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Preface
This thesis was written as part of my master in Environmental Sciences. I conducted my thesis at the
Environmental Systems Analysis Group of Wageningen University & Research Centre. For years I have
been highly interested in the environmental problems of the world and sustainability. During my
bachelor the focus was mainly on the social side of things, but over time the focus shifted more and
more towards the natural sciences. After several courses where various models were treated, I
decided I wanted my master thesis to involve these. With this thesis I succeeded in doing so.
Over the course of the past nine months I learned a lot about the mechanics of the two models
studied, but also about modelling and its issues in general. During my master I touched upon metaanalysis, but I was not quite aware of the amount of work this involved. The amount of literature
reviewed and time invested still baffles me, but in the end it was quite a rewarding job. It is
interesting to see how all the little bits and pieces fall together and create the big picture. I definitely
learned a lot in doing so! Overall I feel it was quite an interesting experience.
Progress was not always as easy as it may sound, from time to time I caught myself “defaulting to
autopilot” as Chris Hardwick calls it:
“You absolutely own your mind. It’s yours. This is part of the ‘gift of life’ thing that
you get in exchange for never being asked to be born. You are the proprietor of
your thoughts and feelings and you choose how you frame the many experiences
that form the campus of your personality. It’s a weird and glorious moment of
self-awareness the day you realize that you are the warden rather than the
prisoner of your emotions. The interesting thing about our minds is that if we
don’t actively seize control of them they default to autopilot. When you don’t take
an aggressive role in shaping your thoughts, feelings and perceptions you become
a helpless passenger floating through the universe like a ghost ship merely
reacting to wherever it takes you. Awesomely, you don’t have to go along with it.”
This is something I keep in mind when things don’t go according to plan or when I struggle to
motivate myself. It usually helps to just keep plodding along and do what must be done.
This master thesis would not be here without the aid and feedback of my supervisors. I am very
grateful for the help and support of my supervisors. First of all, prof. dr. Wim de Vries who ensured I
did not lose track of the big picture. Dr. Rob Alkemade who was a massive support for the conducted
meta-analysis and knows all there is to know about GLOBIO. And last but not least, ir. Janet Mol who
knows VSD+PROPS like the back of her hand.
To conclude I have to thank my girlfriend for supporting me and put me back to work when
necessary. I cannot thank all of you enough.
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Summary
Climate change and atmospheric nitrogen deposition, which are closely connected, can have a
profound impact on biodiversity. These impacts are described by various regional approaches with
corresponding indicators. One approach is to use available empirical evidence on cause–effect
relationships between climate change or and plant species occurrence. Such an approach is used in
the GLOBIO3 model, which is a well-established scientific global model on biodiversity impacts.
GLOBIO3 uses the mean species abundance (MSA) that combines the relative abundances of species
and the extent of natural areas to indicate changes in biodiversity. Another approach is to model the
occurrence of plant species based on the dynamics of soil properties (i.e. pH, C/N, temperature,
water availability and nitrogen deposition) as is done in the VSD+PROPS model for Europe.
VSD+PROPS predicts the probability of plant species occurrence as a function of climate and soil
properties, and aggregates them in a habitat suitability index (HSI). VSD+PROPS is recently adopted
as a key assessment tool for future European biodiversity changes.
This thesis primarily aims to improve nitrogen deposition impacts on plant species occurrence in
GLOBIO3 by including the latest literature insights. It secondarily aims to assess the impacts of
different scenarios for N and S deposition and climate change on the biodiversity of typical European
ecosystems using GLOBIO3 and VSD+PROPS with their related biodiversity indicators (MAS and HSI).
This comparison was made to assess similarities and differences between model results in terms of
the used indicators.
To update and improve the relationship between nitrogen deposition and plant species abundance
or plant species richness, a systematic literature review was carried out, followed by a meta-analysis
of the gathered data. Two experimental designs that are commonly used to study the relationship
between N deposition and changes in ecosystems are (i) N addition experiments, where the N
deposition is artificially increased and the impacts are studied and (ii) field studies, which survey sites
covering a gradient of N deposition. Both designs were included if they fulfilled the inclusion criteria
(i.e. N treatments only; N additions below 100 kg N ha-1 yr-1 ; experimental period longer than two
years; and containing comprehensive data on plant species richness). All complied studies were used
to better assess study the relationship between N deposition and changes in ecosystems. The review
yielded 1783 papers, half of which were used. Eight papers contained detailed data on plant species
response and eighteen papers with detailed data on species richness. 47 MSA values were calculated
with depositions ranging from 9,5 to 100 kg N ha-1 y-1.
The results of the meta-analysis showed a negative relationship between MSA and N deposition.
Higher N deposition thus leads to lower MSA. This effect is most pronounced at low deposition levels
(i.e. up to 20 kg N ha-1 y-1). Two key factors influenced this relation. These are the type of ecosystem
and the specific nitrogenous compound that is deposited in the ecosystem. The best relationship that
emerged from the review, is comparable to the current relationship used in GLOBIO3, but GLOBIO3
uses the exceedance, while the literature focuses on absolute levels of nitrogen deposition. This
difference leads to a difference in response at low deposition levels. The systematic review yielded
one gradient study, which strikingly differed from all other studies. The MSA values of this gradient
study strongly reacted to a minor increase in nitrogen deposition. Unfortunately, this is only based on
a limited number of data points which all show low nitrogen input levels (i.e. 9 – 12 kg N ha-1 y-1). The
review found no clear relationship between species richness and nitrogen deposition. This is an
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unexpected result since most literature on gradient studies showed that species richness is reduced
when nitrogen deposition increases.
To assess the comparability of GLOBIO3 and VSD+PROPS predictions, relative changes in biodiversity
indicators were calculated with both models in response to changes in atmospheric deposition and
temperature for typical European ecosystems. The forest and grassland ecosystems in GLOBIO3
were modelled by several ecosystems in PROPS, because PROPS distinguishes much more (detailed)
ecosystems types. PROPS simulates a cross-section of forest, grassland and heathland ecosystems
over north, central and south Europe. To enable comparison of various ecosystems one consistent
curve for changes in temperature and nitrogen and sulphur deposition with decadal intervals was
used. Four different scenarios are studied. In one scenario all factors (temperature, nitrogen
deposition, sulphur deposition) changed over time and in the three other scenarios one of the factors
is kept constant at the 1950’s level. The period described in the scenarios ranges from 1950 up to
2050.
The model intercomparison showed that changes in atmospheric deposition and climate have
different impacts on both indicators for typical ecosystems in Europe. MSA responded negatively to
increasing nitrogen deposition and temperature. The extent and kind of impact of changes in
nitrogen and sulphur deposition and climate change on HSI was dependent on the ecosystem type
and its soil dynamic processes. Increased nitrogen deposition had a positive effect on HSI in several
ecosystems, while a negative effect occurred in other ecosystems. This effect could also change in
some ecosystems over time. The mostly negative effect of climate change on HSI was mainly visible
in the future, when temperature increase accelerated. Sulphur deposition did not have a strong
impact. Small effects are only visible in two ecosystems, but the effects were barely noticeable.
Overall the projected changes up to 2050 have a negative effect on both HSI and MSA for all studied
European ecosystems. The relative change in forests is a 20% reduction for both MSA and HSI. The
difference between MSA and HSI is much larger for grassland and heathlands. MSA and HSI
decreases by 23% and 53% in 2050 respectively. This suggests that the negative effects on these
ecosystems are either underestimated by GLOBIO3 or overestimated by PROPS. To determine which
of the options is correct requires additional research.
In summary, the comparisons between GLOBIO3 and PROPS and between the currently used and
newly found relationships indicate that GLOBIO3predictions of biodiversity changes in response to N
deposition changes are reliable, or at least plausible, at large regional scale, but at local scale, results
are less reliable.
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Chapter 1
1.1

Introduction

Impacts of nitrogen deposition and climate change on plant species diversity

The global nitrogen cycle has been heavily influenced by human activities over the past century
(Canfield et al., 2010; Fowler et al., 2013). Activities linked to food production and energy use have
doubled the cycling of reactive nitrogen (Nr, all forms of nitrogen but N2) present in the environment
(Erisman et al., 2011). Natural sources of the creation of Nr are biological nitrogen fixation and
lightning (Schlesinger & Bernhardt, 2013) . Humans increase the formation of Nr by: (1) the
production of fertilizers, mainly N2 fixation by the Haber-Bosch process; (2) the combustion of fossil
fuels; and (3) the cultivation of nitrogen-fixing crops (Erisman et al., 2011). The anthropogenic
transformation of N2 to Nr is currently 210 TgN yr-1, about twice the natural transformation of 203
TgN yr-1 (Fowler et al., 2013).
This increased availability of reactive nitrogen has positive and negative effects. Mineral fertilization
has contributed greatly to increasing food production necessary to feed the increasing global
production. About half of the world’s population is supported by mineral N fertilizers (Erisman et al.,
2008). The use of fertilizers greatly increased yields, hence provided food security (Stoumann Jensen
et al., 2011).
There are many environmental issues associated with reactive nitrogen with detrimental effects on
humans, ecosystems and society (Cowling et al., 1998). It contributes to acidification and
eutrophication of soil (de Vries et al., 2010; Schlesinger & Bernhardt, 2013); groundwater and surface
waters (Durand et al., 2011); decreasing ecosystem vitality and biodiversity (Bobbink et al., 2010;
Stevens et al., 2010) and causes groundwater pollution by leaching of nitrate (Erisman et al., 2011).
Nr also plays a role in carbon sequestration (de Vries et al., 2009) global change and the formation of
ozone, oxidants and aerosols (Erisman et al., 2011; Butterbach-Bahl et al., 2011).
The focus is here on biodiversity since this is the main topic in this study. Nutrient availability is one
of the most important abiotic factors which determine plant species composition in ecosystems.
Since nitrogen is the primary limiting nutrient in natural and semi-natural ecosystems, plant species
diversity is heavily influenced by N deposition (Bobbink et al., 2011). Due to the interaction and
operation of ecological processes on different temporal and spatial scales, there are large variations
among ecosystems in sensitivity to N deposition observed (Bobbink et al., 2011; Bobbink et al.,
2010). In Europe nitrogen is the prime air pollutant affecting plant species diversity.
Increased nitrogen deposition has various impacts on ecosystems through a sequence of effects. The
main impacts are: (1) Direct toxicity of N gases and aerosols to individual species; (2) Eutrophication;
(3) Acidification (4) Differences in effects of oxidized versus reduced N; and (5) Increased
susceptibility to secondary stress and disturbance factors (Bobbink et al., 2011). Nitrogen is especially
a threat to biodiversity concerning species adapted to a low nitrogen environment (Dise et al., 2011).
nitrophobic species may be replaced by nitrophilic species, without changing the overall species
richness but reducing biodiversity (Bobbink, 2008).
The effects of nitrogen deposition on ecosystems are studied with several methods. The first method
is by using field addition experiments. In these experiments the amount of nitrogen deposition is
artificially increased and compared to a control site. A second approach is through gradient studies,
in which a field survey of sites covering a gradient of nitrogen deposition is conducted. This provides
13

information on a long term responses (Bobbink et al., 2011). Another option is the use of models to
estimate the effect of nitrogen deposition on biodiversity.
Addition studies enable to infer with confidence that if a significant impact was found it is caused by
nitrogen deposition. The limitation of these experiments is that it is difficult to study areas with
already elevated levels of nitrogen deposition; most of the change already occurred. Other
limitations are that only short term responses are studied, experiments rarely last for longer than a
few years; and concentrations used are often far from realistic (Bobbink et al., 2011).
Gradient studies are a relatively new method and provide information on more long term responses
and cover a wider (and realistic) range of nitrogen deposition. A key limitation is the correlation
between nitrogen deposition gradients and other possible driving factors (inter alia sulphur
deposition and climate). This is why gradient studies cannot prove causality, but they can infer the
impact of nitrogen deposition on changes in biodiversity (Bobbink et al., 2011).
Research in the past decades clearly shows that human induced climate change is occurring. During
the past century, the concentrations of CO2, N2O and CH4 have increased to above levels seen during
the past millennia (Flückiger et al., 1999). The largest contributors to the increase of these CO2 are
human activities such as fossil fuel burning, cement production and land use change (Ciais et al.,
2013). N2O emissions are mainly caused by nitrification and denitrification reactions (Ciais et al.,
2013). Anthropogenic emissions stem mostly from the application of nitrogenous fertilisers in
agriculture and in lesser extent from fossil fuel use, biomass burning and from land emissions due to
atmospheric nitrogen deposition (Ciais et al., 2013). CH4 is mainly released by natural wetland
emissions, and activities concerning agriculture and the use of fossil fuels (Ciais et al., 2013). It is
predicted by climate models that these increasing concentrations will be accompanied by a
substantial warming of the atmosphere (Kirtman et al., 2013).
Climate change is predicted to result in large-scale biome shifts and changes in community
composition in the 21st century, it also exacerbates other impacts on biodiversity (Field et al., 2014).
Species can respond to climate change by genotypic adaptation and phenotypic plasticity; by moving
into more favourable climates and out of less favourable; or by extinction, either locally or globally
(Dawson et al., 2011). These responses can have large impacts on biodiversity and are typically
accompanied by changes in species abundance (Settele et al., 2014).
The impacts of climate change on biodiversity are studied with various methods. First of all many
experiments manipulate one possible factor driving changes at a time and study its effects, this can
be conducted in laboratories and fields (Settele et al., 2014). Many different factors are studied, for
instance changes in temperature, moisture availability or CO2 concentrations on plant species
growth. Another option is the use of mechanistic of statistical models. These models range from
small highly detailed processes up to an integrated assessment of many different factors (Settele et
al., 2014).
The interactions between nitrogen and other global change factors are widespread, strong and
complex (Field et al., 2014). Due to the entwinement of climate change and N deposition, they
should necessarily be assessed in combination.
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1.2

Model approaches to assess plant species diversity

Several model approaches are developed to assess the effects of changing abiotic circumstances on
biodiversity. One approach is to use the empirical evidence available on the relationship between
plant species and nitrogen deposition. The effects of nitrogen deposition on plant diversity are well
studied for many ecosystems (Bobbink et al., 2010).
A well-known model that is based on this empiric approach is GLOBIO3. The model is based on a set
of cause-effect relationships derived from literature, which describe the impact of five environmental
drivers on biodiversity (Alkemade et al., 2009). The drivers included are (1) Land use; (2) Atmospheric
nitrogen deposition; (3) Infrastructure; (4) Fragmentation; and (5) Climate change. The model
includes a set of equations for these drivers impact on biodiversity and uses input data by IMAGE.
GLOBIO3 utilizes the Mean Species Abundance (MSA) indicator to present its results (Alkemade et al.,
2009). MSA represents the average response of the total set of species belonging to an ecosystem;
GLOBIO3 does not model individual species responses and is applied on global level (Alkemade et al.,
2009).
Steady state models, such as GLOBIO, cannot account for buffer mechanisms that affect the
resilience of the temporal response of ecosystems to deposition scenarios; this requires dynamic
integrated soil-vegetation models (de Vries et al., 2010). This type of models can account for
differences in sensitivity to disturbances depending on the current state and recent history of the
system (de Vries et al., 2010). Models following this approach base the occurrence of plant species
on the dynamics of soil properties, mainly water, pH and nitrogen (de Vries et al., 2010). At European
scale the VSD+PROPS model is used. VSD+PROPS consists of two parts, VSD+ and PROPS. VSD+ is a
dynamic soil model with detailed carbon and nitrogen dynamics. VSD+ specifically calculates soil
acidification, N availability, C/N ratio, carbon sequestration and NO3 and NH4 concentrations. The
model includes N mineralization or immobilization, N uptake, nitrification, denitrification and
leaching. Apart from N uptake and leaching these processes are dependent on pH, soil moisture and
temperature, thus climate (change) is included (Reinds et al., 2012). The pH is mainly driven by
nitrogen and sulphur deposition, but is calculated from the net exchange of anions and cations
(Posch & Reinds, 2009). The output of VSD+ is used as input by PROPS, specifically pH, N soil
concentration, temperature and precipitation. PROPS calculates the probability that a plant species is
present, based on abiotic conditions. The indicator PROPS uses to present the occurrence
probabilities is the Habitat Suitability Index (HSI) (Reinds et al., 2014). Within the UN-ECE community
on mapping and modelling of critical nitrogen loads, the VSD+PROPS model has recently been
adopted as the leading assessment tool for future biodiversity change.

1.3

Measures of plant species diversity

In order to assess the impact of human activities, such as atmospheric pollution and land use change,
on ecosystems it is important to study the biological structure of such a system. A very simple
measure of the diversity in plant community (the group of species occupying a given area, interacting
either directly or indirectly) is species richness: the number of species occurring in the community
(Smith & Smith, 2006). Not all species in a system or community are equally abundant. A measure for
this is relative abundance: the number of individuals or coverage of a species as a percentage of the
total number of individuals of all species (Smith & Smith, 2006).
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To quantify plant diversity change, diversity indices are used, which consider both the number and
relative abundance of species. Diversity indices are equations developed to evaluate and assess
changes species diversity over time (Bradshaw & Brook, 2010). There are all kinds of indices designed
for particular purposes, including indices that: (1) include all plant species; (2) compare all species to
a reference state; and (3) focus on wanted species or a combination of wanted and unwanted
species (Gómez Mateus, 2014).
Gómez Mateus (2014) determined the Habitat Suitability Index (HSI), used in PROPS, as relevant for
evaluating the quality of an ecosystem considering the environmental conditions (Gómez Mateus,
2014). HSI is the probability that a set of desired species occurs given a set of abiotic circumstances
(Rowe et al. 2009). Mean Species Abundance (MSA), utilized in GLOBIO3, is also a type of index. MSA
(Alkemade et al., 2009; Vačkář et al., 2012) equals the ratio of the mean abundance of individual
species found in disturbed situations by its abundance in undisturbed situations and the extend of
changes to natural areas. Abundance can be measured in multiple ways. GLOBIO3 utilizes data on
abundances of species that are recorded as numbers, density or relative cover (Alkemade et al.,
2009).
Availability of data on changes in population abundance is one of the limiting factors in the
development of this indicator (Vačkář et al., 2012).

1.4

Purpose of the study & Research Questions

The primary aim of this study is to aid improvement of GLOBIO3 by providing it with the latest
literature for inclusion. A secondary objective of this study is to analyse impacts of changes in climate
and N deposition on changes in different biodiversity indicators at European scale, in casu the habitat
suitability index (HSI) using the VSD+PROPS model and the mean species abundance (MSA) obtained
by the GLOBIO3 model for Europe, for comparable scenarios for N deposition an climate change.
Such an in-depth comparison has not been conducted before.. The results of this study will give
insight in the similarities and differences between these indicators.
In order to fulfil these objectives the following research questions have been drafted. For clarification
they are sorted by the means of research necessary to answer them (literature study and model
assessment).
Literature research
1. What is the empirical relationship between N deposition and species abundance or species
richness in Europe?
Model assessment
2. What is the agreement between calculated impacts of changes in N and S deposition and in
climate change on plant species diversity by the models GLOBIO (using MSA) and PROPS
(using HSI) for typical ecosystems in Europe?
In the following chapters these research questions are investigated. In Chapter 2 the methodology is
described for both research questions. It starts with the approach used for the first question and is
followed by the setup for the second question, this pattern repeats itself in the following chapters as
well. After the methodology, the results are presented in Chapter 3. In Chapter 4 the resulting
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relationships are compared with the current relationships in GLOBIO3. Chapter 5 discusses the
results of this study, which concludes with an overarching conclusion answering the research
questions and shows that GLOBIO3 is still a reliable model to predict biodiversity change.
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Chapter 2

Methodology

To answer the research questions stated, a specific approach is necessary for both. To investigate the
empirical relationship between nitrogen input and species abundance a literature study was
conducted. To assess the agreement of different models on the relative impacts of changes in
nitrogen and sulphur deposition and climate change for typical ecosystems in Europe a model study
was conducted.
The following sections present the approaches used for the literature study and the model
assessment.

2.1

Meta-analysis of nitrogen impacts on species abundance

The aim of the literature study was to answer the first research question: What is the empirical
relationship between nitrogen input and species abundance? The approach chosen to systematically
review the available literature on N deposition and species abundance, and to establish an empirical
relationship between the two, was to conduct a meta-analysis. The following two sections present
the theory behind a meta-analysis and the practical application in this research.
2.1.1 Theory
Meta-analysis are used for synthesizing large amounts of scientific publications on a specific subject
(Evans & Foster, 2011). Glass (1976) defines meta-analysis as “a statistical analysis of a large
collection of results from individual studies for the purpose of integrating the findings”. In order to
conduct a meta-analysis the following steps are typically followed (Doré et al., 2011; Philibert et al.,
2012):
1. A clear definition of the objective of the meta-analysis and of the variable of interest to be
estimated from the data.
2. A systematic review of the literature reporting values of the quantities of interest.
3. An analysis of data quality; inter alia the quality of experimental design and of the
measurement techniques.
4. An assessment of between- and within-study variance.
5. An assessment of publication bias.
6. Presentation of the results and the level of uncertainty.
Philibert et al. (2012) also presents a list of eight criteria used to assess the quality of meta-analyses.
These criteria are:
1. Correct description of the search procedure so it is repeatable.
2. Availability of the list of references used.
3. Analysis of the variability of the results of individual studies as well as between studies.
4. Sensitivity analysis of the dataset.
5. Assessment of the publication bias.
6. Weighting of used data.
7. Availability of the dataset
8. Availability of the statistical software.
In this study, I aimed to fulfil all the listed criteria by Philibert et al. (2012). Given the time limitation
of this study it was not feasible to conduct a full-fletched meta-analysis as described above. The
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criteria listed by Philibert et al. (2012) are followed closely, but criteria (4) sensitivity analysis of the
dataset; (5) an assessment of publication bias; and (6) weighting of used data is not done.
2.1.2 In practice
The objective of the meta-analysis was to gain insight in the empirical relationship between N inputs
and its effects on species diversity in forests and grasslands in Europe. The response variables of
interest were mean species abundance (MSA) and species richness , while N input was the “dose”
variable in the analysis. In order to study the relationship between N input and MSA, papers were
investigated that contain data on species composition in disturbed and undisturbed systems. From
this data the MSA values and variances were calculated, according to (for more details, see Alkemade
et al. (2009):
1. Divide the abundance of each species found in disturbed situations by its abundance in
undisturbed situations; Species not found in undisturbed situations are omitted;
2. Truncate these values at 1;
3. Calculate the mean over all species in the study.
The papers containing data on species composition automatically allowed an assessment of species
richness (the number of species occurring in the community). To study the relationship between N
input and species richness, papers were also included that only contained data on species numbers in
disturbed and undisturbed systems in combination with N inputs.
In order to conduct a systematic review of the literature, a search string was developed and tested
with several papers already found and used by Bobbink et al. (2010) (i.e. Bassin et al. (2007); Gilliam
(2006); Maskell et al. (2010); Soudzilovskaia & Onipchenko (2005)). If these papers were not in the
results the string was adjusted. The publication databases used for the search are Scopus and Web of
Science. With the use of these two databases it is expected to have a thorough overview of all the
literature available (Falagas et al., 2008). Since Scopus and Web of Science use a different syntax the
exact search strings differ slightly, but the keywords are the same. All literature published up to
March 2015 is investigated.
The search string consists of three main elements. First several keywords with OR statements on
nitrogen deposition and additions, followed by an AND statement to limit the found literature to
include information with keywords related to species richness, and finally another AND statement to
select on the presence of plant information. The search string for Scopus is given in Equation 1 and
for Web of Science in
Equation 2, with the different elements emphasised in colour.
Equation 1. Search string used for Scopus

(TITLE-ABS-KEY (("nitrogen deposition" OR "N deposition" OR "nitrogen addition*" OR "N
addition*" OR "deposit* of N*" OR "deposit* of nitrogen" OR "addition* of * N" OR
"addition* of * nitrogen" OR "N * treatment*") AND ("species richness" OR abundance OR
composition OR number) AND (plant*)))
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Equation 2. Search string used for Web of Science

(TS= (("nitrogen deposition" OR "N deposition" OR "nitrogen addition*" OR "N addition*" OR
"deposit* of N*" OR "deposit* of nitrogen" OR "addition* of * N" OR "addition* of *
nitrogen" OR "N * treatment*") AND ("species richness" OR abundance OR composition OR
number) AND (plant*)))
The search strings of Equation 1 and
Equation 2 yielded 1192 results in Scopus and 1458 results in Web of Science. After removal of
duplicates 1783 papers remained for further investigation.
Since this study had a clear time constraint it was necessary to limit the number of papers
investigated. Therefore every second paper was selected from an alphabetically ordered list of the
found 1783 papers. This yielded a sample of 891 papers which were studied in more detail. All papers
not in the sample were saved in case there is a possibility for further research. Since not all of these
papers contained useful data for this research, these papers are checked on title and abstract for
relevance. 207 papers remained to be checked for accordance of the criteria.
There is a large diversity in experimental designs used to relate N deposition to ecosystem change,
depending on the goals of the research (Hettelingh et al., 2015). First of all there are N addition
experiments, where the N deposition is artificially increased and the impacts are studied. Secondly
field surveys are used to survey sites covering a gradient of N deposition, so the effects of N
deposition can be identified. Preferably these surveys are repeated over time. Another option to
study N deposition is to use more general datasets on larger areas (Bobbink et al., 2011). This study is
limited to the analysis of the first two: N addition experiments and nitrogen deposition gradient
studies. The third approach is not directly useful for setting critical loads (Bobbink et al., 2011).
In this study, following Bobbink et al. (2011), N addition experiments were only used if they fulfil the
following criteria:
- N treatments only: no applications of additional nutrients or lime;
- N additions below 100 kg N ha-1 yr-1; and
- Experimental period longer than 2 years
In addition to these specific criteria for addition experiments, several criteria were applied on both N
addition and gradient studies. N addition studies and gradient studies were only used if they contain
primary data on plant species richness (number of plant species per plot), and studies were omitted
if they did not provide a comprehensive overview of plant species responses, for instance when only
data on the significant changing species was provided.
With these criteria it is ensured that the results obtained are realistic and can be used for inclusion of
GLOBIO3, while limiting the total number of papers to investigate due to time constraints.
All studies found and in compliance with the criteria were stored in a database. This database
contains the characteristics of the study site, references and type of the experiment, treatment
details, treatment amounts, details on sampling technique and frequency, plot size and other
relevant information on the quality of the study. The calculated values for MSA, species richness,
species richness of original species, the relative and absolute effect, and the variance are included as
well. This database is available upon request.
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Due to the nature of this research the data found are often measured on different plot sizes and
presented as a different number, for instance species richness is measured as frequency, cover
percentage and number of hits. To ensure all data is comparable and prevent confounding effect. To
ensure the outcome of the experiments independence of these factors, all outcomes were made
relative by dividing the treatment group over the control group, creating the species richness ratio,
see Equation 3 on the following page. If the ratio equals 1 than the number of species after the
treatment is equal to the control. Above 1 the number of species after nitrogen addition is higher
than for the control. Vice versa, below 1 the number of species after treatment is lower than that in
the control group. When the species richness ratio of 0,25 is found, this means a 75% reduction of
species number after nitrogen treatment.
Equation 3. Relative species richness

𝑆𝑝𝑒𝑐𝑖𝑒𝑠 𝑟𝑖𝑐ℎ𝑛𝑒𝑠𝑠 𝑟𝑎𝑡𝑖𝑜 =

𝑆𝑝𝑒𝑐𝑖𝑒𝑠 𝑟𝑖𝑐ℎ𝑛𝑒𝑠𝑠 𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡
𝑆𝑝𝑒𝑐𝑖𝑒𝑠 𝑟𝑖𝑐ℎ𝑛𝑒𝑠𝑠 𝐶𝑜𝑛𝑡𝑟𝑜𝑙

Besides the species richness ratio described above, the species richness of original species is also
calculated (Equation 4). This measure is similar to the species richness ratio, but the species number
of the treatments only covers the species originally present in the control. Species present in the
treatment group but not in the control group are omitted. It is expected that this measure behaves
more strongly than the species richness ratio, since species found in the original situation which are
lost during the experimental period cannot be replaced by new species.
Equation 4. Species richness ratio of original species

𝑆𝑝𝑒𝑐𝑖𝑒𝑠 𝑟𝑖𝑐ℎ𝑛𝑒𝑠𝑠𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑟𝑎𝑡𝑖𝑜 =

𝑆𝑝𝑒𝑐𝑖𝑒𝑠 𝑟𝑖𝑐ℎ𝑛𝑒𝑠𝑠𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡
𝑆𝑝𝑒𝑐𝑖𝑒𝑠 𝑟𝑖𝑐ℎ𝑛𝑒𝑠𝑠 𝐶𝑜𝑛𝑡𝑟𝑜𝑙

There are various ways how the response of treated plots can be compared with the untreated plots
(See (Teunis, 2013) for a brief overview). In this study the relative effect (Equation 5) and the
absolute effect per kg nitrogen addition (Equation 6) are calculated for species richness numbers,
besides the Mean Species Abundance (MSA).
Equation 5. Relative Effect of species richness

𝑅𝐸 =

𝑅𝑇 − 𝑅𝐶
𝑅𝐶

𝑊ℎ𝑒𝑟𝑒: 𝑅𝐸 = 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐸𝑓𝑓𝑒𝑐𝑡; 𝑅𝑇 = 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡; 𝑅𝐶 = 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝐶𝑜𝑛𝑡𝑟𝑜𝑙
Equation 6. Absolute Effect of species richness

𝐴𝐸 =

𝑅𝑇 − 𝑅𝐶
𝑎𝑁

𝑊ℎ𝑒𝑟𝑒: 𝐴𝐸 = 𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝐸𝑓𝑓𝑒𝑐𝑡; 𝑅𝑇 = 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡; 𝑅𝐶 = 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝐶𝑜𝑛𝑡𝑟𝑜𝑙; 𝑎𝑁 = 𝐴𝑑𝑑𝑖𝑡𝑖𝑜𝑛 𝑁

In this study an attempt is made to further explore the relationship between species richness against
N deposition, as presented by Hettelingh et al. (2015); and Stevens et al. (2010).
Natural background deposition estimates range from 0,2 kg N ha-1 y-1 in 1850 (Galloway et al., 2004)),
to 1-2 kg N ha-1 y-1 in 1900 (Bobbink et al., 2011). For the purposes of this study it is assumed that the
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natural background deposition is 1 kg N ha-1 y-1. So at a deposition level of 1 kg N ha-1 y-1 the mean
species abundance is 1. In a stable state with just the natural background deposition there is no
change in species abundance.

2.2

Model intercomparison

The aim of the model assessment is to answer the research question: What is the agreement
between calculated impacts of changes in N and S deposition and in climate change on plant species
diversity by the models GLOBIO (using MSA) and PROPS (using HSI) for typical ecosystems in Europe?
More specifically, what are differences in impact assessments using the empirical model GLOBIO3
versus the more process based model VSD+PROPS. The question is approached by evaluating
biodiversity indices calculated with both models (HSI for PROPS and MSA for GLOBIO3) in response to
changes in atmospheric deposition and temperature for several typical European ecosystems. The
following sections first describe the general setup used, followed by model specific details to
calculate MSA and HSI.
2.2.1 Overall approach
In this study the models GLOBIO3 and VSD+PROPS, as introduced in section 1.3, are compared.
GLOBIO3 is the only well-established and widely regarded scientifically sound model on the global
scale, so it is highly relevant to see how comparable its results are with a model specifically for
Europe. PROPS is recently adopted by the Working Group on Effects (WGE) of the Convention on
Long-range Transboundary Air Pollution (CLRTAP) as a key assessment tool for future biodiversity
changes on the European scale. Yet it is not compared with another assessment tool.
A schematic overview of the approach is given in Figure 1. In the natural situation (green) climate
change and nitrogen deposition affect the abiotic conditions, which over time determines the plant
species occurrence and diversity. The natural situation can be expressed by indices. The blue boxes
represent the PROPS chain, starting with abiotic conditions, calculated by VSD+ in response to N and
S deposition and climate change, from which PROPS the probability of occurrence of species
calculates and with which the HSI can be derived. The red boxes show GLOBIO3, which utilizes causeeffect relationships to calculate abundances of species and presents this with the MSA indicator. The
model assessment is geared towards a comparison of the Habitat Suitability Index (HSI) and the
Mean Species Abundance (MSA).
2.2.2 GLOBIO3
GLOBIO3 is based on a set of cause-effect relationships of environmental drivers on biodiversity,
which are derived from literature. GLOBIO3 utilizes different relationships for ecosystems depending
on their characteristics. In this study forests and grasslands in Europe are investigated.
Data for GLOBIO3 were acquired by running a simplification of the model in a spreadsheet, using
data was obtained on natural systems in Europe. The generated data was kept constant for the
driving factors which were not investigated (Land use, infrastructure and fragmentation). For
nitrogen deposition and climate change (temperature), the equations used by GLOBIO3 (Table 1)
were inserted in the spreadsheet model.
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Figure 1. Schematic overview of the problem approach in three systems. In green the natural occurring situation is
presented, where Climate Change and nitrogen deposition affect abiotic conditions such as pH, nutrient availability,
temperature and precipitation. These conditions determine the plant species occurrence and diversity, which can be
displayed in diversity indices. In blue the corresponding steps in PROPS and in red for GLOBIO3 are presented. The model
assessment focusses on the comparison between HSI and MSA.

-2

-1

Table 1. The regression equations for the relation between nitrogen exceedance (NE in g m y ) and MSAN, and the relation
between climate change and Global Mean Temperature Increase (GMTI) for the ecosystems under study (adapted from
Alkemade et al., 2009).

ECOSYSTEM

NITROGEN DEPOSITION

CLIMATE CHANGE

FORESTS

MSAN = 1 – 0,22 ln (NE + 1)

MSACC = 1 – b * GMTI

GRASSLANDS

MSAN = 1 – 0,19 ln (NE + 1)

MSACC = 1 – b * GMTI

The equations given in Table 1 hold various parameters. The nitrogen exceedance (NE) is the
nitrogen deposition above the critical load (in g N m-2 y-1). This is calculated by subtracting the critical
load (based on Bouwman et al. (2002)) from the nitrogen deposition (Alkemade et al., 2009). If the
deposition is below the critical load, MSAN is assumed to be 1. The global mean temperature increase
(GMTI) is the anomaly from the global mean temperature. GLOBIO3 normally obtains the global
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mean temperature value from IMAGE and this is assumed to be the global average temperature
before the industrial revolution. In this research the focus is specifically on Europe and the global
mean temperature proofed to be above the levels found in Europe. For this research it is assumed
that the global mean temperature is the value in 1900; the earliest value available in the
aforementioned temperature curves. From this point the temperature anomalies are calculated and
inserted in the equation. Alkemade et al. (2009) provides values from the slope b for various
ecosystems. The values for temperate forests and grasslands used in this research are given in Table
2.
Table 2. Overview of input parameters used for the MSA equations of table 1.

INPUT PARAMETERS
ECOSYSTEM

Critical load (in g N m-2 y-1)

Global mean temperature (in
degree Celsius)

b

FORESTS

1,4707

6,14

0,065

GRASSLANDS

1,4707

8,46

0,09

By entering the values of the European trend curves in conjunction with the parameters of Table 2,
the MSA values for nitrogen deposition and climate change are obtained for all grid cells. It is
noteworthy that the nitrogen deposition curves are separated in NHy and NOx, while GLOBIO3 does
not make this difference. The input values for nitrogen deposition are the combination of both of
these compounds. The total MSA can be calculated by Equation 7.
Equation 7.

𝑀𝑆𝐴𝑖 = 𝑀𝑆𝐴𝐿𝑈𝑖 ∗ 𝑀𝑆𝐴𝑁𝑖 ∗ 𝑀𝑆𝐴𝐼𝑖 ∗ 𝑀𝑆𝐴𝐹𝑖 ∗ 𝑀𝑆𝐴𝐶𝐶𝑖
Where i is a grid cell, MSAi is the overall value for grid cell i and MSALUi, MSANi, MSAIi, MSAFi and
MSACCi is the relative mean species abundance for the five drivers: land use (LU), atmospheric
nitrogen deposition (N), infrastructural development (I), fragmentation (F) and climate change (CC).
Thus MSAN and MSACC are the only factors changed for each grid cell. Since the area of land in each
grid cell is not equal, the MSA of a region (Europe in casu) is the area weighted mean of the MSAi
values of all relevant cells. Given in Equation 8.
Equation 8.

𝑀𝑆𝐴𝑟 = ∑ 𝑀𝑆𝐴𝑖 ∗ 𝐴𝑖 ⁄∑ 𝐴𝑖
𝑖

𝑖

Where 𝑀𝑆𝐴𝑟 is the MSA of a region and 𝐴𝑖 is the land area of cell i.
Finally, since the aim is to evaluate relative change, the modelled MSA values for all scenarios,
ecosystems and time steps are scaled to 1. By assuming the values found in 1950 as base year, thus
1.
Similar to this approach the regression equations for the relationship between nitrogen deposition
and plant species abundance found in Chapter 3 are modelled as well. With one key difference, those
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regression equations do not use nitrogen exceedance (and thus critical loads) as GLOBIO3 does, but
nitrogen deposition. The equations are given in Table 3.

-1

-1

Table 3. The regression equations for the relation between nitrogen deposition (in kg N ha y ) and MSAN, found in the
analysis conducted in Chapter 3.1.

ECOSYSTEM

NITROGEN DEPOSITION

FORESTS

MSAN = 1 – 0,101 ln (Ndeposition + 1)

GRASSLANDS

MSAN = 1 – 0,077 ln (Ndeposition + 1)

2.2.3 VSD+-PROPS
PROPS estimates the probability of occurrence of plant species as a function of environmental factors
for mean annual temperature, mean annual precipitation, annual N deposition, pH and soil C/N ratio
and their interactions, so these input data are needed over time. VSD+ (VSD+ Studio version 5.3.1) is
used to generate the input data for soil pH and soil C/N ratio, while changes in N deposition,
temperature and precipitation are based on results of deposition models (EMEP) and climate models.
Since soil C/N ratio is a reasonable indicator for N mineralization (Janssen, 1996; Manzoni et al.,
2008), the combination of both N deposition and soil C/N is an indicator for N availability to plants.
The PROPS model was fitted to data using a logistic regression technique. The problem of fitting a
model that estimates probabilities is that you cannot observe a probability in the field. In the
observed relevés, the plant species occurs or does not occur (Figure 1; occurrence of a plant species
is observed when the value on the y-axis equals 1, when the species is not present the value is 0).
The fitted polynomial is an estimate for the occurrence probability of the plant species. Since the
probability is a value between 0 and 1, logit(y) = log(y/(1–y)) was approximated (fitted) by a quadratic
polynomial. The model was fitted using five explaining variables (see before), calculating the
occurrence probability according to:
Equation 9.

𝐿𝑜𝑔𝑖𝑡 (𝑦) = 𝛼 + 𝛽1 𝑥1 + 𝛽2 𝑥2 + 𝛽3 𝑥3 + 𝛽4 𝑥4 + 𝛽5 𝑥5 + 𝛾1 𝑥12 + 𝛾2 𝑥22 + 𝛾3 𝑥32 + 𝛾4 𝑥42 + 𝛾5 𝑥52 +
𝛿12 𝑥1 𝑥2 + 𝛿13 𝑥1 𝑥3 + 𝛿14 𝑥1 𝑥4 + 𝛿15 𝑥1 𝑥5 + 𝛿23 𝑥2 𝑥3 + 𝛿24 𝑥2 𝑥4 + 𝛿25 𝑥2 𝑥5 + 𝛿34 𝑥3 𝑥4 +𝛿35 𝑥3 𝑥5 +
𝛿45 𝑥4 𝑥5
Where, αn is a constant; βn is the regression coefficients for the linear terms; γn is the regression
coefficients for the quadric terms; δn is the regression coefficients for the interaction terms; χn are
the environmental conditions, represented by indicators for temperature, water availability, acidity
and nutrient availability, i.e. x1, x2, x3, x4 and x5. With one explaining variable this equation results in a
Gaussian response curve. With two abiotic variables a non-symmetric hat form or a saddle form is
obtained.
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Probability was calculated from the logit value according to:
Equation 10.

𝑃=

1
(1+exp(−𝑙𝑜𝑔𝑖𝑡 (𝑦)))

The Habitat Suitability Index (HSI) is used as a measure for species diversity and it is based on
probabilities (Rowe et al. 2009; here limited to the positive indicator species), is expressed by:
Equation 11.
𝑛

1
𝑝𝑘
𝐻𝑆𝐼 = ∑
𝑛
𝑝𝑘,𝑚𝑎𝑥
𝑘=1

Where n is the total numbers of positive (desired) species, pk is the probabilities of occurrence
probability of positive (desired) species k and pmax,k the maximum probability of occurrence of those
species (Rowe et al., 2009).
A cross-section over Europe was used to select ecosystems. Typical soil profiles for North, Central
and Southern Europe are used to model corresponding ecosystems in PROPS (a list of input
parameters are given in Annex 1). Three ecosystem groups are evaluated: forests, grasslands and
heathlands. For each of these an ecosystem was selected that occurred in northern (> 55⁰N), central
or southern (< 46⁰N) Europe. Except for heathlands, since there was no data available in PROPS on a
heath ecosystem in southern Europe. The description of each system and its EUNIS code is presented
in Table 4.
For all of the simulations in PROPS all parameters were kept constant, except for the changes
necessary to run the scenarios. So for a particular region the soil profiles remained the same
regardless if there was a forest, grassland of heathland growing on it. This is a simplification of
reality, but for practical regions sufficient for this study.

2.2.4

Evaluated ecosystems and scenarios

2.2.4.1 Evaluated ecosystems
GLOBIO3 assesses impacts of N deposition on biodiversity by using empirical N response equations
(see also Chapter 2) distinguishing three ecosystem types, i.e. Artic alpine ecosystems, Boreal and
temperate forests, and Grasslands (Alkemade et al., 2009) while PROPS distinguishes much more
(detailed) ecosystem types. boreal and temperate forests and Grasslands, several sub-ecosystems
are modelled for PROPS. The arctic alpine ecosystems are omitted because this equation is only used
for the Snow & Ice GLC2000 class, not included in PROPS since plant species hardly occur there and
no data is available. Since a diverse group of ecosystems are seen as grasslands in GLOBIO3, these
grasslands are separated to two distinct types of ecosystem groups in PROPS (heathlands and
grasslands). This enables a general overview on each system, but also the variation within one
GLOBIO3 ecosystem can be investigated. The underlying causes of possible differences will be
investigated. In Table 4 the ecosystems investigated in PROPS are presented.
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Table 4. Overview of modelled ecosystems in PROPS, for the region of occurrence in Europe and the general ecosystem type.
In brackets the corresponding EUNIS code, Not available means that there was no matching ecosystem in PROPS for this
region and general ecosystem type.

ECOSYSTEM
REGION

Forest

Grasslands

Heathlands

NORTH

Acidophilous Picea
forests of the
montane to alpine
levels (VaccinioPiceetea) (9410)

Siliceous alpine and
boreal grasslands
(6150)

Alpine and boreal
heaths (4060)

CENTRAL

Old acidophilous oak
woods with Quercus
robur (9190)

Species-rich Nardus
grasslands, on
siliceous substrates in
mountain areas (and
submountain areas in
Continental Europe)
(6230)

European dry heaths
(4030)

SOUTH

Sub-Atlantic and
medio-European oak
or oak-hornbeam
forests of the
Carpinion betuli
(9160)

Semi-natural dry
grasslands and
scrubland facies on
calcareous substrates
(6210)

Not available

2.2.4.2 Scenarios for climate and air quality change
The period described in the scenario ranges from 1950 up to 2050. The difference in response of
both models is analysed and compared within and between ecosystem groups as the relative change,
compared to 1950, of Habitat Suitability Index (HSI) for ecosystems modelled by PROPS and the
Mean Species Abundance (MSA) for ecosystems modelled by GLOBIO3.
To ensure realistic output which is comparable over various ecosystems, one consistent curve for
changes in temperature and nitrogen (NHy and NOx) and sulphur deposition with 10 years intervals
based on European averages is used for forests and low vegetation (Figure 2, Figure 3, Figure 4, and
Figure 5). The curves for low vegetation are used for grass- and heathland ecosystems, the forest
curves are utilized to model forest ecosystems. The nitrogen and sulphur deposition curves are based
on EMEP model calculations under the RCA3-ECHAM5_A1B-r3 scenario, and the temperature data
are also obtained from this source.
The temperature and deposition curves differ between forest and low vegetation ecosystems. Higher
deposition in forest ecosystems is explained by the filtering effect of forests, capturing more
particles. The difference in temperature suggests that low vegetation ecosystems in general occur in
warmer areas in Europe.
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Figure 2. Mean annual temperature in Europe in forests (blue) and low vegetation (orange) for the period 1950 to 2050 with
a 10 year interval.
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Figure 3. Total annual NHy deposition in Europe in forests (blue) and low vegetation (orange) for the period 1950 to 2050
with a 10 year interval.
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Figure 4. Total annual NOx deposition in Europe in forests (blue) and low vegetation (orange) for the period 1950 to 2050
with a 10 year interval.
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Figure 5. Total annual S deposition in Europe in forests (blue) and low vegetation (orange) for the period 1950 to 2050 with a
10 year interval.

In this analysis several scenarios are studied, covering the main parameters in both models and
enabling to study the effect of each factor specifically. In scenario A, the temperature and nitrogen
and sulphur deposition all change along the curves described above. Scenario B, keeps temperature
constant on the level in 1950, while nitrogen and sulphur deposition change over time. In scenario C,
the sulphur deposition is kept constant to 1950’s level and temperature and nitrogen deposition
change. Finally in scenario D, the nitrogen deposition remains constant to the level in 1950 and
temperature and sulphur deposition develop over time. This is summarized in Table 5.
Table 5. Overview of scenarios. An X depicts that the factor is changed over time, a C means that the factor is constant to
the corresponding level in 1950.

SCENARIO

NITROGEN

SULPHUR

TEMPERATURE
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DEPOSITION

DEPOSITION

A. ALL CHANGE

X

X

X

B. TEMPERATURE CONSTANT

X

X

C

C. SULPHUR DEPOSITION
CONSTANT

X

C

X

D. NITROGEN DEPOSITION
CONSTANT

C

X

X

GLOBIO3 does not include sulphur deposition, as pH change is not a driver for biodiversity change in
this model. Consequently, the results of this scenario are equal to the all change scenario, while
scenario C leads to different results in PROPS, which includes pH as driver of change.
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Chapter 3

Results

This chapter presents the results of this study. First the meta-analysis is shown, with a further
subdivision into mean species abundance and species richness. After that the results of the model
intercomparison is presented.

3.1

Relationships between plant species diversity and nitrogen input

In the following section the results of the meta-analysis on the relationships between mean species
abundance and nitorgen deposition are presented. First the results of the search process are
presented, followed by the mean species abundance results for addition and gradient studies. This
section is concluded by several paragraps regarding the species richness, seperated in the various
kinds of species richness used in this study.
3.1.1 Search results
The results of the search procedure are presented in the following sections. First the results with
detailed species response data are shown, followed by the literature with species richness data.
3.1.1.1 Literature used to assess both Mean Species Abundance and species richness
This yielded 8 papers with data on plant species response (presented in changes of cover percentage
or numbers of individual plant species), summarized in Table 6, used to calculate the MSA. These
papers were also used to assess species richness (see below). Most papers studied the effect of
nitrogen deposition on plant species with multiple plots and deposition levels, if this was the case
then multiple MSA scores were calculated. Another 8 papers were deemed relevant, but did not
contain all information necessary for this study. An e-mail was sent to the corresponding authors, but
no responses were received.
Table 6. Literature found with plant species response data (alphabetically ordered).

MAIN AUTHOR

YEAR

LOCATION

TYPE OF STUDY

Brancaleoni

2014

Italy

Addition

Bustamante

2012

Brazil

Addition

Fremstad

2005

Norway

Addition

Gilliam

2006

USA

Addition

Köchy

2008

Sweden

Gradient

Ostertag

2002

USA

Addition

Prescott

1995

Canada

Addition

Sheppard

2011

Scotland

Addition

3.1.1.2 Literature used to assess species richness only
18 papers with data on species richness were found, summarized in Table 7. In addition to these
papers, the literature with plant species response in Table 6 is also utilized to calculate species
richness. Literature normally presented a species richness value for both the treatment and control
group. If not, the count of all species present for both groups was used as species richness. An
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overview of all study locations is presented in Figure 6. The research on the relationship between
plant species and nitrogen deposition is far from evenly distributed over the world. Most literature
studied ecosystems in the northern hemisphere, especially in Europe and several in North America
and China. Only one study took place in South America and none in Africa and Australia.

Table 7. Literature found with species richness data (alphabetically ordered).

MAIN AUTHOR

YEAR

LOCATION

Bai

2015

China

Berendse

2001

Finland, Sweden,
Switzerland

Dias

2014

Portugal

Fang

2012

China

Faust

2012

Germany

Gill

2006

USA

Isbell

2013

USA

Li

2014

China

Lu

2010

China

Madan

2007

Svalbard

Quan

2015

China

Roem

2002

The Netherlands

Song

2012

China

Sparrius

2012

The Netherlands

Verhoeven

2011

Ireland

Wardle

2013

Sweden

Xu

2012

China

Yang

2012

China
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Figure 6. Overview map of all study locations. Each marker represents the location of a single study for species response
(red) and species richness (yellow).

3.1.2 Mean Species Abundance
The Mean Species Abundance (MSA) was calculated for 8 studies (Table 6) and yielded 47 MSA values
in total, with depositions ranging from 9,5 to 100 kg N ha-1 y-1. Figure 7 presents a box and whisker
plot of all MSA values found for each study. Most studies, except for (Prescott et al., 1995) and
(Bustamante et al., 2012), provided multiple MSA values since they conducted experiments with
several nitrogen input rates, sites, or over multiple years. The box and whisker plots represent the
range of MSA values found. The MSA values found range from less than 0,1 to almost 1, showing
large differences in biodiversity change due to nitrogen deposition. Within studies there can also be
large differences in values found.
During the systematic review one paper was found with species responses for a gradient study (Table
6 and Figure 7). Since this is a different type of study its results were not comparable with data from
the addition studies. In the following section, first the MSA values for addition studies analysed,
followed by the gradient study.
Figure 7
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Figure 7. Box and whisker plot of MSA values after addition, calculated from 8 studies with plant species response data. The
studies are sorted from high to low on average MSA value. The addition studies are presented in blue boxes and the gradient
study with an orange boxplot.

3.1.2.1 Addition studies
The MSA values of the addition studies and the corresponding regression line for nitrogen input is
presented in Figure 8. Table 8 presents the corresponding regression equation with the R2 and Pvalue. Almost 30% of variation is explained by nitrogen input and the relation between MSA and
nitrogen input is highly significant.
In GLOBIO3 different regression equations are utilized for three ecosystems: (1) Arctic alpine
ecosystems; (2) Boreal and temperate forests; and (3) Grasslands (Alkemade et al., 2009). A similar
division was made here. Unfortunately no MSA values were found for arctic alpine ecosystems. The
regression equations found for forests and grasslands are presented in Figure 9 and Table 8. Most
MSA values describe grasslands (n=35), forests are less common (n=8). Yet the MSA values for forests
fit the regression line much better (R2 = 0,7885; P = 0,001) than the grasslands (R2 = 0,2033; P =
0,006). These values indicate that the variation, for the literature found, in forest ecosystems
compared to grasslands is much smaller.
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Figure 8. Relationship between mean species abundance (MSA) and nitrogen input (N addition and background deposition)
in N addition studies. Each dot represents a data point. The fitted regression line is given in table 8
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Table 8. Regression equations for the relation between MSA and N deposition (in kg N ha y ) for all data points and two
ecosystems.

ECOSYSTEM

EQUATION

R2

P

N

ALL COMBINED

MSAn = 1 – 0,094 ln (Ninput + 1)

0,2931

< 0,001

43

FORESTS

MSAn = 1 – 0,101 ln (Ninput + 1)

0,7885

0,001

8

GRASSLANDS

MSAn = 1 – 0,077 ln (Ninput + 1)

0,2033

0,006
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Figure 9. MSA values and regression lines for nitrogen input (N addition and background deposition), for two ecosystems.
Each dot represents a data point, forests are shown in blue, and grasslands in orange.
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The addition experiments found were conducted with several compounds. Figure 10 and Table 9
present the regression equations for the different compounds used as additive. Most often nitrogen
is added with ammonium nitrate (NH4NO3); followed by ammonium chloride (NH4Cl); ammonium
sulphate ((NH4)2SO2); and a combination of 50% urea (CH4N2O) and 50% ammonium nitrate
(NH4NO3). Interestingly the regression line found for the NH4NO3 data points is less steep and the
MSA reduction is less when compared with the other compounds. Thus the impact of addition of
nitrate seems less profound than the impact of ammonium at similar nitrogen input levels.
-1

-1

Table 9. Regression equations for the relation between MSA and N deposition (in kg N ha y ) for all data points and for
four addition compounds.

COMPOUND

EQUATION

R2

P

N

ALL COMBINED

MSAn = 1 – 0,094 ln (Ninput + 1)

0,2931

< 0,001

43

NH4CL

MSAn = 1 – 0,111 ln (Ninput + 1)

0,6322

0,001

12

NH4NO3

MSAn = 1 – 0,055 ln (Ninput + 1)

0,2170

0,022

23

(NH4)2SO2

MSAn = 1 – 0,107 ln (Ninput + 1)

0,8016

0,04

4

50% CH4N2O; 50% NH4NO3

MSAn = 1 – 0,101 ln (Ninput + 1)

0,9490

0,005

4

1.2
NH4Cl
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NH4NO3
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0.8
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Figure 10. MSA values and regression lines for nitrogen input (N addition and background deposition), for four addition
compounds. Each dot represents a data point for a study using NH4Cl (blue), NH4NO3 (orange), (NH4)2SO2 (grey), and a
combination of CH4N2O & NH4NO3 (yellow).
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During the research it was hypothesized that there might be a difference between the MSA values
for the first and last year of addition studies due to the buffering capacity of the soil. It was expected
that the MSA values are lower for the last year of the study when compared to the first year of the
study. The results obtained from the included studies provided, however, no evidence for this
difference.
3.1.2.2 Gradient study
During the systematic review one paper was found with species responses for a gradient study (Table
6 and Figure 7). Since this is a different type of study its results were not comparable with data from
the addition studies, it is treated separately. In this particular gradient study, sites with low and high
deposition were compared (Köchy, 2008). Since there is no control group present in gradient studies,
the MSA values were calculated by taking the low deposition as control and the high deposition as
the treatment group.
Figure 11 presents the MSA values and regression line (R2 = 0,8042; P = 0,039) for the gradient study.
The MSA values clearly decreases strongly to a minor increase in nitrogen deposition. In Table 10 and
Figure 12 the MSA values and regression equations for studies using addition experiments and
gradients are presented. The difference in response is striking, unfortunately a very limited number
of data points are available and all of the data found is on low total nitrogen deposition levels (9 – 12
kg N ha-1 y-1).
-1

-1

Table 10. Regression equations for the relation between MSA and nitrogen input (in kg N ha y ), for addition and gradient
studies.

STUDY TYPE

EQUATION

R2

P

N

ADDITION

MSAn = 1 – 0,094 ln (Ninput + 1)

0,2931

< 0,001

43

GRADIENT

MSAn = 1 – 0,324 ln (Ninput + 1)

0,8042

0,039

4

1.2

MSA (nitrogen)

1
0.8
0.6
0.4
0.2
0
0

2

4

6

N input (kg N

8

10

12

14

ha-1 y-1)

Figure 11. MSA values and regression line for nitrogen deposition), for the gradient study. Each dot represents a data point.
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Figure 12. MSA values and regression lines for nitrogen input for gradient (N deposition) and N addition (N addition and
background N deposition) studies. Each dot represents a data point for gradient values (blue) and addition values (orange).

3.1.3 Species richness
To determine the relationship between species richness and nitrogen input both research on species
response (Table 6) and species richness (Table 7) were used. Figure 13 shows the species richness
addition ratios for all studies found, sorted by average species richness. A large variation in values is
visible between studies and within single studies. The average of most studies (16 out of 26) is below
1, thus in general the species richness ratio is lower when additional nitrogen is added. Values
obtained from gradient studies are similar to the studies with addition experiments, suggesting there
is no difference.
The data was limited to addition experiments, to be able to make a sound comparison. From these
data sources the species richness ratio was calculated. A total of 176 data points were obtained
covering a total nitrogen input ranging from 6 to 140 kg N ha-1 y-1. Figure 14 presents the relation
between the species richness ratio and nitrogen input. A massive scatter of data points is visible and
a slight downward sloping regression line is found just below the ratio of 1, suggesting on average a
slight decrease of species numbers for all nitrogen input levels. But with a R2 = 0,0388 and P = 0,009
this relationship is not meaningful. There must be more important factors to explain the species
richness ratio than nitrogen input.
There is no difference between the two sources of data of which the species richness ratio is
calculated. Both data from species responses and data just on species richness show the same
amount of variation and is not explained by regression lines (Species response data: n = 43; R2 =
0,0244; P = 0,318. Species richness data: n = 133; R2 = 0,0301; P = 0,046).
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Figure 13. Box and whisker plot of species richness ratio values after addition, calculated from 8 studies with data on species
response and 18 studies with species richness data. The studies are sorted from high to low on average species richness ratio
value. The addition studies are presented in blue boxes and the gradient study with an orange boxplot.
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Figure 14. Species richness ratio values and regression line for nitrogen input (N addition and background deposition). Each
dot represents a data point.
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3.1.3.1 Species richness of original species
The species response data enabled calculating the species richness of original species, the literature
used for the species richness ratio did not provide any measurements. Figure 15 presents the data
points and the regression line between the species richness ratio of original species and nitrogen
input. The regression shows a distinct downward trend, which fits the data points reasonably well (R2
= 0,1886; P = 0,004; n = 43). As was expected the species richness ratio of original species reacts
more to nitrogen input than the species richness ratio does.
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Figure 15. Species richness ratio of original species values and regression line for nitrogen input (N addition and background
deposition). Each dot represents a data point.

3.1.3.2 Relative effect of species richness
Besides for the two species richness ratios, the species richness data is also suitable for calculating
the relative and absolute effects of nitrogen input. The relative effect is calculated for all species
richness numbers in addition experiments, yielding 176 data points. In Figure 16 the relationship
between the calculated relative effect and nitrogen input is depicted. The regression line is sloped
downward, suggesting that on average the number of species declines when nitrogen input is
increased. The low R2 (R2 = 0,0422; P = 0,006) suggests that the relative effect is very poorly
explained by nitrogen input, other factors must be present as well.
There was no difference found between relative effect values for species response data (Table 6) and
specific data on species richness (Table 7). The slope of both regression lines was the same and both
data sources were poorly fitted by the regression lines.
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Figure 16. Relative effect of species richness values and regression line for nitrogen input (N addition and background
deposition). Each dot represents a data point. Equation of the regression line is included.

3.1.3.3 Absolute effect of species richness
The absolute effect is calculated for all species richness data in addition experiments, similar to the
species richness ratio and the relative effect of species richness. Figure 17 depicts the relationship
between the absolute effect and nitrogen input. A total of 176 data points are used, of which 114 are
negative for absolute effect, 53 are positive numbers and the remaining 9 are neutral (0). The
regression line (R2 = 0,001; P = 0,723; n = 176) is very close to zero and shows that nitrogen input
does not explain the values for absolute effect.
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Figure 17. Absolute effect of species richness values and regression line for nitrogen input (N addition and background
deposition). Each dot represents a data point. Equation of the regression line is included.
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3.2

Model intercomparison

In the following section the results of the scenario analysis are presented. First the GLOBIO3 results
with the currently used relationships are presented, followed by the results obtained in this study
(see previous chapter). After this, a comparisson of these findings is presented. Then the results
found by using PROPS are given, finally followed by a comparisson of the results generated by
GLOBIO3 and PROPS.
3.2.1 GLOBIO3
When GLOBIO3 is used with the currently used equations and the input as described in the
methodology, the following results are obtained for the 3 scenarios relevant for GLOBIO3 (all factors
change accordingly, temperature is constant while the other factors change over time, and nitrogen
deposition is constant while the other factors change over time).
Figure 18 presents the scaled MSA values found for the three scenarios for forest ecosystems in
Europe during the 1950 to 2050 timeperiod. Figure 19 depicts the same but for grassland
ecosystems. An interesting effect is observed after the scenario runs for both forests and grasslands.
Scenario A (all change) follows scenario D (N constant) exactly in Figure 18 and Figure 19. Suggesting
that the temperature is the only factor influencing the resulting MSA. This is easily explained by the
fact that the yearly total average nitrogen deposition in Europe (Figure 3 and Figure 4), during this
100 year period is lower than the critical load value utilized by GLOBIO3. Effectively giving a value for
MSAN for all years of 1, thus no effect for this parameter. Since GLOBIO3 has several driving factors
for MSA (see Equation 7) and in this study only MSAN and MSACC are able to vary, this implies that
MSACC is the only driving factor not constant. This effect is demonstrated when the temperature is
kept constant (scenario B). The MSA value remains constant over the entire period and results in a
straight line in Figure 18 and Figure 19. The critical load in combination with nitrogen exceedance
thus does not function properly in the scenarios analysed in this study.
Both figures also show that the effect of temperature on the MSA is increasing over time, consistent
with the increasing temperature of Figure 2. Total MSA reduction in 2050, relative to 1950, for a
European forest ecosystem is about 17%. The MSA value in 2050 for a European grassland is about
20% lower in comparisson to 1950 values.
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Figure 18. Scaled mean species abundance (MSA) values for the three applicable scenarios (all change; temperature
constant; nitrogen deposition constant) for a European forest ecosystem in the period 1950 to 2050. The year 1950 is
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considered the base year; all changes visible are relative to the MSA value found for this year. Note that the all change
scenario results also hold for constant S deposition as this is not a driver in GLOBIO.
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Figure 19. Scaled mean species abundance (MSA) values for the three applicable scenarios (all change; temperature
constant; nitrogen deposition constant) for a European grassland ecosystem in the period 1950 to 2050. The year 1950 is
considered the base year; all changes visible are relative to the MSA value found for this year.

After the mathematical expressions for nitrogen deposition are changed to the equations found in
the systematic review (Table 3), the picture is quite different.
Figure 20 presents the scaled MSA values for a European forest during 1950 to 2050. First of all it is
clear that the MSA does respond to the differences in nitrogen deposition rates. Secondly, it can be
observed that early MSA values (pre 1990) are mainly explained by nitrogen deposition. The “all
change-scenario” is very similar to the “constant temperature-scenario”, while the “constant
nitrogen deposition-scenario” results in values closer to 1, in other words the ecosystems degrades
less. From 2020 onwards the trend is reversed. The nitrogen scenario follows almost the same curve
as the scenario where all factors change, while fixed temperature results in higher MSA values.
Indicating that temperature is the dominating driving force. Third, the MSA reduction in 2050 relative
to MSA values in 1950 is about 17% for the scenarios with all changes and fixed nitrogen deposition.
The fixed temperature scenario results in a MSA reduction of less than 1% in 2050 (relative to 1950).
Figure 21 shows the scaled MSA values for a European grassland ecosystem in the period 1950 up to
2050, relative to the MSA values found in 1950. This graph shows a very similar picture as described
above for Figure 20. Again in the early years nitrogen deposition is the dominating driver and in later
years temperature becomes more influential. In comparison, the influence of nitrogen deposition in
the early years (pre 1990) is less substantial on grasslands than on forests. This is explained by the
equations used (Table 3) to describe both systems and the lower deposition rates on grasslands
(Figure 3 and Figure 4). The relative MSA reduction in 2050 is over 20% for grassland ecosystems for
the scenario where all factors change and the fixed nitrogen deposition scenario. Keeping a constant
temperature results in a reduction of 2,5% by 2050.
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Figure 20. Scaled mean species abundance (MSA) values for the three applicable scenarios (all change; temperature
constant; nitrogen deposition constant) for a European forest ecosystem in the period 1950 to 2050; using the equations for
nitrogen deposition and its relation to MSA presented found in Chapter 3.1. The year 1950 is considered the base year; all
values are relative to the MSA value found for this year.
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Figure 21. Scaled mean species abundance (MSA) values for the three applicable scenarios (all change; temperature
constant; nitrogen deposition constant) for a European grassland ecosystem in the period 1950 to 2050; using the equations
for nitrogen deposition and its relation to MSA presented in Chapter 3.1. The year 1950 is considered the base year; all
values are relative to the MSA value found for this year.

At first glance the MSA curves for both forests and grasslands with the relationship found in Chapter
3.1 between nitrogen deposition and MSA, seem to be fairly similar to the currently used GLOBIO3
equations for this relation. The curves follow basically the same trend and give comparable MSA
reductions in 2050. It is important to notice that these reductions are relative reductions. They are
relative to MSA values in 1950, and these values are not the same for each graph.
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Figure 22 shows the absolute MSA values for scenario A (all change) for both forests and grasslands
using the current relationship between MSA and nitrogen deposition and the relationship for this
found in Chapter 3.1. It is clear that the MSA values resulting from the newly inserted equations are
lower than the original equations project. This is due to usage of a critical load value well above the
deposition rates found, and projected, on average in Europe. Therefore the MSAN is constant and has
no negative effect on the total MSA. In the equations presented in Chapter 3.1, there is no use of
critical loads, thus a projection for lower nitrogen deposition rates is made which results in lower
MSA.
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Figure 22. Mean Species Abundance values for scenario A (all change) for a European forest ecosystem (blue) and a
European grassland ecosystem (orange), for both the currently used GLOBIO3 equations (solid lines) and the equations
found in Chapter 3.1 (dashed).

3.2.2 PROPS
With PROPS a much more detailed ecosystem analysis can be generated than is possible with
GLOBIO3, this results in many more ecosystems to discuss. For the three main ecosystem groups the
HSI values for individual ecosystems within these group (Table 4) are presented and variance within
is investigated.
3.2.2.1 Forests
In Figure 23 the scaled values for habitat suitability index (HSI) for a typical forest ecosystem found in
northern Europe (EUNIS code: 9410) are presented. There is a large variation in HSI values for the
four scenarios investigated (see Table 5). In this ecosystem the HSI values for the scenario where are
all input factors change is very similar to the scenario with a constant (1950 level) sulphur deposition,
indicating that acidification is not big issue in this ecosystem. This is supported by the very limited
change in soil pH (see Figure 39 in Annex 2). Yet, the HSI still decreases by about 30% by 2050.
Interestingly the nitrogen deposition has a positive effect on the system, HSI values are higher when
the nitrogen deposition is allowed to increase over time. When nitrogen deposition is kept constant
the HSI decreases by 80% by 2050. The plant species occuring in this ecosystem are temperature
sensitive. The increasing temperature leads to a decrease in HSI. If the temperature remains constant
on a 1950’s level, there is a clear increase on HSI values. Resulting in a HSI increase by 30% by 2050.
In this system changes in HSI are driven by soil C:N ratio (see Figure 38 in Annex 2) and temperature
change.
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Figure 23. Scaled Habitat Suitability Index (HSI) for the four scenarios (all change; temperature constant; sulphur deposition
constant; and nitrogen deposition constant), for a forest ecosystem in northern Europe (EUNIS code: 9410) in the period
1950 to 2050. The year 1950 is the base year; all HSI values are relative to the HSI value in 1950.

Figure 24 depicts the scaled HSI for a typical forest ecosystem in central Europe (EUNIS code: 9190).
For all four scenarios the trend is similar with minor variation, the HSI decreases by about 70% in
2050.
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Figure 24. Scaled Habitat Suitability Index (HSI) for the four scenarios (all change; temperature constant; sulphur deposition
constant; and nitrogen deposition constant), for a forest ecosystem in central Europe (EUNIS code: 9190) in the period 1950
to 2050. The year 1950 is the base year; all HSI values are relative to the HSI value in 1950.

The HSI for a typical forest ecosystem in southern Europe (EUNIS code: 9160) is presented in Figure
25. In contrast to the systems discussed before, the HSI in this ecosystem does improve over time
and increase by 50% in 2050 for the scenario where all factors change. In the first half of the
modelled period (pre 2000), the nitrogen deposition is important for the increase in HSI. From 1990
onwards the amount of nitrogen deposited is decreasing, lowering the HSI values for all scenarios to
a level equal to the constant nitrogen deposition scenario in 2000. From 2000 onwards the
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temperature increase becomes the main driving factor for the increase in HSI. Changes are mainly
driven by the soil C:N ratio (see Figure 42 in Annex 2).
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Figure 25. Scaled Habitat Suitability Index (HSI) for the four scenarios (all change; temperature constant; sulphur deposition
constant; and nitrogen deposition constant), for a forest ecosystem in southern Europe (EUNIS code: 9160) in the period
1950 to 2050. The year 1950 is the base year; all HSI values are relative to the HSI value in 1950.

From these three different forest ecosystems found in Europe is it clear that there is a large variation
in the behaviour of the ecosystems given the same scenarios and input factors. Figure 26 shows the
responses of scenario A (all change) for the three forest ecosystems in north, central and south
Europe, as well as the average HSI of these three ecosystems. The ecosystem in central Europe
degrades, while in southern Europe there is a clear improvement by 2050. The average response for
these forests is a slightly lower HSI (18% decrease) by 2050.
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Figure 26. Scaled Habitat Suitability Index (HSI) for scenario A (all change), for forest ecosystems in northern, central and
southern Europe (EUNIS codes respectively: 9410; 9190; and 9160) (dashed line), and the average HSI of these three systems
(solid line), in the period 1950 to 2050. The year 1950 is the base year; all HSI values are relative to the HSI value that system
in 1950.
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3.2.2.2 Grasslands
Figure 27 presents the scaled HSI values for a grassland ecosystem in northern Europe (EUNIS code:
6150) for all four scenarios. It is predicted that this ecosystem degrades heavily for all scenarios by
2050. Up to 2020 nitrogen deposition is the dominating factor influencing the HSI values. From 2010
onwards the increase temperature becomes more pronounced, surpassing the effect of nitrogen
deposition from 2020 onwards. The all change scenario is very similar to the constant sulphur
deposition scenario, suggesting that sulphur deposition has little to no effect on HSI in this
ecosystem. The input is too small to significantly alter the soil pH (see Figure 45 in Annex 3).
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Figure 27. Scaled Habitat Suitability Index (HSI) for the four scenarios (all change; temperature constant; sulphur deposition
constant; and nitrogen deposition constant), for a grassland ecosystem in northern Europe (EUNIS code: 6150) in the period
1950 to 2050. The year 1950 is the base year; all HSI values are relative to the HSI value in 1950.

The simulation for a grassland ecosystem in central Europe shows a more balanced picture (Figure
28). The HSI values for three scenarios (except for the constant temperature scenario) predict HSI
values close to 1 in 2050, suggesting little change in comparison to the values found in 1950.
However during the simulation period, the HSI values for all scenarios deviate from 1 a fair bit.
Suggesting that the conditions are not constantly as favourable as they were in 1950. These changes
seem to be related to soil pH (see Figure 46 and Figure 47 in Annex 3). In the first half of the time
period it is clear that nitrogen deposition is the dominating factor influencing the HSI. The constant
nitrogen deposition scenario is up to 40% better. As the nitrogen deposition decreases over time this
factor becomes less important and the increasing temperature becomes the main factor in the
second half. Sulphur deposition is in this simulation again of little importance for the predicted HSI
values.
Figure 29 presents the results for the four scenarios for a grassland ecosystem in southern Europe.
The predicted HSI values are fairly similar, with a decrease in HSI of 20% to 30%. It is remarkable how
similar the response is by the all change scenario and the constant sulphur deposition, this suggest
that sulphur deposition has very little impact. This is supported by the very limited change in soil pH
(see Figure 49 in Annex 3). It is interesting to note that the constant nitrogen deposition scenario
predicts higher HSI values relative to the all change scenario up to 2020 and then predicts lower HSI
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values. Suggesting that changing nitrogen deposition has a negative effect up to 2020 and then
switches to a positive effect.
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Figure 28. Scaled Habitat Suitability Index (HSI) for the four scenarios (all change; temperature constant; sulphur deposition
constant; and nitrogen deposition constant), for a grassland ecosystem in central Europe (EUNIS code: 6230) in the period
1950 to 2050. The year 1950 is the base year; all HSI values are relative to the HSI value in 1950.
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Figure 29. Scaled Habitat Suitability Index (HSI) for the four scenarios (all change; temperature constant; sulphur deposition
constant; and nitrogen deposition constant), for a grassland ecosystem in southern Europe (EUNIS code: 6210) in the period
1950 to 2050. The year 1950 is the base year; all HSI values are relative to the HSI value in 1950.

In Figure 30 the HSI for scenario A (all change) is given for the three grassland ecosystems discussed
above, as well as the average response of these systems during the period 1950-2050. A large
variation is observed, with the ecosystem in northern Europe almost disappearing over time and the
others changing much less. On average the HSI declines by about 40% in 2050. The average curve
mimics the deposition curves used as input. Peak input values cause the lowest HSI value.
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Figure 30. Scaled Habitat Suitability Index (HSI) for scenario A (all change), for grassland ecosystems in northern, central and
southern Europe (EUNIS codes respectively: 6150; 6230; and 6210) (dashed line), and the average HSI of these three systems
(solid line), in the period 1950 to 2050. The year 1950 is the base year; all HSI values are relative to the HSI value for that
system in 1950.

3.2.2.3 Heathlands
In Figure 31 the HSI values are presented for a heathland ecosystem in northern Europe (EUNIS code:
4060). Over time the system degrades heavily in the all change scenario (88% decrease relative to
1950), and less for the other scenarios (73% for constant temperature and constant sulphur
deposition; 43% for constant nitrogen deposition). All scenarios follows the same trend, except for
the constant nitrogen deposition scenario, suggesting the change in nitrogen deposition has a
positive effect on HSI until 2010 and a negative effect after that. The difference between these
scenarios is driven by soil C:N ratio (Figure 44 in Annex 3).
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Figure 31. Scaled Habitat Suitability Index (HSI) for the four scenarios (all change; temperature constant; sulphur deposition
constant; and nitrogen deposition constant), for a heathland ecosystem in northern Europe (EUNIS code: 4060) in the period
1950 to 2050. The year 1950 is the base year; all HSI values are relative to the HSI value in 1950.
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The heathland ecosystem studied in central Europe also predicts a large decrease in HSI by 2050
(Figure 32). For all scenarios values are predicted around a 60% decrease relative to 1950. The
scenario with constant nitrogen deposition predicts higher HSI values than the other scenarios,
suggesting that the change in nitrogen deposition rates is highly influential on HSI values. Over time
this effect is diminishing and all scenarios predict fairly similar values, suggesting the change in
nitrogen deposition is no longer the dominating factor.
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Figure 32. Scaled Habitat Suitability Index (HSI) for the four scenarios (all change; temperature constant; sulphur deposition
constant; and nitrogen deposition constant), for a heathland ecosystem in central Europe (EUNIS code: 4030) in the period
1950 to 2050. The year 1950 is the base year; all HSI values are relative to the HSI value in 1950.

The habitat suitability index values for the above discussed heathland ecosystems and their average
HSI is presented in Figure 33 for scenario A (all change). There is no heathland ecosystem
investigated in southern Europe, since there was no data available in PROPS for such a system. On
average the HSI values for heathland ecosystems decrease by 75% in 2050.
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Figure 33. Scaled Habitat Suitability Index (HSI) for scenario A (all change), for heathland ecosystems in northern and central
Europe (EUNIS codes respectively: 4060; and 4030) (dashed line), and the average HSI of these two systems (solid line), in
the period 1950 to 2050. The year 1950 is the base year; all HSI values are relative to the HSI value for that system in 1950.
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In the following graph the average HSI values for the three main ecosystem types are presented. It is
clear that all systems show different behaviour, but overall the HSI in 2050 is for all systems lower
than in 1950. Forests appear to actually improve HSI during the higher atmospheric deposition years
(peak depositions at 1990). When deposition levels go down, the HSI also declines and remains fairly
constant on a 20% decrease relative to 1950. Grasslands show the opposite behaviour, HSI goes
down during the years with higher atmospheric deposition and recovers partly when the deposition
levels decrease. As discussed before, from 2010 the increasing temperature becomes the driving
factor for HSI. Heathlands also struggle with higher deposition levels, but in contrast to grasslands
they are unable to recover after the atmospheric deposition decreases. A decrease of 76% is
estimated by PROPS for heathlands and a reduction of 38% for grasslands, compared to 1950.
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Figure 34. Scaled Habitat Suitability Index (HSI) for scenario A (all change), for the average forest, grassland and heathland
ecosystems in Europe, in the period 1950 to 2050. The year 1950 is the base year; all HSI values are relative to the HSI value
for that system in 1950.

3.2.3 Comparison of GLOBIO3 and PROPS
A comparison of the response of both models for scenario A (all change) on the studied ecosystems is
presented in Figure 35. All values are scaled to 1 in 1950, so it is possible to assess the relative
change. It shows that GLOBIO3 is less responsive to changes in the system over time, there is more
variation in the values calculated by PROPS. Short term changes are barely reflected in the values
calculated by GLOBIO3.
For forest ecosystems the relative change by 2050 is similar between models (about 20% decrease
relative to 1950). For grassland ecosystems the difference is much greater. GLOBIO3 predicts a
decrease by 23%. The average response of all grasslands and heathlands combined (which is
essentially what GLOBIO3 covers with grasslands) is a decrease of HSI by 53%. Over twice as big as
GLOBIO3 predicts. This suggest a large underestimation of negative effects on systems with low
vegetation by GLOBIO3, or a large overestimation of negative effects on grassland and heathland
ecosystems by PROPS.
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Figure 35. Scaled Habitat Suitability Index (HSI) and Mean Species Abundance (MSA) for scenario A (all change), for average
forest and grassland vegetation (the average of all grassland and heathland ecosystems) modelled by PROPS (dashed line),
and forest and grassland ecosystems modelled by GLOBIO3 (solid line), in Europe during the period between 1950 and 2050.
The year 1950 is the base year, all HSI and MSA values are relative to the respective value for that system in 1950.
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Chapter 4

Discussion and conclusion

This chapter first presents a discussion of the results for the systematic review, followed by a
discussion about the scenario analysis results. Finally, this chapter is concluded by answering the
research questions.

4.1

Discussion meta-analysis

In this study a systematic review of available literature is done by conducting a meta-analysis.
Specific search strings were created to locate the data and criteria were set up which this literature
had to confirm to. If it did, the data was extracted from the papers and collected in a database. From
this data several indicators could be calculated, like mean species abundance (MSA) and species
richness, and its relationship with nitrogen input.
4.1.1 Mean Species Abundance
The discussion on mean species abundance is divided in two sections. First the varying impacts of the
nitrogen compound deposited on species composition is discussed. Secondly the difference in results
between addition and gradient studies is discussed.
4.1.1.1 Impacts of N component on plant species diversity
A difference between MSA values and the compound used for the addition of nitrogen was found,
see Figure 10. (Bobbink et al., 2011) and Stevens et al. (2006) point out that deposition of NHx might
have a stronger effect on ecosystems that NOy. Yet, the differential effects between oxidized and
reduced nitrogen are not sufficiently known (Bobbink et al., 2011). Dise et al. (2011) show that
various rare or threatened plant species found in grassland and heathlands are intolerant to higher
concentrations of reduced nitrogen and to high NHx/NOy ratios. The number of observations is quite
limited, but the findings of my study seem to agree with the observation of Stevens et al. (2006) and
Dise et al. (2011). The compounds mainly based on NH4 seem to cause a stronger MSA reduction.
This could possibly be explained by the acidifying potential of the compounds used as additive during
the experiment. This implies that the effect observed is simply acidification of the soil. NH4Cl (pKa =
9,24) and (NH4)2SO2 (pKa = 9,3) are more acidic, in comparison to NH4NO3 (pKa = 4,3). Urea (CH4N2O)
is neither acidic or alkaline (pKa = 0,18), so it could be expected that the regression line of the MSA
values for 50% CH4N2O and 50% NH3NO3 should be closer to the regression of NH4NO3.
Unfortunately the number of data points is limited, which could easily explain the difference
observed.
4.1.1.2 Differences in impacts between N addition and N gradient studies
A large difference in MSA response to nitrogen deposition was found between the addition and
gradient studies (Figure 7, Table 10 and Figure 12). Of course only four data points were found for
gradient experiments, but the difference was very striking and warrants further research. Possibly
gradient studies are not suitable for the calculation of MSA values, since a reference group is lacking
and the large distances between data points. Here the lower deposition sites were used as control
groups, but this is not exactly a true reference group. Since a gradient is necessary, the sites are
usually not very close together and there likely are other confounding factors at play. It is very likely
that either of the sites experienced different temperature or precipitation.
Another possibility could be that the addition experiments miss an important determining factor for
the presence of plant species, which only comes into play after a long time. Addition experiments
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which run over long periods of time are rare, especially for plant species responses. The longest
period of time found was eight years. Another problem with regards to MSA is that the control group
and the experiment group of the same year are compared. Which makes sense to eliminate all sorts
of temporal variation, but the overall change in a system is not investigated. This could be done by
comparing the control group of the first year with the experiment group in the final year. Lower MSA
values could then be possibly found. It would be interesting to further investigate this with a dataset
of long running experiments.
4.1.2 Species richness
Our findings on species richness did not show any clear relationship between nitrogen deposition
and species richness ratio. This was unexpected since several publications (for instance (Hettelingh et
al., 2015), Stevens et al. (2010) and Maskell et al. (2010) presented findings where a reduction in
species richness was found for increasing nitrogen deposition. Stevens et al. (2010) and Maskell et al.
(2010) present results of gradient studies and both used the absolute values on species richness for
standardized plots and in this study the species richness ratio was used (mainly because of the lack of
standardization in plots), but the general behaviour is expected to be the same. That this is not the
case suggests something else is at play. Possibly there are other confounding factors present in their
research. It might be that the nitrogen deposition gradient used in Stevens et al. (2010) and Maskell
et al. (2010), is coinciding with another gradient.
Another possibility is that the problem might be in the setup of the studies. In the studies of Stevens
et al. (2010) and Maskell et al. (2010) the absolute species richness numbers of many sites are
related to nitrogen input. Instead of the species richness ratio between control and experiment
groups, used in this study. By not using this ratio confounding effects are to be expected, most
notably plot size which strongly correlates with species number. The difference in results between
this study and the studies of Stevens et al. (2010) and Maskell et al. (2010) warrants further research.
One could question the suitability of the measure of species richness to study the impact of nitrogen
deposition on plant species. The sheer number of species says very little about the changes in an
ecosystem. Species richness is a very easy indicator to measure and interpret, but it does not provide
much insight either. The actual species responses to changes in nitrogen deposition (like MSA uses) is
more work to study, but it gives a much better insight in the actual changes going on in a system.
Another option would be to use the species richness ratio of original species where the species
richness is compared with the originally occurring species. Changes in the ecosystem are better
represented than just by species numbers. This study found a clear relationship between the species
richness ratio of original species and nitrogen deposition (Figure 15), with a fast reduction for low
level levels of nitrogen deposition and then a levelling off for higher values. The behaviour observed
is similar to MSA, but less pronounced.
4.13 Comparison of current and new relationships between N input and MSA in GLOBIO3
A key component of this research was to find more data for inclusion in GLOBIO3. Therefore it is
sensible to compare the findings with current MSA equations in GLOBIO3.
Table 11 shows the equations used for GLOBIO3 to depict the relation between nitrogen exceedance
(the nitrogen deposition above the critical load) and MSA; and the equations found in this study for
nitrogen deposition and MSA. Interestingly the fit for the regression lines for all ecosystems in
GLOBIO3 is better (higher R2) than my findings. Possibly the amount of studies, thus the variation
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between studies, on which the regression lines are based plays a factor here. The results for forests
have a comparable R2 to the R2 found for arctic alpine ecosystems in GLOBIO3, with a comparable n.
Another possibility could be that the studies included in the regression of GLOBIO3 were more
similar to each other than the studies in this research.
-2

Table 11. Current GLOBIO3 regression equations for the relation between nitrogen exceedance (NE in g m ) and MSA for
three ecosystems (adapted from Alkemade, 2009); and the regression equations for the relation between nitrogen
-1 -1
deposition (in kg N ha y ) and MSA for two ecosystems found in this study.

EQUATION

R2

P

N

ARCTIC ALPINE ECOSYSTEM

MSAn = 1 – 0,15 ln (NE + 1)

0,81

< 0,01

9

BOREAL AND TEMPERATE
FORESTS

MSAn = 1 – 0,22 ln (NE + 1)

0,96

< 0,01

12

GRASSLANDS

MSAn = 1 – 0,19 ln (NE + 1)

0,85

< 0,01

21

FORESTS

MSAn = 1 – 0,101 ln (Ndeposition + 1)

0,7885

0,001

8

GRASSLANDS

MSAn = 1 – 0,077 ln (Ndeposition + 1)

0,2033

0,006
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ECOSYSTEM
GLOBIO3

RESULTS

Despite the differences in the fit of the regression lines, the behaviour is similar. In Figure 36 the
corresponding graphs are drawn for the three GLOBIO3 ecosystems and two ecosystems of this
study, for a nitrogen deposition range between 0 to 100 kg N ha-1 y-1. Obviously GLOBIO3 utilizes a
slightly different relation, namely nitrogen exceedance instead of just nitrogen deposition, causing a
stable MSA for low nitrogen deposition values when drawn with nitrogen deposition. Yet, when the
critical load value is met the lines show comparable behaviour. The MSA values quickly go down and
then gradually level off. With a nitrogen deposition below 30 kg N ha-1 y-1 our findings clearly
correspond with lower MSA values in comparison to GLOBIO3, but above 30 kg N ha-1 y-1 the MSA
values are very similar.
Figure 37 shows the same equations for MSA, but the GLOBIO3 ecosystems are now related to
nitrogen exceedance instead of nitrogen input. The curves follow a very similar trend and suggest
that the critical load used to estimate nitrogen exceedance in GLOBIO3 might actually be too high. In
this study a clear MSA reaction is shown at nitrogen input levels below the critical load.
An interesting option is to investigate if it is feasible to adapt the equations currently in use by
GLOBIO3 to relate with nitrogen deposition instead of nitrogen exceedance. First of all this enables a
more sound comparison to the findings in this study, secondly it removes the problems associated
with setting critical loads.
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Figure 36. MSA relations drawn for the three different GLOBIO3 equations and the equation for two ecosystems found in this
study, all depicting the relation between nitrogen input (N addition and background deposition) and MSA. The dotted lines
present the GLOBIO3 equations and the solid lines the regression equations found in this study.
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Figure 37 MSA relations drawn for the three different GLOBIO3 equations depicting the relation between nitrogen
exceedance and MSA; and the MSA relation for two ecosystems found in this study, depicting the relation between nitrogen
input (N addition and background deposition) and MSA. The dotted lines present the GLOBIO3 equations and the solid lines
the regression equations found in this study.

4.2

Discussion scenario analysis

In this study two models are compared which predict the response of ecosystems to changes in
abiotic circumstances, specifically changes in atmospheric nitrogen and sulphur deposition and
climate change. One of the models (i.e. GLOBIO3) utilizes cause-effect relationships derived from
literature to predict mean species abundance (MSA). MSA is the average response of all plant species
in an ecosystems. GLOBIO3 is applied on a global level. The other model assessed is PROPS. PROPS
bases the occurrence of plants on the dynamics of soil properties, mainly pH, water and
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temperature. It uses habitat suitability index (HSI) as indicator for the occurrence of plants given
abiotic circumstances in an ecosystem. PROPS is applied on ecosystem level, thus local to regional.
To assess the impacts of changes in nitrogen and sulphur deposition and climate change on typical
ecosystems in Europe, four scenarios are analysed. One scenario were all three factors (N and S
deposition and climate change) are changing over time. And three scenarios were one of the factors
remains constant on the level in 1950 and the other two are changing over time. With this setup it is
possible to assess the impacts of the changes all together and separately per factor. Due to the
difference in scale are two ecosystems assessed in GLOBIO3 (grasslands and forests) and eight
ecosystems in PROPS, which are more specific grassland and forest ecosystems but can be grouped
together. This allowed for an assessment of the variance within an ecosystem group and between
systems.
4.2.1 GLOBIO3
This study used a simplification of GLOBIO3 for the model assessment and that poses several
limitations. The data for natural systems in Europe was extracted from a full scale model run for a
particular year. Then the MSA values calculated for nitrogen deposition and climate change were
replaced with the mathematical expressions. All other data, like area size and responses from other
driving force, were kept constant. This enabled a straightforward assessment of the effects of
changes in deposition and climate change, but a lot of variation was removed. It is not realistic to
assume none of the other factors would change during the 1950 to 2050 period. However, since the
interaction between driving forces is limited and the relative change is assessed, the problem is
limited and suitable for the purposes of this study. Absolute MSA values however cannot be
compared to other simulations.
The calculation of MSA was not possible for all four scenarios. First of all, soil pH is not a driver in
GLOBIO3 thus there are no effects for sulphur deposition included, so the scenario with S deposition
was not applicable. Secondly, the odd situation occurred that the nitrogen deposition rates
(European averages on forests and grasslands for 1950-2050) used in the simulation were actually
below the critical load value that GLOBIO3 uses to calculate the nitrogen exceedance. Creating a
situation where there was no variation in MSA values influenced by nitrogen deposition. This
resulted in MSA being solely driven by changes in temperature and predicting a decrease of 20% for
forests and grasslands in 2050 relative to 1950.
The equations for the relationship between MSA and atmospheric nitrogen deposition derived from
literature in Chapter 3.1 uses the nitrogen deposition rate, instead of nitrogen exceedance and thus
eliminates the necessity of a critical load value. By use of these equations the MSA for nitrogen
deposition could be calculated. This resulted in more variation over time but a very similar MSA
reduction (20%) for forests and grasslands by 2050 relative to 1950. Yet, the overall conclusion is not
influenced by this result.
It is important to note that although the relative change is similar, the absolute change differs
greatly. Absolute values for MSA during the simulation for the resulting equations in Chapter 3.1 are
roughly 20% lower than by using the GLOBIO3 mathematical expressions. The impact of changes in
nitrogen deposition is profound.
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In order to see if particular critical load values influences other simulations results as well, it would
be interesting to investigate the nitrogen deposition rates used in other simulations and how this
compares to the critical load value used. If the critical load value is higher than the actual deposition
in Europe, it can be assumed that it is higher than in many regions of the world. An underestimation
could be present. A second angle of attack would be to investigate the critical load value used. One
could wonder if this value is actually set on a realistic level and it should be ensured there are no
negative effects on ecosystems.
To eliminate this kind of problems associated with critical load values, it would be preferable to alter
the expressions used for the relationship between MSA and nitrogen deposition. By relating nitrogen
deposition directly to MSA, instead of using nitrogen exceedance this problem could (fairly easy) be
fixed.
4.2.2 PROPS
During the simulations of ecosystems with PROPS some simplifications were made as well. The
model was used as normal, but with regards to the input things were slightly simplified. A key
simplification is the choice for three typical soil profiles for northern, central and southern Europe,
and using these soil profiles for all kinds of ecosystems. In reality it is to be expected that the soils are
different when different ecosystems grow on it (like a forest or grassland). This setup was chosen
because of practical reasons, this limits the data requirements to be able to run the simulations.
Further all variable factors in the soil profiles (mainly regarding the uptake of nutrients) used as input
were set to the 2010 value for a given factor. This enabled an easier comparison over soil systems.
With PROPS eight typical European ecosystems were assessed which are related to three main
ecosystem groups (forests; grasslands; and heathlands). The three ecosystems classified as forests
showed a large variation in responses to changes in deposition and climate change. The northern
forest responded positively to changes in nitrogen deposition, while the southern forest showed a
negative reaction. For temperature these two systems reacted inversely. Sulphur deposition did not
have a large impact. The forest located in central Europe did not respond to any change in particular,
but declined strongly in comparison to 1950. The average response of these forest ecosystems for
the scenario where all factors change over time was a small decline by 2050, but with a large
variation between the three systems.
The response of the three grassland ecosystems modelled also varied in response to changes in
deposition and climate, but not as strongly as the forests did. The forest in northern Europe
degraded heavily in all scenarios, the key driving factor here are changes in nitrogen deposition at
first and in the later stages of the simulation the impact of climate change becomes most
pronounced. Central Europe is fairly balanced, the HSI in 2050 is comparable to the HSI in 1950, but
there is quite a bit of variation over the course of the simulation. Once again the nitrogen deposition
is the dominating factor in the first half and climate change in the second half of the period. The
grassland ecosystem in southern Europe is degrading slightly by 2050 and there is little variation
between the four scenarios, suggesting there is not a key factor influencing the HSI. The average
response of all grassland ecosystems closely reflects the deposition curves of nitrogen and sulphur,
but inversed.
The two heathland systems have in common that they degrade heavily over time. The northern
heathland first responds very positively to the increasing nitrogen deposition and reacts negatively to
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the changes in nitrogen deposition from 2010 onwards. This is most likely explained by the fact that
HSI strongly responds to changes in pH and the reaction of plants to pH and nitrogen deposition is
defined by isolines. Apparently the pH shifted from one isoline to the other, yielding lower
occurrence probabilities. The heathland ecosystem in central Europe shows a negative response to
changes in nitrogen deposition. There is no southern heathland ecosystem assessed due to data
availability.
A key finding in these simulations is that in the earlier years of the simulations (up to 2000), changes
in nitrogen deposition are dominating the HSI values, in later stages the temperature increase
becomes the most influential factor. This is in line with literature that suggests that the temperature
increase associated with climate change becomes a more and more important factor driving
biodiversity changes. Another issue here is of course that the nitrogen deposition peaks in 1990 and
decreases from that point slowly to just above 1950’s level.
The habitat suitability index (HSI) is driven by the changes in plant species occurrence which in turn
are a function of five abiotic factors, i.e. annual values for precipitation, temperature and N
deposition, soil C/N ratio and pH. In this respect it is noteworthy that HSI responds very little to
changes in sulphur deposition and heavily to nitrogen deposition. This is explained by N deposition
being a direct driver affecting C/N ratio and pH, S deposition only influences plant species occurrence
via pH. Apparently the sulphur deposition rates alone were not high enough to trigger a strong
response in soil pH, either caused by an insensitive system or just low deposition rates. Since the
European averages on these ecosystems are used and there is a fair bit of variation over Europe, you
would expect a clear response in the areas with relatively low deposition rates (mainly northern
Europe). It would be interesting to investigate this in further research with increased deposition rates
or more specific values for ecosystems.
4.2.3 Comparison of GLOBIO3 and PROPS
The results of the modelled ecosystems of both GLOBIO3 and PROPS are compared with each other
for scenario A (all change). Since this is the most realistic scenario with changes in atmospheric
nitrogen and sulphur deposition and climate change. For PROPS the average response of the
ecosystems within an ecosystem group is used for comparison.
For forests the responses of both models is fairly similar, both project a decline of about 20% by
2050. The projections for grasslands and heathlands by PROPS are much more negative than the
estimate by GLOBIO3 for grasslands. PROPS estimates an average decrease of 38% for grasslands and
76% for heathlands by 2050. GLOBIO3 projects a decline of 23% by then. The grasslands in GLOBIO3
consist of all grasslands and scrublands thus also the heathlands modelled by PROPS. So it suggests
that GLOBIO3 heavily underestimates, or that PROPS strongly overestimates, the impact of changes
in atmospheric deposition and climate change for grasslands in Europe. However, both HSI and MSA
show the same tendencies in their relationships with nitrogen deposition.
In this study 8 ecosystems were modelled with PROPS, to be able to draw more solid conclusions on
the validity of the results and to get a better picture of which model over- or underestimates, more
ecosystems have to be tested and the soil profiles used should better match the ecosystems. It is a
valid possibility that the choice of ecosystems and soil profiles used strongly influenced the results.
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Another issue with this observation is that this is a snapshot at a certain moment in time, it is not
clear if this will persist in the future or that this actually is an exceptional low value. The HSI results
vary greatly over time, so it might just be that the HSI values strongly increase in the next decades
and the projection of GLOBIO3 is actually correct on the long term. Further research with a longer
timeframe could shed more light on this.
To assess differences in results between GLOBIO3 and PROPS, it is also important to keep in mind
that PROPS is still under development and is extensively tested. It is a possibility that not all
ecosystems are represented realistically. GLOBIO3 on the other hand is well-established and already
used for years.
Despite these limitations, the results strongly support the conclusions.

4.3

Conclusion

The conclusion starts with the meta-analysis and is followed by the conclusion on the model
intercomparison.
4.3.1 Meta-analysis
Results of the meta-analysis on N addition experiments show that the effect of nitrogen deposition
on species abundance is strongest at low nitrogen deposition levels, with a very quick reduction up to
20 kg N ha-1 y-1 and an almost steady decline from that deposition level onwards. There are two key
factors found to influence this relation, most notably the type of ecosystem. Forests show a stronger
response and larger overall decline than grasslands. Secondly the response of the system seem to be
influenced by the type of nitrogenous compound deposited in the ecosystem.
There is no clear relationship found between species richness and nitrogen deposition. Only the
species richness ratio of original species showed a meaningful relationship for the amount of
nitrogen deposited. This relation is similar to the relationship between species abundance and
nitrogen, but the response of the species richness ratio of original species is not as strong to nitrogen
deposition as the response of species abundance is.
Besides investigating the empirical relationship between nitrogen deposition and species abundance
and richness, the meta-analysis had a secondary purpose. This objective to locate recent data for
inclusion in GLOBIO3 was successfully fulfilled with the conducted meta-analysis, which yielded eight
papers for inclusion.
4.3.2 Model intercomparison
The results of the model intercomparison show that changes in atmospheric deposition and climate
change have varying impacts on the indicators of both models for typical ecosystems in Europe. With
regards to MSA, increases in nitrogen input lead to a lower MSA. MSA does not respond to changes
in sulphur deposition, since this is not a driver included in GLOBIO3. Climate change has a clear
impact on MSA, increasing temperature leads to lower MSA values.
For HSI, changes in nitrogen and sulphur deposition and climate change all have an impact on HSI.
The extend and type of each impact is dependent on the type of ecosystem and the soil dynamic
processes. Changes in nitrogen input shows both positive and negative effects on HSI. Climate
change usually has a negative effect on HSI. Sulphur deposition barely has an impact on the relative
change of HSI.
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Overall it can be concluded that the projected changes in deposition and temperature up to 2050
have a negative effect on both HSI and MSA for all investigated ecosystems. The general response of
both models are similar. PROPS tends to respond with more erratic behaviour of HSI to the simulated
changes, where GLOBIO3 is steadily declining over the simulated period.
The comparisons between GLOBIO3 and PROPS and between the currently used and newly found
relationships indicate that overall predictions GLOBIO3 of biodiversity changes in response to N
deposition changes are reliable, or at least plausible, but at local scale, results are less reliable.
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Annex 1 Overview of VSD input parameters for the north, central and south European soils
Table 12 Overview of VSD input parameters used for northern, central and southern European soil profiles.

INPUT DATA

SOIL SITE
North

Central

South

THICK

0.3

0.9

0.3

BULKDENS

0.5

1.208

0.866666666666667

THETA

0.16415625

0.34

0.286555555555556

PCO2FAC

33

20

67

PARENTCA

-1

-1

100

CLAY_CT

4.7

4

28.1

CEC

20.9

74.1

273

BSAT_0

0.57

-1

1

ECA_0

-1

0.028

-1

EMG_0

-1

0.009

-1

EK_0

-1

0.001

-1

EXCMOD

Gaines Thomas

Gaines Thomas

Gaines Thomas

IGKAIBC

2.73926137017199

-1.335184

-1.277

IGKHBC

6.99515763684812

-0.849514

6.441

EXPAL

3

3

3

IGKALOX

15.349666231505

8.871933

8.081

CPOOL_0

4802

12516.392578

7473

CNRAT_0

29.6

19

15

RCOOMOD

Oliver

None

Oliver

CRCOO

0.337

0.004379

1.33

RCOOPARS

0.96 0.9 0.039

0.96 0.90 -0.039

0.96 0.9 0.039

CA_WE

0.013

0.005218895

0.718475780023835

MG_WE

0.017

0.026769245

0.357544702784839
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K_WE

0.037

0.003619

0.0354440526201861

NA_WE

0.033

0.003028

0.045292758324362

CA_DEP

0.0078163

0.0178

0.0280456

MG_DEP

0.0071034

0.0094

0.0045945

K_DEP

0.0009293

0.0082

0.0008857

NA_DEP

0.0253097

0.0574

0.0120805

CL_DEP

0.0253097

0.0714

0.0120805

KNIT

4

2

4

KDENIT

4

4

4

NFIX

0

0

0

NUPEFF

0.92

0.92

0.92

RF_MIR

0.3

0.5

0.223

RF_NIT

0.3

0.4

0.223

RF_DENIT

0

0.3

0.064

N_GUPT

0.17

0.3726

0.12

CA_UPT

0.021

0.0003

0.009

MG_UPT

0.008

0.0001

0.003

K_UPT

0.009

0.0001

0.003

NLF

2.11

5.220

1.52

CLF

226

152

131

QLLF

0.25

0.25

0.25
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Annex 2 VSD Output Forests

North

C:N Ratio - Forest North
30

C:N Ratio
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28
27
26
25
24
1950

1970

1990

2010

2030

2050

Year
All

T constant

S constant

N constant

Figure 38 C:N Ratio calculated by VSD and used as input for PROPS, for the four scenarios (all change; temperature constant;
sulphur deposition constant; and nitrogen deposition constant) for forest ecosystems in northern Europe in the period 1950
to 2050.

pH - Forest North
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Figure 39 Soil pH calculated by VSD and used as input for PROPS, for the four scenarios (all change; temperature constant;
sulphur deposition constant; and nitrogen deposition constant) for forest ecosystems in northern Europe in the period 1950
to 2050.
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Central

C:N Ratio - Forest Central
20

C:N Ratio
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16
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2030

2050

Year
All

T constant

S constant

N constant

Figure 40 C:N Ratio calculated by VSD and used as input for PROPS, for the four scenarios (all change; temperature constant;
sulphur deposition constant; and nitrogen deposition constant) for forest ecosystems in central Europe in the period 1950 to
2050.

pH - Forest Central
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Figure 41 Soil pH calculated by VSD and used as input for PROPS, for the four scenarios (all change; temperature constant;
sulphur deposition constant; and nitrogen deposition constant) for forest ecosystems in central Europe in the period 1950 to
2050.
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South

C:N Ratio - Forest South
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Figure 42 C:N Ratio calculated by VSD and used as input for PROPS, for the four scenarios (all change; temperature constant;
sulphur deposition constant; and nitrogen deposition constant) for forest ecosystems in southern Europe in the period 1950
to 2050.
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Figure 43 Soil pH calculated by VSD and used as input for PROPS, for the four scenarios (all change; temperature constant;
sulphur deposition constant; and nitrogen deposition constant) for forest ecosystems in southern Europe in the period 1950
to 2050.
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Annex 3 VSD Output Low vegetation

North

C:N Ratio - Grassland North
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Figure 44 C:N Ratio calculated by VSD and used as input for PROPS, for the four scenarios (all change; temperature constant;
sulphur deposition constant; and nitrogen deposition constant) for grassland ecosystems in northern Europe in the period
1950 to 2050.
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Figure 45 Soil pH calculated by VSD and used as input for PROPS, for the four scenarios (all change; temperature constant;
sulphur deposition constant; and nitrogen deposition constant) for grassland ecosystems in northern Europe in the period
1950 to 2050.
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Figure 46 C:N Ratio calculated by VSD and used as input for PROPS, for the four scenarios (all change; temperature constant;
sulphur deposition constant; and nitrogen deposition constant) for grassland ecosystems in central Europe in the period
1950 to 2050.
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Figure 47 Soil pH calculated by VSD and used as input for PROPS, for the four scenarios (all change; temperature constant;
sulphur deposition constant; and nitrogen deposition constant) for grassland ecosystems in central Europe in the period
1950 to 2050.
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C:N Ratio - Grassland South
15.6
15.4

C:N Ratio

15.2
15
14.8
14.6
14.4
14.2
14
1950

1970

1990

2010

2030

2050

Year
All

T constant

S constant

N constant

Figure 48 C:N Ratio calculated by VSD and used as input for PROPS, for the four scenarios (all change; temperature constant;
sulphur deposition constant; and nitrogen deposition constant) for grassland ecosystems in southern Europe in the period
1950 to 2050.
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Figure 49 Soil pH calculated by VSD and used as input for PROPS, for the four scenarios (all change; temperature constant;
sulphur deposition constant; and nitrogen deposition constant) for grassland ecosystems in southern Europe in the period
1950 to 2050.
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