
Jenssen et al. Environ Sci Eur           (2021) 33:18  
https://doi.org/10.1186/s12302-021-00458-2

RESEARCH

Reference states of forest ecosystem 
types and feasibility of biocenotic indication 
of ecological soil condition as part of ecosystem 
integrity and services assessment
Martin Jenssen1, Stefan Nickel2, Gudrun Schütze3*   and Winfried Schröder2

Abstract 

Background:  Structures and functions of ecosystems and, subsequently, their services for human societies may be 
influenced by climate change and atmospheric deposition. Jenssen et al. (UBA Texte 87/2013: 1–381, 2013) developed 
a spatially explicit evaluation system enabling the evaluation of ecosystems’ integrity. This methodology is based on 
a spatially explicit ecosystem classification of forests. Based on the six ecological functions, the methodology ena-
bles to compare the ecosystem type-specific integrity at different levels of ecological hierarchy for a reference state 
(1961–1990) with the further development of the forest ecosystem types as measured for the years 1991–2010 and as 
modelled for the period 2011–2070. The present study aimed at deepening the methodology and developing it into 
a practical system for assessing and mapping forest ecosystem integrity and services. The objectives of this advanced 
investigation were: (1) to quantify the reference conditions for a total of 61 forest ecosystem types; (2) to test the 
possibility of supplementing the quantification of ecosystem integrity by information on soil biocenoses as yielded 
by soil monitoring; (3) to model chemical soil indicators and to compare the respective results with those derived by 
Ellenberg’s indicator values for nutrient state; and (4) to verify the indicator modelling.

Results:  Reference states related to the time prior to 1991 have been quantified for a total of 61 forest ecosystem 
types covering 85% (81,577 km2) of the mapped forest area of Germany. The reference states comprise statistical indi-
cators for the plant-species diversity (habitat function), for nutrient and water balances and further ecological infor-
mation as net-primary production and carbon storage. The assignment of lumbricide communities as soil biocenosis 
indicators was attempted but not succeeded because of insufficient data availability. The nutrient cycle types of the 
elaborated reference states were characterized by humus form, C/N ratio in topsoil and N indicator values according 
to Ellenberg et al. (Scr Geobot 18:1–262, 2001). Applying the developed methodology, for 83 out of 105 study plots 
the reference states prior to 1991 could be determined.

Conclusions:  For complementing forest ecosystem reference states by soil biocenosis indicators it is necessary to 
further evaluate the primary literature looking for missing observation data. The W.I.E. indicator value applied in this 
paper to determine topsoil C/N ratios in forests is well suited for area-covering mapping of both near-natural forest–
soil states and deposition-induced disharmonic state changes, in which C/N value and base saturation are no longer 
correlated.
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Background and objectives
Background: Previous method development as frame-
work of the study at hand.

Climate change and atmospheric nitrogen inputs can 
alter the integrity of ecosystems in terms of their domi-
nant structures and functions, and thus change or even 
limit their benefits (services) for humans. Jenssen et  al. 
[23] developed the methodology for an ecological, spa-
tially explicit and nationwide applicable assessment of 
impacts on forest ecosystem integrity [26, 29, 30, 38, 39]. 
In further extensive, more application-oriented stud-
ies, the scientific foundations of the methodology were 
deepened and developed into a practical integrated 
assessment system for ecosystem functions. One of these 
studies is presented in this article.

The methodology developed so far enables an integra-
tive assessment of changes in forest ecosystem integ-
rity taking into account the effects of climate change in 
combination with atmospheric nitrogen (N) deposition. 
Thereby, self-organisation, functionality and compli-
ance of abiotic and biotic properties with the natural 
site potential (identity) were considered as character-
istics of ecosystem integrity. The approach comprises 
the following steps: classification of forest ecosystem 
types, description of ecosystem type specifics, histori-
cal reference states by using selected indicators, dynamic 
modelling of ecosystem climate and soil conditions and 
comparisons of current and future states with the refer-
ence states to evaluate risk of loss of ecosystem integrity.

The methodology was based on an extensive vegeta-
tion database from the Waldkunde Institut Eberswalde 
(W.I.E., Germany) as well as on nationally available data 
from maps and long-term monitoring programmes. It is 
complemented by dynamic modelling of future climate 
and soil conditions. The methodology enables the iden-
tification and mapping of potential natural ecosystem 
types and current forest ecosystem types. For certain 
scenarios of the development of climate and atmospheric 
nitrogen inputs (2011–2070), expectable future ecosys-
tem developments can be estimated and evaluated. The 
condition of forest ecosystem types is assessed regard-
ing their ecological functionality, their (near) natural 
biological and chemical characteristics, and their stress 
tolerance to anthropogenic nitrogen inputs and climate 
change. The approach directly links changes of abiotic 
environmental factors with changes of ecosystem struc-
tures and functions by evaluation of monitoring data or 
modelling. This enables identification of the causes of 

disturbances as early as possible and to derive suitable 
measures for maintaining and developing a desired eco-
system condition.

A fundamental component of the methodology was the 
newly developed classification of Germany’s current for-
est ecosystems. It aimed at distinguishing and mapping of 
area units which are homogenous in terms of structures 
and ecological functions. To this end the W.I.E. database 
is used, which combines abiotic and biotic criteria in a 
specific indicator model. The spatial and thematic con-
cordance of the new classification with other ecosystem 
classifications for which no spatial concretisation has 
been carried out nationwide so far has been achieved. 
This is especially true for the habitat classification of the 
European Nature Information System—EUNIS [5], the 
ecosystem classification used in the German red list of 
endangered ecosystem types [36] and, respectively, the 
classification of habitat types according to Annex I to 
Habitats Directive 92/43EEC. Thus, the developed eco-
system classification is connectable to other assessments, 
and in contrast to the previous ecosystem classifications 
in Germany it enables a spatially differentiated, ecologi-
cally based interpretation.

Because ecosystem types are really basic entities in the 
approach we provide a summary on how it was identified 
already here: the ecosystem type is clearly determined 
by three ecological coordinates of the forest vegetation, 
which are lumped to an ecosystem type code. The first 
coordinate in the coding describes the large-climatic 
area scaling (altitudinal zonation, horizontal zonation), 
the second coordinate the water balance, i.e. the humid-
ity level (of the topsoil and the air layer near the ground; 
very dry to continuously very wet). The third coordinate 
indicates the type of nutrient cycle, which in turn cor-
responds to defined intervals of soil chemical indica-
tors (pH value in n/10 KCl, base saturation, C/N ratio) 
of the soil root space predominantly used by the plants 
for nutrition and thus also to certain forms of humus 
(more detail in [26]). Predominantly used soil root space 
is defined by the upper 5  cm starting with the organic 
humus layer. Depending on ecosystem type, this space 
contains either or both organic layer and mineral soil. For 
examples see the Additional file 1: Tables S1 and S2.

First, for 33 ecosystem types, a historical reference con-
dition was quantified based on the data from the period 
1961 to 1990 [23, 26, 38]. The reference condition was 
defined as a type-specific condition of ecosystems, the 
characteristics of which were quantified by intervals of 

Keywords:  Atmospheric nitrogen deposition, Climate change, Ecosystem functions and structures, Integrity, 
Edaphon, Modelling soil indicator values
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variables for historical conditions (1961–1990). This ref-
erence period is a historical one and corresponds to the 
climate normal used for analysing and modelling climate 
data [42]. Since in Germany systematic monitoring of 
ecosystem conditions started in the 1960s at the earliest, 
it was assumed that out of available measurement data 
conditions from this period show the smallest changes 
due to atmospheric N deposition and climate change as 
compared to pre-industrial conditions.

For selected ecosystem functions (habitat function, net 
primary function, carbon storage, nutrient flow, water 
flow and adaptability), indicators were selected to com-
pare current and modelled future ecosystem conditions 
with the reference condition (cf. Table  1 in [38]). The 
indication was based quantitatively on the data from 
monitoring programmes, in particular national data of 
the intensive environment monitoring of forests [17] and 
from the Waldkunde Institut Eberswalde (W.I.E., Ger-
many) database.

The simulation model Very Simple Dynamic (VSD) Soil 
Acidification Model [2, 35] was used to derive quantified 
information on possible future ecosystem development 
during the years 2011–2040 and 2041–2070. To this end, 
the STAR​1 II projections for the climate scenarios RCP2 
2.6 and RCP 8.5 and two scenarios for atmospheric nitro-
gen inputs (from 2010: 5 kg/ha * a and 15 kg/ha * a N dep-
osition) have been used. The dynamic modelling enables 
the calculation of future soil conditions in terms of acidi-
fication and eutrophication status as well as water supply 
for each location in Germany described by a soil profile, 
taking into consideration the scenarios as described. By 
comparing the modelled development of the indicators 
organic carbon, C/N ratio, pH and base saturation with 
respective information on soil characteristics from the 
W.I.E. indicator model and with the ecosystem classifica-
tion, possible future ecosystem developments can be esti-
mated site specifically. This could even include a possible 
future change of the current ecosystem type into another 
one, which is related with a change or limitation of biodi-
versity or habitat function, respectively.

Finally, a rough concept for estimating changes in eco-
system integrity of previously defined and mapped forest 
ecosystems was developed. The consideration of nutrient, 
water and energy balance should be combined with other 
professional assessments—e.g. of nature conservation 
criteria—in order to achieve an even more comprehen-
sive statement on ecosystem integrity from the point of 
view of potential users.

Objectives
Against this background, the advanced method develop-
ment presented in the article at hand pursued the follow-
ing four interlinked goals of methodological development 
(“Complementing the reference states of forest ecosystem 
types”, “Supplementing the information on reference con-
ditions by soil biocenosis data”, “Validation and exten-
sion of the W.I.E. indicator model”, and “Verification of 
indicator models” sections): one objective was to sup-
plement the reference conditions with further important 
forest ecosystem types and with primary data from the 
period 1960–1990 not yet provided in Jenssen et al. [23], 
Schröder et al. [38]. The reference conditions quantified 
so far included 33 ecosystem types. 30 of these are for-
est ecosystem types of the high mountain and mountain 
forest locations, the subatlantic, the Central European as 
well as the subcontinental lowlands, 3 ecosystem types 
describe near-natural openland ecosystems. For a nation-
wide application of the concept, this selection should be 
supplemented by about 30–35 additional representa-
tive ecosystem types. The criteria for the selection of 
these, the databases and methods as well as results are 
described in “Complementing the reference states of for-
est ecosystem types” section. Broadening the spatial ref-
erence base and the spectrum of ecosystem types should 
be added by an expansion of the ecological indicators.

Consequently, the second objective of the study pre-
sented in the article at hand aimed at supplementing 
the quantification of ecosystem integrity by information 
on soil biocenoses as yielded by soil monitoring (“Sup-
plementing the information on reference conditions by 
soil biocenosis data” section). To this end, it should be 
investigated whether it is possible to assign lumbricide 
communities to ecosystem types based on correlations 
between the biotic data and abiotic topsoil indicators 
C/N ratio, base saturation and pH and soil moisture. If 
the outcome was positive, the lumbricide communities 
could be regarded as characteristic for specific combi-
nations of nutrient cycle type and water balance type, 
which in turn correspond to certain humus forms under 
different soil moisture conditions. Then, soil biological 
reference states described by characteristic species com-
binations of lumbricides could be assigned to the differ-
ent ecosystem types.

This kind of additional soil biocoenotic indication of 
ecosystem types should be corroborated by compar-
ing the results of the statistically based W.I.E. indicator 
model with the indicator scores as suggested by Ellenberg 
et al. [7, 8] and, on this basis, to derive recommendations 
for the application of each model. For the development of 
the W.I.E. indicator model more than 1600 measured val-
ues of the topsoil condition in combination with the cor-
responding plant community relevés were used, which 

1  Statistical Regional climate model [34].
2  Representative Concentration Pathways [18].
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are documented in the database of the W.I.E. (“Validation 
and extension of the W.I.E. indicator model” section). 
Finally, the W.I.E. indicator model should be validated 
(“Verification of indicator models” section).

Since each of the four objectives of this study is rather 
comprehensive, each of the respective “Complementing 
the reference states of forest ecosystem types”, “Supple-
menting the information on reference conditions by soil 
biocenosis data”, “Validation and extension of the W.I.E. 
indicator model”, and “Verification of indicator mod-
els” sections were structured according to the IMRaD 
scheme.

Complementing the reference states of forest 
ecosystem types
Objective
In the selection of additional ecosystem types, for which 
reference states should be derived, high priority was 
set on gaining a high spatial coverage, so that for about 
half of all 131 ecosystem types mapped in the preced-
ing investigations [23, 38] and the majority of Germany’s 
territory covered with forest ecosystems descriptions of 
reference states would become available. Another prior-
ity was to consider ecologically relevant ecosystem types 
in terms of specific ecological functions. Finally, also 
ecosystem types should be considered, which could gain 
high relevance in future in Germany because of climate 
change.

Materials and methods
The ecosystem types studied so far [23, 38] provided 
the reference conditions for 30 current forest ecosystem 
types in Germany, which are located on a total of 35% of 
the mapped area. Of these 35%, 23% relate to forests in 
the sub-Atlantic and Central European lowlands and 12% 
to forests in high mountains and mountainous areas. The 
selection of further ecosystem types in the present study 
was based on the information from the regions dealt with 
in the previous study [23, 38], namely the Thuringian 
Forest, the region South-Brandenburg/North-Saxony and 
the region North-Brandenburg. It was done using the fol-
lowing criteria:

1.	 Which spatially representative forest ecosystems are 
currently lacking?

2.	 Which ecologically significant forest ecosystems are 
missing?

3.	 Which forest ecosystems will be lacking in the future 
with regard to climate change and assuming continu-
ing enhanced nitrogen deposition?

4.	 Which selection leads to the greatest possible cover-
age of the mapped forest ecosystem types?

The analysis with regard to spatial representativity 
(criterion 1) showed that the lowland spruce forests on 
18% of the mapped area are completely missing, lowland 
beech forests on 16% of the mapped area and lowland 
pine forests on 9% of the mapped area are neither con-
sidered. It was therefore decided to supplement these for-
ests that were lacking in terms of areal proportion.

With regard to the ecological relevance (criterion 2), 
in particular the wet forest ecosystems (alder forests, ash 
forests, oak forests) have to be supplemented. Although 
these account for only 5% of the mapped area, they 
are relevant for carbon storage therefore of outstand-
ing importance for climate protection [16]. At the same 
time, these ecosystems are highly dependent on the water 
balance of the landscape and are therefore particularly 
threatened by continuing climate change. Wet and humid 
forest ecosystems are a preferred habitat for earthworm 
cenoses [21]. Their consideration thus is also in line with 
the objective to examine a possible inclusion of earth-
worm cenoses in the assessment of ecosystem integrity. 
Furthermore, selected ecosystem types were taken into 
account due to their special relevance for nature con-
servation, e.g. the ecosystem types to be assigned to the 
habitat types 9150, 9190 and 91D0 according to the EU 
Habitats Directive 93/42 EWG, which have not yet been 
considered.

Accepting the fact that some ecosystems already show 
irreversible anthropogenic effect and/or are facing future 
changes of ecological conditions because of climate 
change and atmospheric N deposition, the methodology 
should also enable the derivation of possible target eco-
system types. Such adaptations of ecosystem types can 
develop spontaneously or supported by management 
measures. For this reason, significant forest ecosystems 
must be taken into account in the quantification of ref-
erence conditions, which currently have a rather subor-
dinate spatial relevance (criterion 3). These include in 
particular the climate–plastic forest types of the pine 
sessile oak forests, sessile oak forests, small-leaved lime 
hornbeam forests and hornbeam beech forests [24], the 
current areal proportion of which is less than 2%.

The current spatial representation of forest ecosystem 
types within the selected model regions called at the 
beginning of this chapter and the ICP3 Forests Level II 

3  The International Co-operative Programme on Assessment and Monitor-
ing of Air Pollution Effects on Forests is aiming at a comprehensive compila-
tion of information on the condition of forests in Europe and beyond under 
the Convention on Long-range Transboundary Air Pollution of the United 
Nations Economic Commission for Europe. ICP Forests monitors forest 
condition at two monitoring intensity levels: The Level I monitoring is based 
on 5852 observation plots (as at 2019) on a systematic transnational grid of 
16 × 16 km throughout Europe and beyond to gain insight into the geographic 
and temporal variations in forest condition. The Level II intensive monitoring 
comprises 623 plots (as at 2018) in selected forest ecosystems with the aim 
to clarify cause-effect relationships. At present 42 countries in Europe and 
beyond participate in ICP Forests (http://icp-fores​ts.net).

http://icp-forests.net
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plots available therein has in turn influenced the selec-
tion of additional ecosystem types for which reference 
conditions should be quantified. The aim was to achieve 
the highest possible area coverage of the mapped ecosys-
tem types in these regions (criterion 4).

Results
As a result of these four selection criteria, the extension 
of the description of reference conditions was devel-
oped for the forest ecosystem types shown in Additional 
file  1: Table  S1. With the 31 new ecosystem types, 50% 
of the mapped forest area of Germany (47,820 km2) are 
covered, so that with the total of 61 ecosystem types the 
quantitative description of the historical reference condi-
tions is provided for more than 85% (81,577 km2) of the 
mapped total forest area of Germany.

In addition, the reference conditions for all 61 forest 
ecosystem types were complemented and partly revised. 
The results are summarized in Additional file 1: Table S1 
and detailed in the research data documentation [25]. 
The following features have been added to the reference 
states throughout:

1.	 Supplementing the characteristics of the "habitat 
function" with the occurrence potential for plant 
species of the Red List Germany [28] and their fre-
quency and quantity;

2.	 Addition of nutritional parameters of leafes and nee-
dles for sessile oak (Quercus petraea), pedunculate 
oak (Quercus robur), white fir (Abies alba), small-
leaved lime (Tilia cordata), hornbeam (Carpinus 
betulus), sycamore maple (Acer pseudoplatanus) 
and ash (Fraxinus excelsior) to the "nutrient balance" 
characteristics;

3.	 Inclusion of soil data available in the literature and in 
the W.I.E. archives, which can be clearly assigned to 
ecosystem types;

4.	 Integrating illustrations of typical soil profiles for 
almost all ecosystem types;

5.	 Attaching of all images as high-resolution jpg files;
6.	 References for all information submitted;
7.	 Excel tables with a total of 3683 vegetation surveys 

(2707 of them in the reference period 1905–1990), 
with source references and—if available—topsoil 
data.

The indicators for the habitat function (maximum 
Kullback distance [20, 27] of the individual surveys to 
the mean plant-species abundance distribution, and, 
additionally, minimum percentage similarity [20] of the 
individual surveys to the mean plant-species abundance 
distribution) to describe the reference conditions before 
1990 were recalculated for all 61 forest ecosystem types 

according to the methodology identified in Jenssen et al. 
[23] (Additional file  1: Table  S2). On average across all 
ecosystem types, an average maximum Kullback dis-
tance of 0.83 ± 0.29 of the individual surveys to the mean 
species abundance distribution and an average mini-
mum percentage similarity of the individual surveys to 
the mean species abundance distribution of (57 ± 11)% 
result. This proves a high degree of homogeneity within 
the 61 forest ecosystem types identified.

Mean values and standard deviations for the indica-
tors of nutrient and water balance (C/N ratio, pH value in 
1/10 KCl, base saturation and moisture index) were cal-
culated to describe the reference conditions before 1990 
for a total of 61 forest ecosystem types using the indica-
tor models described in Jenssen et al. [23]. The results are 
presented in Additional file 1: Table S1. For example: the 
analysis for the ‘Moder beech forests on Bunter’ (code 
Eb-5n-C2) is based on 120 vegetation samples between 
1960 and 1990. The C/N ratio averages out to 17.9 and 
the standard deviation amounts to 2.1 This leads to a typ-
ical range of C/N 15.8–20, which is used to characterize 
the ecosystem type-specific reference state. The pH value 
is between 3.71 and 4.91, the base saturation (V) between 
24.5 and 32.1 and the soil moisture index (DKF) between 
4.4 and 5.4. The indicator models are documented in 
detail and compared with the approach suggested by 
Ellenberg et al. [7, 8] and VDI [41].

The reference states refer to the period up to 1990, 
mainly from 1960 onwards, but in individual cases to 
data dating back to the beginning of the twentieth cen-
tury. For each ecosystem type its reference status is indi-
cated by a data sheet with the following information:

	 1.	 Ecosystem code: 1st digit = Eco-climatological 
coordinate, 2nd digit = Water balance type, 3rd 
digit = Nutrient cycle type, description see identi-
fication key ([37], vol. 3),

	 1.	 Name of ecosystem type;
	 2.	 EUNIS Class;
	 3.	 Biotope type BfN [36],
	 4.	 Vegetation type according to common plant socio-

logical classifications;
	 5.	 Photo;
	 6.	 Habitat type according to Council Directive 92/43/

EEC of 21 May 1992 on the conservation of natural 
habitats and of wild fauna and flora;

	 7.	 Position in the two-dimensional ecogram with the 
coordinates soil moisture and base saturation;

	 8.	 Site characteristics: Soil form, soil type, terrain, 
macroclimate;

	 9.	 Habitat function: Characteristic species association 
with continuity and mean quantity development of 
soil coverage, maximum Kullback distance of the 
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individual surveys to mean species quantity distri-
bution, minimum similarity of the individual sur-
veys with the mean species quantity distribution;

	10.	 Net primary production: Above-ground average 
annual net primary production (NPP) at the time 
of culmination of increment in tree wood, leaf/nee-
dle mass, ground vegetation and total mass, popu-
lation top height at age 100 as comparative param-
eter;

	11.	 Carbon storage: Carbon stock in humus (Corg in 
humus layer and in soil up to 80 cm depth);

	12.	 Nutrient flow: pH value in 1/10 KCl, base satura-
tion 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 
parameters N%, P%, K%, Ca%, Mg% in the assimila-
tion apparatus of trees in g/100 g of leaf/needle dry 
matter (time of August, interval of mean value and 
standard deviation);

	13.	 Water flow: Humidity index scaling from 1 to 9 
according to Hofmann [14] (interval of mean value 
and standard deviation),

	14.	 Adaptation to changing environmental conditions: 
maximum proportions of tree species belonging to 
the site in self-organised development stages.

The information in these data sheets is documented by 
the digitally provided original data [25], consisting of,

1.	 Total table of vegetation composition (Excel);
2.	 Soil data/soil profile;
3.	 High-resolution photo of the respective ecosystem 

type;
4.	 Growth data;
5.	 Literature.

Supplementing the information on reference 
conditions by soil biocenosis data
Background and objective
Graefe [10, 11], Graefe and Belotti [12] and Graefe and 
Beylich [13] suggest that it is possible to assign lumbri-
cide communities to ecosystem types, since strong cor-
relations between the topsoil indicators C/N ratio, base 
saturation and pH and soil moisture have been demon-
strated. On the basis of these findings, the lumbricide 
communities can be assumed to be characteristic for spe-
cific combinations of nutrient cycle type and water bal-
ance type, which in turn correspond to certain humus 
forms under different soil moisture conditions. The aim 
of the investigations here is checking the feasibility, to 
assign soil biological reference states to the different 
ecosystem types, which consist of characteristic species 

combinations of lumbricides in terms of quality and 
quantity. To this end the extensive Edaphobase, a taxo-
nomic–ecological database system of the Senckenberg 
Institute in Görlitz (Germany) that combines existing 
taxonomic primary data on soil organisms from scientific 
literature and reports etc. [40], was evaluated.

Materials and methods
The Edaphobase was initially evaluated on the basis of 
biotope types according to Riecken et al. [36]. The assign-
ment of biotope types to ecosystem types as defined in 
this paper is not clear, however, since several ecosystem 
types can usually be assigned to one biotope type. This 
is due to more differentiated homogeneity criteria for 
ecosystem types (vegetation composition, site conditions 
and in particular process homogeneity) compared to bio-
tope types (land use, vegetation composition, site condi-
tions), which leads to a more differentiated classification 
of ecosystems. Therefore, in a second step, the data on 
physical and chemical soil characteristics as well as veg-
etation structure available in the Edaphobase should be 
used to specify the assignment of soil biological record-
ings within a biotope type. In particular, the data on soil 
and humus type and chemical topsoil properties, if avail-
able, may be considered. However, the data on vegetation 
going beyond the biotope type are only included in the 
Edaphobase in exceptional cases. The data assigned to an 
ecosystem type or—if the unambiguous assignment was 
not possible—to a biotope type were each stored in an 
Excel table. The further evaluation then took place out-
side Edaphobase on the basis of these Excel tables.

After the allocation of the recordings to the ecosystem 
types, the next step was to summarise these recordings 
in tables, in which characteristic species combinations 
are shown in typical quantity. In accordance with the 
methodology used in merging of vegetation surveys [23], 
information on continuity (relative frequency of occur-
rence of a species) and abundance (quantity develop-
ment, e.g. as mean quantity or dominance class) should 
be combined wherever possible. In any case, the prereq-
uisite for this is that the data can be evaluated in such a 
way that different observations can be combined into a 
single image. These observations necessarily have been 
made at the same location during the same period, they 
are characterised by the same vegetation structure and 
topsoil indicators, and have a similar area reference.

Results and discussion
On the basis of the available data, the classifications of 
the observations to ecosystem types or groups of ecosys-
tem types shown in Additional file 1: Table S3 were made.

The lack of completeness and very often also a lack of 
plausibility of the abiotic topsoil data usually only allow 



Page 7 of 18Jenssen et al. Environ Sci Eur           (2021) 33:18 	

an assignment to biotope types of the BfN, which, how-
ever, comprise several ecosystem types and in particular 
also nutrient cycle types. The Edaphobase does not con-
tain any vegetation surveys and also only very few refer-
ences to vegetation, which would make an ecosystem 
type classification possible. Another fundamental prob-
lem arises from the fact that it is often not possible to 
assign individual observations to a homogeneous area of 
a relevé, i.e. to an image. Area references to the sampling 
are also not possible. The species inventories derived on 
this basis are little to hardly differentiated, a reliable indi-
cation of continuity and/or mean abundance values is not 
possible.

The analysis shows that only for some ecosystem types 
is there a sufficient number of observations that could 
in principle allow characterisation with regard to typi-
cal lumbricide communities. This applies in particular to 
the black alder forest ecosystems and the oak–hornbeam 
ecosystems. For this purpose, however, it is necessary to 
evaluate the primary literature sources indicated in Eda-
phobase for each observation. However, this could not be 
achieved within the framework of the present feasibility 
study.

Validation and extension of the W.I.E. indicator 
model
Background and objective
Under given climatic and stocking conditions, the 
amount of nitrogen (N) available to plants is a major 
driver for the differentiation of forest vegetation stands 
far from groundwater [20]. This is also the reason why 
the external N supply via atmospheric deposition has led 
to rapid, large-scale vegetation changes [1, 6, 9, 14, 15, 19, 
22].

The N sensitivity of the vegetation, the high aerody-
namic roughness of the canopy roofs and the fact that 
the N budget in forests is mostly not controlled by fer-
tilization or other management measures, make forest 
plant species an ideal indicator also for anthropogenic N 
inputs. While N inputs, N availability and N discharges 
into groundwater can only be measured selectively and 
with great effort, spatial gradients and temporal changes 
in N eutrophication can also be detected with bioindi-
cation using forest plant species, e.g. within the frame-
work of environmental monitoring programmes. For this 
purpose, VDI Guideline 3959 Part 1 specifies a proce-
dure [41] based on the use of N indicator values accord-
ing to Ellenberg et al. [7, 8]. For Central European ferns 
and flowering plants, these indicator values are defined 
as ordinal numbers on a scale between 1 (very low) and 
9 (very high). For a vegetation survey with at least five 
plant species, to each of which a N indicator value was 
assigned, the arithmetic mean (NZm) is calculated and 

this mean value is assigned to the corresponding study 
area. Although the averaging of ordinal numbers is not 
actually permissible from a mathematical point of view, 
the procedure has proved to be very robust and effec-
tive in its application [3]. On this basis, the study areas 
to be evaluated in this investigation were assigned to the 
N-availability levels shown in rows 2 and 3 of Table 1.

The indicator values of the plant species represent esti-
mations derived from expert assumptions on the basis 
of N contents in plant leaves [7, 8]. They thus have only 
an indirect relation to the available N reserves in the for-
est soils. They cannot be equated with chemical topsoil 
indicators and are therefore not directly comparable with 
measurement or model values. In the calculation of mean 
values, each occurring plant species is evaluated in the 
same way, independent of its abundance on the survey 
plot. In fact, any form of weighting, e.g. with area cover 
or the number of individuals, would also be arbitrary [3]. 
With the help of the Ellenberg indicator value model, a 
large-scale database study confirmed eutrophication of 
the Central European forest landscape since the middle 
of the last century [9].

For the assessment of the ecosystem integrity of near 
natural forest and managed forest ecosystems in this 
study, a model (W.I.E. indicator value model) is used that 
maps the indicator value of the forest floor vegetation 
for the C/N ratio in the topsoil [20]. On the one hand, it 
is used to define the topsoil conditions of the reference 
conditions (ecosystem types). By mapping the current 
ecosystem types of forest vegetation, reference states of 
the C/N ratios in certain type-specific ranges can thus 
be given with surface coverage. Periodic recording of 
the vegetation composition at a location, e.g. within the 
framework of nationwide inventory or monitoring pro-
cedures, makes it possible to detect developments of the 
C/N ratios in the topsoil and thus also of the N-availabil-
ities. Comparison with the ranges of the reference state 
of the site can be executed with high temporal resolu-
tion, depicting whether the site is still within this range 
or deviates.

The core of the W.I.E. indicator value model is the cal-
culation of probability density functions for the distri-
bution of plant species over the indicator topsoil C/N 
and pH value. The uppermost 5  cm of the soil profile 
are taken into account, regardless of whether they are 
sampled from the organic layer or the mineral soil. This 
model makes it possible for the first time to quantify both 
the amplitudes and the focal points of the occurrence of 
plant species in relation to the chemical conditions of the 
topsoil. This means, for example, that plant species with 
a narrow ecological amplitude have a different indica-
tor value with regard to the topsoil C/N ratio than those 
occurring in a wide C/N range. Both symmetrical and 
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skewed distributions are possible. In addition, both the 
stratum affiliation (two strata) and the quantity develop-
ment (up to three cover value classes) of the plant spe-
cies are taken into account in their indicator value. The 
distribution functions of the plant species occurring at a 
location are linked multiplicatively for each class of C/N 
values and the resulting distribution function is nor-
malized so that the area under the curve is one. In this 
way, a new distribution function for the study area is 
obtained, which indicates the probability that this area 
has a certain C/N ratio in the topsoil. The area can then 
be assigned the modal value of the resulting distribution 
or, for practical reasons, the arithmetic mean and stand-
ard deviation, the latter because the resulting distribution 
is usually very symmetrical and approximates a normal 
distribution.

The aim of this investigation is to compare the appli-
cability of both methods (W.I.E. indicator value model, 
VDI method according to Ellenberg et  al. [7, 8] and to 
relate them. This is necessary because the VDI procedure 
is widely used and has a guideline character, and with 
the indication of the Ellenberg indicator values in most 
vegetation databases it is also easy to apply. Despite the 
different prerequisites of both models described above, it 
is particularly desirable for practical purposes to assign 
approximate intervals of the topsoil C/N to the N-avail-
ability levels according to VDI. In addition, it enables 
to assign them to the nutrient cycle types used for the 
description of the reference states in this investigation 
and mapped throughout Germany.

Materials and methods
To compare both models, those vegetation surveys were 
selected from the W.I.E. database for which measured 
topsoil C/N values were available and which contained at 
least five plant species with Ellenberg–N indicator values. 
Furthermore, the analysis was limited to forest surveys, 
i.e. the cover of the tree layers should be at least 30%. The 
C/N values refer either to the humus layer of the organic 
layer (Oh) or to the mineral Ah horizon. If both values 
were available, the value for the Oh layer was calculated. 
In this way, a data set of 1328 vegetation analyses with 
associated C/N topsoil values was selected. It should be 
noted that this data set is largely a subset of the data set 
with a total of 1643 C/N values that has already been 
used to derive the probability density functions used in 
the W.I.E. indicator value model.

First, the C/N measured values were qualitatively 
checked for normal distribution using a histogram, a Q–Q 
plot and additionally quantitatively using the Shapiro–Wilk 
test. In the second step, the mean N indicator values NZm 
were calculated according to VDI and also tested for nor-
mality. Since there was no indication of normal distribution 

in either case, a χ2 adjustment test was used to check 
whether both populations can be attributed to at least the 
same non-normal distribution function. Since the data sets 
are not bi-normally distributed, the correlation between 
the C/N readings and the N indicator values was calcu-
lated using Spearman’s rank correlation coefficient. Since 
nonlinear regression models did not yield significantly bet-
ter results, the C/N measured values were modelled using 
linear regression from the N nitrogen numbers NZm and 
the linear coefficient of determination r2 was calculated. 
Subsequently, both the W.I.E. indicator value model and 
the linear regression model were used to model C/N top-
soil values from a total of 17,703 vegetation analyses of the 
W.I.E. database with at least five N indicator species each.

In a final step, a total of 2499 vegetation surveys (survey 
year before 1991), which were used and documented in this 
study for the derivation and documentation of 61 reference 
states (ecosystem types) and which each contain at least 
five N indicator species, were used to relate the nutrient 
cycle types of the reference states on the one hand and the 
C/N topsoil ratios and the N availability levels derived from 
the Ellenberg indicator values on the other hand. The C/N 
model values and mean N indicator values NZm assigned 
to the different nutrient cycle types of the ecosystem ref-
erence states were checked with the parameter-free Wil-
coxon–Mann–Whitney U test to determine whether the 
central trend measures between the nutrient cycle types 
differ from one another.

Results and discussion
The frequency distribution shows a markedly right-skewed 
distribution of the C/N values and a left-skewed distribu-
tion of the indicator values NZm (Fig. 1). Both distributions 
deviate clearly from a normal distribution. The hypoth-
esis derived from this finding that both distributions (C/N 
ratios in reverse order of the classes) approximate a com-
mon (non-normal) distribution function could be rejected 
at the significance level p = 0.05.

The ranking correlation coefficient between the 1328 
selected C/N measurements and the values obtained from 
the vegetation surveys using the W.I.E. indicator model 
amounts to r = 0.92. The correlation between the measured 
values and the calculated mean N indicator values NZm is 
r = − 0.72. If the C/N measured values are replaced by the 
W.I.E. model values C/N, a ranking correlation to the N 
indicator values NZm of r = − 0.83 is obtained.

A calculation of topsoil C/N values from N indicator val-
ues determined according to the VDI guideline can be car-
ried out with the linear relation (Fig. 2).

whereby the coefficient of determination amounts to 
r2 = 0.53.

C/N = −3.94 ·NZm + 38.4



Page 10 of 18Jenssen et al. Environ Sci Eur           (2021) 33:18 

As the N-indicator value and C/N values have a differ-
ent distribution structure according to the investigations 
described, and in particular are not bi-normally distrib-
uted, the quantity of all vegetation analyses covering the 
entire ecological breadth of Central European forests and 
woodlands was stratified according to the nutrient cycle 
types of the reference states [23] (Fig. 3; Additional file 1: 
Table S4). All those ecosystems are grouped together in 
the nutrient cycle types which—irrespective of their cli-
matic conditionality and their water balance—are largely 
homogeneous and different from each other with regard 
to the determining characteristics of the nutrient bal-
ance. As expected, the C/N ratios of the topsoil show a 
clear differentiation between the nutrient cycle types, 
which is predominantly statistically significant. The 
N-indicator values also result in a ranking of the mean 
values, which, however, are often not significant due to 
the higher variabilities (overlaps of the standard ranges). 
With regard to C/N, the types B2 (moder-raw humus) 
and C1 (raw humus-moder) are not distinguishable. They 
do show, however, different indicator values. The mor-
phological humus forms raw humus, moder-raw humus 
(B1, B2) and raw humus-moder, moder (C1, C2) can be 
combined with regard to the indicator values, but they 
are more heterogeneous with regard to the C/N distribu-
tion. Also not clearly distinguished (both with regard to 
C/N and indicator values) are the nutrient cycle types E1 
(mull) and E2 (calcareous mull) as well as T5 (calcareous 
peat) and Tangel (TA1) (only with regard to C/N).

The results very clearly demonstrate the qualitative 
differences between the two compared approaches 
described in “Background and objective” section. This 
refers both to the nature of the quantities modelled and 

to the different methods of modelling. With the pro-
posed indicator value model, one third more variance 
of the topsoil C/N ratios can be explained than with N 
indicator values according to Ellenberg. This is plausi-
ble insofar as our indicator value model was parame-
terized with measured values of C/N in soil, while the 
indicator values represent ordinal estimates derived 
from N contents in leaves. Provided that the absolute 
amounts of carbon in the topsoil are known, the direct 
relation to quantitative topsoil indicators of the pro-
posed model allows quantitative statements on the 
fixation of N in forest soils as well as the parameteri-
sation of and comparison with dynamic material bal-
ance models and measured values. The better ranking 
correlation of the indicator values with the C/N model 

Fig. 1  Frequency distribution of the 1328 C/N ratio measurements in topsoil (left) Frequency distribution of the 1328 mean N indicator values 
according to Ellenberg et al. [7, 8] (right)
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values as compared to the C/N measured values is also 
interesting. This can be interpreted as an indication of 
a high random variability of the C/N ratio (laboratory 
error, representativeness of the sample name for the 
entire study area), which is partially compensated by 
both models.

It also becomes clear that the N-indicator values by 
their nature can be interpreted more strongly as nutri-
ent indicator values, which is plausible insofar as the 
N uptake into the leaves (as well as the morphological 
humus form) depends more on the total nutrient sup-
ply than the C/N ratio. This allows the different selec-
tivity of both models to be explained with regard to 
nutrient cycle types/morphological humus forms. From 
this it can be in turn concluded that our indicator value 
model can map in particular atmospheric deposition-
induced disharmonic state changes in which C/N value 
and base saturation are no longer correlated as in the 
natural humus forms.

At the same time, however, the results also show that in 
principle both model approaches are comparable and can 
be parallelized (Table 1). Thus, reference states assigned 
with the type code A (raw humus, meager) correspond 
in rough approximation to dystrophic states according 
to VDI guideline, those with the type code B or b (raw 
humus, moder-raw humus) to oligotrophic states, C or c 
types (raw humus-moder, moder and calcareous moder) 
to eutrophic, D and E1 types to eutrophic (brown-mull, 
calcareous brown-mull and mull) and E2 types to natu-
rally very eutrophic states (calcareous mull). On the basis 
of these reference states, deviations of the current state, 
for instance due to anthropogenic deposition, are inter-
preted and compared.

Verification of indicator models
Background and objective
The modules developed in “Validation and extension 
of the W.I.E. indicator model” section should finally be 
applied to quantify the physical and chemical topsoil 
indicators with the aid of vegetation indicator values and 
to determine the ecosystem type. Further, they are used 
to assign the reference states required for the assessment 
of ecosystem integrity with the aid of vegetation–struc-
tural distance measures. For this purpose, vegetation 
surveys are to be used which have not yet been consid-
ered in the derivation of reference conditions and model 
modules.

The ecosystem type is clearly determined by the three 
ecological coordinates as described in chapter  1. On 
the one hand, the ecosystem type can be determined by 
applying vegetation–structural distance or similarity 
measures, which allow a quantitative assignment to the 
reference conditions of these types via a single measure. 
On the other hand, the classification of the ecosystem 
type can be done by separate determination of its ecolog-
ical coordinates. The indicator value models for vegeta-
tion can be used to determine the type of water balance 
and nutrient cycle. The large-scale climatic coordinate 
can be determined by locating the study area on the 
nationwide map of the current semi-natural vegetation.

The determination of the ecosystem type by applying 
vegetation–structural distance or similarity measures 
implies a reduction of vegetation structures to a sin-
gle measure and is inevitably associated with a loss of 
information. First, the most probable ecosystem type 
was determined from the agreement of different dis-
tance and similarity measures as well as the indicator 

Fig. 3  Characteristics of the nutrient cycle types (third digit in the ecosystem type code, [23]): Humus form, C/N ratios in the topsoil and N indicator 
values according to Ellenberg et al. [8]
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values of the vegetation. Regarding future applications, 
it was investigated with which individual vegetation–
structural distance or similarity measure the highest 
accuracy can be achieved in determining the current 
ecosystem type. Furthermore, agreement or deviation 
of the ecological coordinates, calculated by the indica-
tor value of the vegetation, from the ecological coor-
dinates, determined by assigning the ecosystem type, 
was investigated. Finally, possible disharmonies in the 
nutrient balance, namely the mismatch between the 
acid–base status described by the pH value and the 
C/N ratio, were investigated using the indicator value 
models.

Materials and methods
A total of 105 vegetation relevés from the Kellerwald 
National Park (Hesse, federal state of Germany) were 
available for validation purposes. These were digitised 
so that they could be evaluated numerically using the 
indicator model developed. Physical or chemical meas-
ured values were not available for further verification 
of the results, so that the investigations were limited 
exclusively to an evaluation of the vegetation–struc-
tural indicators collected by use of different methods.

For each study area, the developed models were used 
to calculate indicator values for the chemical indica-
tors C/N ratio, pH value (1/n KCl) and base saturation 
(V value) for the uppermost 5  cm of the topsoil. Fur-
thermore, the water balance and moisture levels scaled 
between 1 (dry) and 9 (very wet) according to Hofmann 
[14] were modelled.

The vegetation–structural distance measures were 
calculated with a computer program developed at 
W.I.E. [23], which was developed in the scientific pro-
gramming language IDL 8 (EXELIS). This program was 
used to calculate the similarity or distance between the 
vegetation composition of the study areas and the mean 
coverage of soil in % development of 61 forest ecosys-
tem types (reference conditions from the period up to 
1990) that have been parameterised to date [37]. The 
Kullback information [20, 27] was calculated as the first 
vegetation–structural distance measure:

The pi denotes the percentage development in cov-
erage of soil in % of the species occurring on the area 
(indicated with i), the pOi  denote the reference condi-
tion of the vegetation. The coverage values totalled for 
all types are standardized to 1, that is

K
(

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

O
S

)

=

S
∑

i=1

pi ln

(

pi

pOi

)

.

In addition to this measure, which is further referred 
to as the absolute Kullback distance, a relative Kullback 
distance was determined, which was defined as the quo-
tient between the absolute Kullback distance of the study 
area to the mean species quantity distribution of the ref-
erence state and the maximum Kullback distance of the 
respective ecosystem type. The maximum Kullback dis-
tance of the ecosystem type results from the mean value 
of all individual relevés assigned to the reference condi-
tion plus the standard deviation of the individual values 
[23]. The relative Kullback distance of a recording is less 
than or equal to 1, if it lies within the interval defined by 
the standard deviation of the respective ecosystem type. 
With the help of this standardization, the different vari-
ance of different ecosystem types, which results primarily 
from their definition, is taken into account.

As a third vegetation structural measure, the modified 
Sörensen index was calculated, which represents the per-
centage agreement of the current quantity development 
of vegetation with the mean quantity development of the 
type [20, 23]:

To each study plot the ecosystem type was assigned 
with the smallest absolute Kullback distance, the small-
est relative Kullback distance and the largest percentage 
agreement of similarity indices. Furthermore, a nutrient 
cycle type ([23]: Annex A3) was derived from the indica-
tor values of the topsoil condition and compared with the 
nutrient cycle coordinates of the determined ecosystem 
types. Finally, the water balance type determined from 
the indicator value model was compared with the water 
balance coordinate of the ecosystem types determined. 
The most likely ecosystem type was the one with the 
highest agreement in the five characteristics mentioned 
above.

Results and discussion
For 83 of the 105 study plots for which digitised vegeta-
tion surveys were available, the current ecosystem type 
could be determined by comparison with the 61 refer-
ence conditions parameterised to date. The remaining 
22 study areas refer either to nonforest areas (woody or 
open land areas, no tree layer recorded in the vegetation 
surveys) or to forest ecosystem types for which the refer-
ence condition could not yet be quantified. Within the 83 
study areas that could be assigned to an ecosystem type, 
there are several areas that are in succession towards 

S
∑
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pi = 1.

S
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potential natural vegetation. These were assigned to the 
type for which the highest agreement was found with 
regard to the three vegetation–structural measures and 
the two indicator values calculated by the model pro-
posed above.

Indicator values for the nutrient cycle type were deter-
mined for 105 (C/N ratio and pH value) or 102 (V value) 
and 101 (moisture index) areas, respectively. For 57% of 
all investigated areas, agreement was found in four or five 
of the investigated characteristics (Fig. 4) and thus a high 
degree of certainty in determining the most probable 
ecosystem type. Only for 9% of all investigated areas the 
most probable ecosystem type was determined from only 
two coinciding characteristics.

Figure  5 shows that all applied vegetation–structural 
distance and similarity measures are basically suitable for 
identifying the ecosystem type and thus for assigning the 
respective reference condition. In two-thirds to three-
quarters of all cases, complete agreement between the 
identified ecosystem type and the most likely ecosystem 
type is achieved. If only one vegetation–structural meas-
ure is used, in almost all cases where there is no complete 
agreement, there is a deviation of at most one household 
and/or moisture level, i.e. a directly adjacent ecosystem 
type in the ecogram is assigned. The highest accuracy is 
achieved with the absolute Kullback distance.

The comparison of the moisture balance levels deter-
mined by the indicator value of the vegetation with the 
water balance type of the ecosystem type reveals com-
plete agreement in 60% of all cases investigated, and a 
deviation by one level in 31% (scaling of the water balance 
levels between 1 and 9). The deviations scatter evenly in 
the direction of drier or wetter, a systematic deviation is 
not discernible (Fig. 6).

A comparison of the nutrient cycle types determined 
by our model with the nutrient cycle type correspond-
ing to the ecosystem type shows complete agreement in 

84% of all cases investigated (Fig. 7). The statistical devia-
tions of the distribution show a slight right skewness, i.e. 
in almost all cases in which a deviation occurs, the nutri-
tional status determined by modelled indicator values is 
above the reference status of the ecosystem type. In these 
cases, the ecosystem type was determined from all three 
indicator values of the chemical topsoil condition (C/N, 
pH, V value, indicator ranges according to Jenssen et al. 
[23], whereby in cases of nonconformity the pH value 
was not taken into account due to its higher variability. 
However, if only the deviation of the pH indicator val-
ues from the respective indicator ranges defined for the 
nutrient cycle levels is considered, a clear left skew of the 
distribution results (Fig.  8). In 69% of all cases there is 
agreement, in 27% of all cases the pH value determined 
by indicator value is lower than the reference condition 
of the ecosystem type, in 4% of all cases only it is higher.

The deviations of the pH indicator values of the top-
soils from the nutrient-cycle level corresponding to the 
indicator value of the C/N ratio were analysed (Fig. 9). In 
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this case there is a very pronounced left skewness of the 
distribution, i.e. more than half of all investigated topsoil 
conditions show a pronounced disharmony between pH 
value and C/N ratio in relation to the nutrient cycle types 
serving as reference.

Finally, the climate coordinate of the most probable 
ecosystem type was compared with the climatic assign-
ment resulting from the location of the investigated areas 
on the map of current forest ecosystem types. The study 
areas are divided into the category “mountain forest loca-
tions” (ecosystem coding Dg, D1) and the category “lower 
mountain forest locations” (ecosystem coding Eg, Eb). 
In 39% of all cases, the classification made by the map-
ping was confirmed by the determination of the ecosys-
tem type. For 55% of all investigated areas, the mapped 
altitude “lower mountain forest locations” was replaced 
by an ecosystem type of the category “mountain forest 
locations”. Conversely, in 6% of all cases, classifications 
mapped as “mountain forest locations” were replaced by 
an ecosystem type of the category “lower mountain forest 

locations”. Overall, the mapping revealed a focus on the 
category “lower mountain forest locations” with 73% of 
all areas, while 75% of all areas were assigned to “moun-
tain forest locations” as a result of ecosystem determina-
tion using vegetation–structural distance measures.

The present investigations are the first to apply the 
numerical identification method of the current ecosys-
tem type, which is used to establish a reference condition 
for the assessment of ecosystem integrity, and the models 
to calculate the vegetation indicator values for the topsoil 
condition over a larger contiguous area. Comprehen-
sive proof of practical applicability could be provided if, 
in addition to the vegetation surveys, measurements of 
the topsoil condition and the climatic conditions on the 
experimental plots were also included in the evaluation 
for the investigated plots. As such data were not avail-
able, this was not yet possible in this evaluation. There-
fore, we recommend to complete vegetation surveys with 
measurement of the relevant soil parameters wherever 
possible.

Although the investigations of this study refer exclu-
sively to an evaluation of the vegetation relevés, they are 
appropriate to demonstrate the practical applicability and 
validity of the approach. The determination of the ecosys-
tem type, which is clearly defined by its ecological coordi-
nates in forest vegetation, was carried out using different 
methodological approaches. On the one hand, the eco-
system type was determined using structural measures 
of the vegetation. These measures are nonspecific with 
regard to the climatic and edaphic characteristics and 
process characteristics of ecosystems. The location in the 
ecogram, the multidimensional ecological state space, is 
based exclusively on the classification system applied in 
deriving the ecosystem types in this study, which is based 
on a combination of tabulation and expert knowledge and 
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Fig. 7  Difference between the nutrient cycle code of the ecosystem 
type and the nutrient cycle type determined by our model
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Fig. 8  Differences between typical pHs(1/n KCl) of the ecosystem 
types and pH of the topsoil, determined by our indicator value model
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aims at the homogeneity of vegetation–structural charac-
teristics [23, 37]. The differentiation of the intervals of the 
chemical topsoil indicators as reported by Jenssen et al. 
[23] was not carried out specifically for individual eco-
system types, but with the help of measured values and 
expert knowledge on the overall vegetation of forests 
and woodlands. On the other hand, the ecological coor-
dinates of the ecosystem type were determined on the 
basis of indicator value models of the vegetation. These 
indicator value models are based on a data set of approx. 
1600 measured values of the topsoil condition or, in the 
case of the water balance levels, on moisture indicators 
determined by expert opinions, which were assigned to 
individual plant species, but not to vegetation units or 
ecosystem types. The synthesis of the physical and chem-
ical state indicators assigned to the study areas is carried 
out by multiplicatively linking the intervals of indicator 
values assigned to the individual plant species [20]. The 
high consistency of the results obtained with these inde-
pendent methods, as shown in Figs. 4, 5, 6, 7, proves the 
consistency of the applied methods and confirms the 
validity and practicality of both the ecosystem classifica-
tion and the indicator value models. The results obtained 
are dependent on the quality of the vegetation surveys, 
which could not be verified within the framework of our 
investigations. As mentioned above, additional valida-
tion using physical and chemical measurement data is 
desirable.

Different structural measures of the vegetation were 
used to identify the current ecosystem type. The absolute 
Kullback distance is an information–theoretical measure 
whose use does not require any algebraic, topological 
or order structure of the state space [4]. With this dis-
tance measure, differences in the range of medium vol-
ume development are emphasized, while species with 
low abundance and low consistency as well as dominant 
species of high area coverage have less influence. In the 
consequence, this measure mainly includes characteristic 
combinations of species with medium abundance. With 
the relative Kullback distance, a combination is carried 
out with a statistical measurement number, the standard 
deviation of the individual images on which the reference 
condition is based. Thus, the absolute distances in the 
high-dimensional state space of the vegetation are nor-
malized with respect to the respective type, whose vari-
ance depends on the homogeneity of the respective type 
and thus also on the number of individual images under-
lying the reference state. Compared with the absolute 
Kullback distance, this measure prefers broadly defined 
and thus rather inhomogeneous ecosystem types. The 
third measure, the modified Sörensen index, describes 
the percentage agreement in the area coverage of the dif-
ferent plant species. The species with high abundance are 

particularly important here, so that this measure is par-
ticularly suitable, for example, for distinguishing between 
forests with potential natural vegetation and cultivated 
forests with a vegetation deviating from potential natural 
one or between main groups of forests that differ in the 
composition of the tree layer, while edaphic or climate-
related differences, which are reflected above all in the 
characteristic species combination of the ground vegeta-
tion, are valued less than applying the Kullback distance.

The high degree of agreement in all three structural 
measures expressed in Fig. 5 indicates above all that the 
homogeneity of ecosystem types is relatively high. It thus 
reaffirms that the ecosystem typing carried out can be 
regarded as suitable for a nationwide assessment of eco-
system integrity. Since the absolute Kullback distance is 
used to achieve the highest accuracy, the identification 
of the ecosystem type in practical application can only 
be carried out with this measure. With the emphasis on 
characteristic combinations of species of medium abun-
dance, the climatic and edaphic differences which are 
responsible for the differentiation of vegetation at the 
chosen level of classification are apparently best captured.

The agreement of the household levels derived from the 
indicator values of the vegetation is more pronounced in 
the case of the nutrient balance (Fig. 7) than for the water 
balance (Fig. 6). On the one hand, this is due to the fact 
that a total of three indicators are used for the deriva-
tion of the nutrient balance type, while only one indica-
tor is used for the derivation of the water balance type. 
On the other hand, the amplitudes of the topsoil chemi-
cal indicators were calculated using statistical methods 
as probability distributions of measured values, while the 
amplitudes of the moisture indicators were derived as 
intervals of estimated figures.

The findings shown in Figs. 7, 8, 9 indicate pronounced 
disharmonies in the condition of the topsoil on a large 
part of the investigated areas. These disharmonies mani-
fest that C/N ratio and pH value correspond to differ-
ent nutrient balance levels (Fig.  9). Possible causes may 
be atmospheric deposition in the past. This could be 
both acid inputs such as sulphur compounds and nitro-
gen inputs, which have both an eutrophic and acidifying 
effect. Since a narrowing of the C/N ratio has a greater 
effect on vegetation than pure acidification, eutrophic 
inputs in the past could also have led to a change in eco-
system types, so that there is currently a higher correla-
tion between C/N ratio and ecosystem type (Fig. 7) than 
between pH value and ecosystem type (Fig.  8). More 
detailed information on the causes of disharmonies could 
be obtained with the methods presented from time series 
of the vegetation development of individual areas.

In the ecosystem classification carried out in previous 
studies by Jenssen et al. [23], the lowlands were combined 
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with the lower highlands on a large-climatic scale and 
separated from the highlands. In the vegetation compo-
sition, the majority of the areas showed a stronger affin-
ity to the mountain forests than to the lowland forests, 
whereby often similar vegetation-structural distances to 
lowland and mountain forests were found. It turned out 
that the relative Kullback distance as compared to the 
absolute Kullback distance was much more frequently 
smaller than that to the mountain forests. This indicates 
a lower homogeneity of the group of lowland and lower 
mountain forests (level E) as compared to the mountain 
forests (level D), as the relative Kullback distance favours 
inhomogeneous ecosystem types in the selection. This 
finding can be explained by the combination of low-
land forests and forests of the Lower Highlands in stage 
E. If the vegetation surveys included in the definition of 
the reference condition show a clear focus on the low-
land forests, a smaller distance in particular of the abso-
lute Kullback distance to the mountain forests (level D) 
becomes very probable. It should therefore be reconsid-
ered whether a differentiation of the current level E into 
lowland forests and forests of the lower mountain range 
would be sensible.

Conclusions and outlook
The present study details and deepens the methodology 
of ecological integrity assessment developed by Jenssen 
et al. [23], Schröder et al. [38] and develops it into a prac-
tical system for assessing and mapping ecosystem integ-
rity and services [37]. This article demonstrates how the 
reference status for a total of 61 forest ecosystem types 
was quantified (“Complementing the reference states of 
forest ecosystem types” section), indicators of soil bio-
cenoses have been tested for possible supplementing and 
the indicator models for quantifying soil indicators have 
been extended and validated. This work has been com-
plemented by the following investigations (documented 
in Schröder et  al. [37] and other publications as listed 
below):

1.	 105 vegetation samplings were taken to determine 
ecosystem types and soil indicators in the Kellerwald 
National Park.

2.	 By use of the Very Simple Dynamics (VSD) model 
soil indicators were modelled at 15 sites in Germany 
each representing one ecosystem type.

3.	 A fuzzy rule-based model for spatio-temporal esti-
mations of ecological soil moisture according to Hof-
mann [14] was developed and tested at the federal 
and regional level [31–33].

4.	 The map of the current near natural ecosystems in 
Germany (1: 500,000, [23]) was validated by means 
of empirical–statistical methods. The method for 

assessing ecosystem integrity has been enhanced 
and tested at the site and regional level. Possibilities 
for linking forest ecosystem types with habitat types 
according to the Habitats Directive are shown.

5.	 Finally, a feasibility study was conducted to link 
information on conditions of forest ecosystems and 
the provision of ecosystem services.

As shown in “Supplementing the information on ref-
erence conditions by soil biocenosis data” section, a 
reliable indication of continuity and abundance values 
for ecosystem types was not possible. A sufficient num-
ber of observations are available for some ecosystem 
types. This applies above all to the black alder forest 
ecosystems and the oak and hornbeam ecosystems. For 
a derivation of reference states, however, it is necessary 
to evaluate the primary literature indicated for each 
observation. While with the W.I.E. indicator model 
one third more of the variance of the forest top soil 
C/N ratio could be explained compared to the assess-
ment with Ellenberg indicator values, both approaches 
are comparable and can be parallelized (“Validation and 
extension of the W.I.E. indicator model” section).

The results of the investigation of vegetation analyses 
in the Kellerwald National Park (Hesse, federal state 
of Germany) have confirmed the large-scale applica-
bility of the vegetation indicator value models and the 
methods for determining the ecosystem type using 
vegetation–structural distance measures (“Verification 
of indicator models” section). The absolute Kullback 
distance proves to be a suitable measure for identi-
fying the current ecosystem type, which allows an 
assignment of the reference states for an assessment of 
ecosystem integrity and services. The results also show 
the significance and potential of the methods presented 
for cost-effective area-wide forest condition monitor-
ing with early warning function on the basis of periodic 
vegetation analyses.
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