are the 
extension of the methodology to agrarian ecosystems in 
Germany and forest ecosystems of Europe.

Following meteorology, the method presented refers to 
a historic reference period. Climatological reference peri-
ods usually cover 30 years so that the statistical param-
eters of the various climatological parameters can be 
determined with satisfactory accuracy. Longer periods 
are not used, because then climatic changes influence 
the series and also in many cases the data basis becomes 
too scarce. The World Meteorological Organization 
(WMO) has defined the periods 1931–1960, 1961–1990, 
1991–2020 and 2021–2050 1961–1990 as the valid inter-
national climatological reference periods. Since meteoro-
logical characteristics are the most powerful drivers of 
ecosystem development, the temporal parallelization of 
climatic and ecological monitoring periods is technically 
required. This is all the more true as climate change mod-
els are calculated for climate reference periods and a cou-
pling of climate change models with ecosystem change 
models requires identical time references.

The deviance of a current or potential future ecosystem 
condition from that of an ecosystem in the reference period 
does not indicate a drop in ecosystem integrity but a transi-
tion of the integrity of an ecosystem type in the reference 
period to the integrity of a current or future ecosystem 
condition. This transition is a period with decreasing sta-
bility of the ecosystem (integrity) in the reference period 
which may end up with an upcoming new ecosystem type 
replacing the former one of the reference period. So, the 
method ordinates the transition of the integrity of an eco-
system type in the reference period to the integrity of a cur-
rent or future ecosystem condition. This transition may end 
up with an upcoming new integer ecosystem type replacing 
the former one of the reference period.

Abbreviations
A: Surface soil; BfN: German Federal agency for nature conservation; Ca: 
Calcium; Corg: Organic carbon; Cov%: Cover ratio of plant species; d: Diameter; 
DGZ: Average timber growth; DKF: Soil moisture index; DNP: Average net 
primary production; ESI: Ecosystem integrity; EU: European Union; EUNIS: 
European Nature Information System; h: Tree height; HF: Habitat function; HG: 
Mean stand height; ICP: International Cooperative Programme; K: Potassium; 
KCL: Potassium chloride; KD: Kullback distance; Mg: Magnesium; n: Sample 
size; N: Nitrogen; NF: Nutrient flow; NPP: Net primary production; O: Organic 
surface layer; P: Phosphorus; S: Similarity index; V: Base saturation; WF: Water 
flow; W.I.E.: Institute of Forestry Eberswalde.

Acknowledgements
We would like to thank the Federal Environment Agency (Dessau-Roßlau, 
Germany) for financial support and professional advice.



Page 27 of 28Jenssen et al. Environ Sci Eur           (2021) 33:46  

Authors’ contributions
WS headed the study and drafted the manuscript. MJ developed the method-
ology and performed, together with SN, the computations. The author read 
and approved the final manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. Federal Envi-
ronmental Agency, Dessau-Roßlau, Germany.

Availability of data and materials
The datasets generated and/or analyzed during the current study are cited in 
the References and are available in the ZENODO repository, https:// doi. org/ 10. 
5281/ zenodo. 26063 80. Also scientific software generated during the current 
study is available in the ZENODO repository, https:// doi. org/ 10. 5281/ zenodo. 
13195 52

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Endnotes
Not applicable.

Author details
1 Institute of Forestry Eberswalde, Hohensaatener Dorfstraße 27, 16259 Bad 
Freienwalde, Germany. 2 Chair of Landscape Ecology, University of Vechta, 
P.O.B. 1553, 49364 Vechta, Germany. 

Received: 11 December 2020   Accepted: 9 March 2021

References
 1. Ellenberg H, Weber HC, Düll R, Wirth V, Werner W, Paulissen D (1992) 

Zeigerwerte von Pflanzen in Mitteleuropa [Indicator values of plants in 
Central Europe]. 3. Aufl., Scripta Geobotanica 18:1–258

 2. Hofmann G (1974) Die natürliche Waldvegetation Westthüringens, ihre 
Gliederung und ihr Weiserwert für Boden, Klima und Ertrag [The natural 
forest vegetation of West Thuringia, its structure and its indicator values 
for soil, climate and yield]. Institut für Forstwissenschaften Eberswalde. 
Eberswalde, Akademie der Landwirtschaftswissenschaften der DDR, 536 
S

 3. Hofmann G (2002) Entwicklung der Waldvegetation des nordost-
deutschen Tieflandes unter den Bedingungen steigender Stickstoffein-
träge in Verbindung mit Niederschlagsarmut. Mit Anlagen [Development 
of the forest vegetation of the north-eastern lowlands of Germany under 
the conditions of rising nitrogen inputs in connection with low rainfall. 
With attachments]. In: Anders S et al (eds) Ökologie und Vegetation der 
Wälder Nordostdeutschlands [Ecology and Vegetation of the Forests of 
Northeast Germany]. Dr. Kessel: Oberwinter: 24–41, 201–283 (www. forst 
buch. de)

 4. Jenssen M (2010) Modellierung und Kartierung räumlich differenzierter 
Wirkungen von Stickstoffeinträgen in Ökosysteme im Rahmen der 
UNECE-Luftreinhaltekonvention. Teilbericht IIII: Modellierung der Wirkung 
der Stickstoff-Deposition auf die biologische Vielfalt der Pflanzengesells-
chaften von Wäldern der gemäßigten Breiten [Modelling and mapping of 
spatially differentiated effects of nitrogen inputs into ecosystems within 
the framework of the UNECE Air Pollution Control Convention. Substudy 
IIII: Modelling of the effects of nitrogen deposition on the biological 
diversity of plant communities in temperate forests]. UBA-Texte 09/2010. 
Dessau-Roßlau

 5. Jenssen M, Hofmann G (2003) Die Quantifizierung ökologischer 
Potentiale der Phytodiversität und Selbstorganisation der Wälder [The 
quantification of ecological potentials of phytodiversity and self-organ-
isation of forests]. Beiträge zur Forstwirtschaft und Landschaftsökologie 
37(1):18–27

 6. Jenssen M, Hofmann G (2005) Einfluss atmogener Stickstoffeinträge auf 
die Vielfalt der Vegetation in Wäldern Nordostdeutschlands [Influence 
of atmospheric nitrogen deposition on the diversity of vegetation in 
forests of north-east Germany]. Beiträge zur Forstwirtschaft und Land-
schaftsökologie 39(3):132–141

 7. Jenssen M, Hofmann G, Nickel S, Pesch R, Riediger J, Schröder W (2013) 
Bewertungskonzept für die Gefährdung der Ökosystemintegrität durch 
die Wirkungen des Klimawandels in Kombination mit Stoffeinträgen 
unter Beachtung von Ökosystemfunktionen und–dienstleistungen 
[Assessment concept for the threat to ecosystem integrity posed by the 
effects of climate change in combination with substance inputs, taking 
into account ecosystem functions and services]. UBA-Texte 87/2013. 
Dessau, Textband + 9 Anhänge:1–381

 8 Jenssen M, Nickel S, Schröder W (2019) 61 Referenzzustände zur Beur-
teilung der ökologischen Integrität von Wald- und Forstökosystemen, 
Link zu Forschungsdaten [61 Reference conditions for assessing the 
ecological integrity of forest and forest ecosystems, link to research data] 
(Version v1) [Data set]. ZENODO, https:// doi. org/ 10. 5281/ zenodo. 25828 
88

 9 Jenssen M, Nickel S, Schröder W (2019) Einstufung der Ökosysteminteg-
rität von Wäldern und Forsten Deutschlands auf Grundlage quantifizierter 
Indikatoren, Link zu Forschungsdaten und wissenschaftlicher Software 
[Classification of ecosystem integrity of forests in Germany based on 
quantified indicators, link to research data and scientific software] (Ver-
sion v1) [Data set]. ZENODO, https:// doi. org/ 10. 5281/ zenodo. 26063 80

 10. Jenssen M, Nickel, S, Schröder W (2019) Referenzzustände von Ökosys-
temtypen und Möglichkeiten zusätzlicher biozönotioscher Indikation 
des ökologischen Bodenzustands als Bestandteil der Ökosystemintegrität 
[Reference states of ecosystem types and possibilities for additional bio-
coenotic indication of soil ecological status as part of ecosystem integ-
rity] WLN Online-preview: 26 S. (pdf 1.7M; urn:nbn:de:0041-asfv-01831). 
http:// www. afsv. de/ index. php/ waldo ekolo gie- lands chaft sfors chung- 
und- natur schutz

 11. Kullback S (1951) Information theory and statistics. Wiley, New York
 12. Machado A (2004) An index of naturalness. J Nat Conserv 12:95–110
 13. Maes J, Teller A, Erhard M, Grizzetti B, Barredo JI, Paracchini ML, Condé S, 

Somma F, Orgiazzi A, Jones A, Zulian A, Vallecilo S, Petersen JE, Marquardt 
D, Kovacevic V, Abdul Malak D, Marin AI, Czúcz B, Mauri A, Loffler P, 
Bastrup-Birk A, Biala K, Christiansen T, Werner B (2018) Mapping and 
assessment of ecosystems and their services: An analytical framework 
for ecosystem condition. Publications office of the European Union, 
Luxembourg

 14. Mitchell BR, Tierney GL, Schweiger EW, Miller KM, Faber-Langendoen D, 
Grace JB (2014) Getting the message across: using ecological integrity 
to communicate with resource managers. In: Guntenspergen GR (ed) 
Application of threshold concepts in natural resource decision making. 
Springer, New York, pp 199–230

 15. Nickel S, Schröder W (2017) Fuzzy modelling and mapping soil moisture 
for observed periods and climate scenarios. An alternative for dynamic 
modelling at the national and regional scale? Ann For Sci 74(71):1–15

 16. Nickel S, Schröder W (2017) GIS-integrated rule based model for assessing 
the integrity of forest ecosystems according to Jenssen. Python-Tool for 
ArcGIS 10.2 (Version v1). https:// doi. org/ 10. 5281/ zenodo. 13195 52.

 17. Nickel S, Schröder W (2018) Ecological soil moisture data across Germany, 
link to shape files. PANGAEA, https:// doi. panga ea. de/ 10. 1594/ PANGA EA. 
891249, Supplement to: Nickel S, Schröder W (2017) Fuzzy modelling 
and mapping soil moisture for observed periods and climate scenarios. 
An alternative for dynamic modelling at the national and regional scale? 
Annals of Forest Science 74(71):1–15.

 18. Nickel S, Schröder W, Jenssen M (2019) Maps of current semi-natural 
forest ecosystem types of Germanyand the Kellerwald National Park 
(Hesse, Germany). Ann For Sci 76(67):1–7. https:// doi. org/ 10. 1007/ 
s13595- 019- 0849-4

 19. Nickel S, Schröder W, Völksen B (2019) Validating the map of current 
semi-natural ecosystem types in Germany and their upscaling using 

https://doi.org/10.5281/zenodo.2606380
https://doi.org/10.5281/zenodo.2606380
https://doi.org/10.5281/zenodo.1319552
https://doi.org/10.5281/zenodo.1319552
http://www.forstbuch.de
http://www.forstbuch.de
https://doi.org/10.5281/zenodo.2582888
https://doi.org/10.5281/zenodo.2582888
https://doi.org/10.5281/zenodo.2606380
http://www.afsv.de/index.php/waldoekologie-landschaftsforschung-und-naturschutz
http://www.afsv.de/index.php/waldoekologie-landschaftsforschung-und-naturschutz
https://doi.org/10.5281/zenodo.1319552
https://doi.pangaea.de/10.1594/PANGAEA.891249
https://doi.pangaea.de/10.1594/PANGAEA.891249
https://doi.org/10.1007/s13595-019-0849-4
https://doi.org/10.1007/s13595-019-0849-4


Page 28 of 28Jenssen et al. Environ Sci Eur           (2021) 33:46 

the Kellerwald-Edersee National Park as an example. Environ Sci Eur 
31(90):1–20

 20. Riecken U, Finck P, Raths U, Schröder E, Ssymank A (2006) Rote Liste der 
gefährdeten Biotoptypen Deutschlands [Red list of endangered biotope 
types in Germany]. Naturschutz und Biologische Vielfalt 34:1–318

 21. Roche PK, Campagne CS (2017) From ecosystem integrity to ecosystem 
condition: a continuity of concepts supporting different aspects of 
ecosystem sustainability. Curr Opin Environ Sustain 29:63–68

 22. Schröder W, Nickel S, Jenssen M, Hofmann G, Schlutow A, Nagel H-D, Bur-
khard B, Dworczyk C, Elsasser P, Lorenz M, Meyerhoff J, Weller P, Altenb-
runn K (2019) Anwendung des Bewertungskonzeptes für die Ökosystem-
integrität unter Berücksichtigung des Klimawandels in Kombination mit 
Stoffeinträgen. Abschlussbericht [Application of the assessment concept 
for ecosystem integrity taking into account climate change in combina-
tion with substance inputs. Final report]. Bd. 1: Schröder W, Nickel S, 
Jenssen M, Hofmann G, (2019): Anleitung zur Beurteilung der Integrität 
von Wald- und Forstökosystemen in Deutschland [Guide to assessing the 
integrity of forest ecosystems in Germany.]. UBA-Texte 97/2019:1–504. Bd. 
2: Schröder W, Nickel S, Jenssen M, Hofmann G. Anleitung zur Beur-
teilung der Integrität von Wald- und Forstökosystemen in Deutschland 
[Guidance on assessing the integrity of forest ecosystems in Germany]. 
UBA-Texte 98/2019:1–344. Bd. 3: Hofmann G. Bestimmungsschlüssel der 
Wald- und Forstökosystemtypen Deutschlands [Identification key for 
forest ecosystem types in Germany]. UBA-Texte 99/2019:1–234

 23. Schröder W, Nickel S, Jenssen M, Riediger J (2015) Methodology to assess 
and map the potential development of forest ecosystems exposed to 

climate change and atmospheric nitrogen deposition: a pilot study in 
Germany. Sci Total Environ 521–52:108–122

 24. Ssymank A, Hauke U, Rückriem C, Schröder E (1998) Das europäische 
Schutzgebietssystem Natura 2000. BfN-Handbuch zur Umsetzung der 
Fauna-Flora-Habitat-Richtlinie und der Vogelschutz-Richtlinie [The 
European system of protected areas Natura 2000. BfN manual for the 
implementation of the Fauna-Flora-Habitat Directive and the Birds Direc-
tive]. Bonn: Bundesamt Naturschutz, Schriftenreihe für Landschaftspflege 
und Naturschutz 53. 560

 25. Steinhardt U, Herzog F, Lausch A, Müller E, Lehmann S (1999) The 
hemeroby index for landscape monitoring and evaluation. In Hyatt DE, 
Lenz R, Pykh YA (Eds.) Environmental indices systems analysis approach. 
Advances in sustainable development. Proceedings of the first interna-
tional conference on environmental indices systems analysis approach 
(INDEX-97), St. Petersburg, Russia, July 7–11, 1997. EOLSS, Oxford, 
237–254

 26. Walz U, Stein C (2014) Indicators of hemeroby for the monitoring of land-
scapes in Germany. J Nat Conserv 22:279–289. https:// doi. org/ 10. 1016/j. 
jnc. 2014. 01. 007

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.jnc.2014.01.007
https://doi.org/10.1016/j.jnc.2014.01.007

	Methodology for classifying the ecosystem integrity of forests in Germany using quantified indicators
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Methods and results
	Determination of indicator characteristics
	Indicators of habitat function
	Indicator net primary production
	Indicator carbon storage
	Nutrient and water flow indicators
	Indicator value model for calculating the CN and pH of the topsoil 
	Indicator value model for calculating the base saturation of the topsoil 
	Indicator value model for calculating the moisture index of the topsoil 

	Indicator of adaptability to changing environmental conditions

	Classification of ecosystem integrity
	Site-specific classification
	A. Deviation levels for the indicators 
	B. Deviation levels for the functions 
	C. Stages of change for ecosystem types 

	Area-related classification
	Method 1: classification of ecosystem integrity for mapped ecosystem types 
	Method 2: classification of ecosystem integrity in an area grid 

	Determination of temporal trends


	Discussion
	Conclusion
	Acknowledgements
	References




