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Summary
How current environmental changes are influencing plant community composition and function is a
key topic in ecological research. Increased atmospheric nitrogen (N) deposition is widely recognized
as one of the main drivers reducing plant biodiversity in (semi-)natural ecosystems. This plant
diversity loss varies strongly and this can be explained by many influencing factors (e.g. climatic
factors and soil properties).
I first carried out a literature review to identify the potential factors influencing N deposition impacts
on plant species diversity as a basis 1) to hypothesise the possible effects and 2) to select those
factors to include in a meta-regression model. The review’s results indicated that: temperature
(mean annual temperature, mean summer temperature, mean winter temperature), mean annual
precipitation, type of chemical N form (NH4+ or NO3-), soil acid neutralizing capacity with pH and soil
type as indicative factors, and P availability (indicated by the soil’s N:P ratio) are relevant.
Furthermore, in case of N addition studies, the number of years of experimental N addition affects
the total N input in a relevant way.
I then performed a meta-analysis based on 81 N addition studies (i.e. N is added experimentally to
test impacts on plant diversity) and 7 N deposition gradient studies (i.e. impacts on plant diversity is
assessed by surveying locations following a N-deposition gradient). Three metrics of plant
biodiversity were used to indicate the impact magnitude: 1) species richness ratio (S ratio), defined
as the number of plant species present in the treatment plot divided by the number of species in the
control plot; 2) mean species abundance (MSA), the average of the abundance ratios of species,
defined as the abundance of plant species in the treatment plot divided by the abundance in the
control plot; 3) the percentage of species richness loss per kg of atmospheric N deposition ha-1 yr-1.
The S ratio and MSA were calculated for the N-addition studies only, while the percentage of species
richness loss per kg N ha-1 yr-1 was calculated for the gradient studies only. Apart from total N input, 7
potential factors that influence N-deposition impacts were considered in a meta-regression, based on
the literature review and the data availability.
Pooled mean estimates of plant biodiversity loss were obtained with a meta-analysis for each of the
effect size. Sub-group analysis and meta-regression were performed on S ratio and MSA to 1) explore
potential sources of heterogeneity (i.e. differences reported by primary studies that are not due to
chance), and 2) to assess the influence of potential factors influencing N deposition impacts on plant
diversity. The all-encompassing meta-analysis indicates a quarter loss of species richness and mean
species abundance in N addition studies. Mean pooled effect size of the gradient studies indicate a
loss of 1.75% of species richness per kg ha-1 yr-1 of chronic N atmospheric deposition.
Results of the meta-regression show that species richness follows a negative exponential relationship
with higher losses mainly occurring at lower levels of N inputs. The extent of this relationship is
influenced by the type of fertilizer used in the N-addition experiments. MSA is not significantly
affected by N input. The results of the meta-analysis combined with the meta-regression will be used
to build predictions on plant diversity loss though the GLOBIO3 model. These results also suggests
that N-addition experiments should especially be performed at lower N inputs to 1) to better
simulate real atmospheric N deposition; and to 2) enable the comparison between addition and
gradient studies.
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Chapter 1
Introduction
1.1 The role of N deposition on plant species diversity loss
Atmospheric nitrogen (N) deposition increased in the last century in many natural and semi-natural
ecosystems across the world because of short- and long-range transport of nitrogenous compounds
(Bobbink and Hicks, 2014). Compared to the pre-industrial period, N deposition is currently much
higher, especially in industrialized regions such as North America, Europe and China (Phoenix et al.
2006). The two main drivers of human-induced increase of N deposition are (1) the production of
industrial N fertilizers, causing also an increase in N manure excretion (main source of NH3) and (2)
fossil fuel combustion (main source of NOx) (Phoenix et al. 2006; Galloway et al., 2008; Erisman et al.,
2013; Fowler et al., 2013).
Both NH3 and NOx in the atmosphere are deposited to the earth’s surface, resulting in an increased N
input for N-limited terrestrial, freshwater and marine ecosystems (Phoenix et al. 2006; Bobbink et al.
2010). Due to its scarcity in most terrestrial and aquatic ecosystems, reactive nitrogen (Nr, all the
chemically active forms of N) is generally the most important nutrient-limiting factor for primary
production (Galloway, 1998).
The overall increase of Nr deposition in natural terrestrial ecosystems poses threats on plant species
biodiversity (Bobbink and Hicks, 2014; De Mello et al., 2014; Stevens et al., 2014), especially in
ecosystems where plant communities are characterized by species adapted to low macronutrients
availability (Bragazza et al., 2005; Bobbink et al., 2010; Limpens et al., 2011; Sutton et al., 2011). The
loss of plant species biodiversity due to N deposition is influenced by many ecological and biological usually interlinked - processes that operate at different spatial and temporal scales, such as direct
toxic effects of oxidized and reduced N gases and aerosols, eutrophication, acidification and
increased susceptibility to secondary stress and disturbance factors (Bobbink et al., 2010; Sutton et
al., 2011). High heterogeneity of natural ecosystems determines very different responses to
environmental stressors like N deposition. However, there are common features concerning the way
plants respond to N deposition. In general, plant communities start to change in species composition:
nitrophilous species occupy the ecological niche of nitrophobous species (Bobbink et al., 2010); this
results in an overall loss of species diversity for competitive exclusion. According to studies in both
grasslands and forests under secondary succession, N deposition leads to a dominance of grasses and
annual forbs over perennial forbs and bryophytes (Tilman, 1987; Xia and Wan, 2008; Bobbink et al.,
2010). Individual species response to N deposition varies also according to their ecological behaviour
under N-enriched conditions, with certain taxa showing a positive response to N deposition. An
increased aboveground biomass, especially in the herbaceous layer of the understory, is also usually
observed due to the fertilizing effect of N on nitrophilous herbaceous species (Jacobson and
Bustamante, 2014). In some cases, N deposition enhances the competition of exotic alien species
over native species, reducing the original plant species richness (Brooks, 2003; Bobbink et al., 2010;
Fenn et al., 2015). Under a synecological perspective, the impact of N deposition can also results in
the competition between vegetation types, like forests expansion into grasslands (Köchy and Wilson,
2001).
Biodiversity loss is considered relevant by many policy makers, since it has been widely recognized as
a key driver for the loss of ecosystem services that is occurring worldwide (Hooper et al., 2005;
Balvanera et al., 2006; Sutton et al., 2011; Hettelingh et al., 2015). Plant diversity positively affects
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provisioning of plant products, erosion control, invasion resistance and pest regulation of terrestrial
biomes (Quijas et al., 2010). Since that plants are the primary producers in terrestrial ecosystems, the
loss of plant communities diversity and function also negatively influences biodiversity of higher
trophic levels (Cardinale et al., 2006).

1.2 Assessing plant diversity response to increased N inputs
The concept of empirical critical loads (Schulze et al., 1989) for natural ecosystems was developed
during the 1990s and started to be used as a tool to implement measures against environmental
pollution and biodiversity loss (De Vries et al., 2015). The first step to formulate measures to control
N emissions is to quantify the negative effects of excessive N deposition on biodiversity through
dose-response relationships (Hettelingh et al., 2015).
Two main experimental designs are developed to assess N deposition impacts on plant species
diversity (Hettelingh et al., 2015). Firstly, N addition experiments where N deposition is simulated
artificially with the addition of N on soil plots. Dose-response relationships are studied by comparing
treatment groups with a control group. Secondly, field surveys are used covering a gradient of N
deposition on selected sites where N deposition is known in order to identify dose-response
relationships. Both approaches have their own constraints. Hettelingh et al. (2015) made a
comparison of dose-response relationships estimated with both approaches in European grasslands.
A large discrepancy among the dose-response relationships obtained with the two approaches was
found. They concluded that gradient studies yield larger impact estimates than N addition studies.
This may be a result of ignoring N background deposition at each site when doing N addition
experiments (Hettelingh et al., 2015). These results call for a better integration of the two
approaches, for instance by including potential factors (e.g. background N deposition) that might
significantly affect the estimation of N addition impacts on plant diversity.
In general, mechanisms regulating dose-response relationships between N input and plant diversity
responses remain poorly understood. A meta-analysis performed on herbaceous ecosystem of
United States reported large variation in magnitude of plant diversity reduction in N addition
experiments (Gough et al., 2000). Within the same ecosystems, dominated by similar plant
communities, different responses are described in literature: for example, Song et al. (2011) found a
strong decline in species richness of Chinese steppe, while Xu et al. (2015) reported no significant
negative impacts after N addition with a similar experiment; temperate calcareous grassland in the
Netherlands showed strong diversity loss driven by N-induced grass encroachment (Bobbink, 1991),
while little impact were reported in calcareous grasslands of the U.K. (Carroll et al., 2003). Different
responses were also found in re-survey studies of experimental plots of European acid grasslands
(Duprè et al., 2010): although species richness tends to decrease after chronic N atmospheric
deposition, large variations of response were found in sites with the same deposition levels. Such
results suggest that generalizing plant diversity responses on a global scale is difficult, even within
the same type of biomes. This makes that the current understanding of N-induced plant diversity loss
is mainly limited to site-specific mechanisms occurring on a small scale.

1.3 The GLOBIO3 model
When results on biodiversity loss are obtained in primary researches, they need to be summarized
and modelled before decision makers can translate these findings in concrete measures. In the last
decade, modelling approaches were used both to predict the response of plant species diversity to N
deposition and to calculate critical N loads (De Vries et al., 2015).Nowadays several models have
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been developed to assess the effects of human-induced changes of abiotic circumstances on
biodiversity of natural ecosystems. GLOBIO3, is a model that has been successfully used in integrated
regional and global assessments for this purpose (Alkemade et al., 2009). GLOBIO3 is built upon a set
of equations that describe cause-effects relationship between anthropogenic drivers and the
response of the biodiversity in terms of modelled relative mean species abundance of original
species (MSA) (more details on MSA in the Methodology). The model includes six main
anthropogenic drivers: land cover change, land-use intensity, fragmentation, climate change,
atmospheric N deposition and infrastructure development that allow to quantify how biodiversity
might be affected by humans or policy options under different scenarios (Alkemade et al., 2009). To
develop cause-effect relationships between anthropogenic drivers and biodiversity, meta-analyse on
data from scientific literature were conducted for the drivers mentioned above (see for example,
Benítez-López et al., 2010; Newbold et al., 2013; Kuiper et al., 2014). Regarding impacts of
atmospheric N deposition on MSA, GLOBIO3 contains only data up to 2004. Furthermore, the team
of GLOBIO3 want to expand indicators of biodiversity to species richness as well. For these reasons,
an update of GLOBIO3 on the effect-relationships of N deposition on MSA and species richness is
required.

1.4 Context of the study
Several meta-analyse and literature reviews have summarized qualitative and quantitative
knowledge about the impact of N deposition on plant species diversity (i.e. Gough et al., 2000;
Stevens et al., 2004; Clark et al., 2007; Xia and Wan, 2008; Bobbink et al., 2010; De Schrijver et al.,
2011; Sutton et al., 2011; Fu and Shen, 2016; Humbert et al., 2016). These studies used the many Naddition and N-gradient studies that have been conducted world-wide over the last decades.
In his MSc thesis, Roos (2015) reviewed the empirical relationship between N deposition and plant
species diversity. His results negatively related MSA and N deposition, but he did not show a clear
relation with species richness (Roos, 2015).
However, Roos (2015) still left various issues open:
- Due to time constraints, many primary studies selected for the meta-analysis were not
reviewed and few of them were included (see more details in the Methodology).
- A complete meta-analysis, including the analysis of heterogeneity of data, publication bias
and the inclusion of confounding factors was not performed, although necessary in proper
meta-analysis (Borenstein, 2009; Philibert et al., 2012).
- A meta-regression to take into account other potential explanatory variables was not
performed, while the inclusion of such variables in a meta-regression model might improve
the relationship between N deposition and plant species diversity.
Those issues should be further explored with a meta-analysis to better establish the empirical
relationship between atmospheric nitrogen (N) deposition and plant species diversity.

1.5 Aim of the study and research questions
The aim of this study is to analyse the drivers and impacts of N inputs on changes in mean species
abundance (MSA) and species richness globally to obtain an empirical relationship between
increased N input and plant species diversity to be included in the GLOBIO3 model.
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Two research questions have been developed in order to operationalize the objective mentioned
above:
1) What factors affects plant species diversity response to increased N input?
2) What is the empirical relationship between increased N input and plant species diversity and
how is this relationship affected by the factors affecting plant species diversity response to
increased N input?
Although there are many hypotheses concerning the factors that affect plant species diversity and its
response to N enrichment, the relative importance of these factors is still poorly understood. In
addition, few other meta-analysis comprehensively assessed the impacts of N addition and
deposition on global plant diversity.

1.6 Outline
I addressed my first research question by critically describe factors affecting plant species diversity
response to increased N inputs with a literature review (Methodology: Section 2.1). In the results of
this review (Section 3.1), I built my hypothesis and identified indicators to quantify these factors. I
also illustrated the complexity of feedback mechanisms that regulate the role of influencing factors
on plant diversity response. Thus, results of this literature review offer a theoretical background to
better understand and interpret results and discussion on sub-group analysis and meta-regression.
In order to address my second research question, I reported methodology (Section 2.2), results
(Section 3.2), and discussion (Chapter 4) of a meta-analysis on N-addition and N-gradient studies.
Estimation of pooled effect size provided an estimate of the mean impacts reported among all the
primary studies included. The meta-regression analysis explored the role of influencing factors
identified in the literature review: are they really influencing factors, namely do they really play a role
in explaining variation of plant diversity response reported in literature? If yes, to which extent?
In Chapter 5 I address my two research questions and objectives summarizing the main findings of
this study.
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Chapter 2
Methodology
2.1 Literature review
A literature review was performed to provide a general overview of the factors that influence N
deposition impacts on plant species diversity. Overview papers (e.g. Bobbink et al., 2010; Sutton et
al., 2011) and previous meta-analyses on N addition/deposition effects on plant diversity (i.e. Gough
et al., 2000; Stevens et al., 2004; Clark et al., 2007; Xia and Wan, 2008; De Schrijver et al., 2011; Fu
and Shen, 2016; Humbert et al., 2016) were used to perform the review. Additional information were
also collected by reviewing primary researches reporting field experiments.
The literature review aimed to 1) select of factors affecting N-induced plant diversity response; and
2) identify indicators to be collected from primary studies and used in meta-regression. Thus, results
of literature review described in this chapter are strictly linked to the selection of moderators,
namely the independent variables that quantify influencing factors that have been tested in the
meta-regression analysis (see Section 2.2.5).

2.2 Meta-analysis
To quantify the relationship between N-deposition and plant biodiversity I performed a metaanalyses based on the following steps:
1)
2)
3)
4)
5)

Collect primary studies from Scopus and Web of Science.
Define and apply selection criteria for collection and inclusion of observations.
Extract data on plant diversity response, experimental design and influencing factors.
Calculate effect size metrics (S-ratio and MSA) and corresponding variances.
Data analysis for meta-analysis and meta-regression in R 3.3.1.

The methodology of this study was based on methods recommended in meta-analysis for ecological
research described by Hedges et al. (1999), Philibert et al. (2012) and Borenstein et al. (2009).

2.2.1 Primary study collection
In his study, Roos (2015) used the following search strings for Scopus and Web of Science to collect
primary studies:
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*)))
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*)))
Search strings were used in an “advanced search” for both Scopus and Web of Science: the strings
were composed of ‘OR’ statements, concerning nitrogen deposition/addition, and of ‘AND’
statements of keywords related to species diversity relative to plant diversity (e.g. “abundance”,
7

“composition” or “richness” (Roos, 2015). Primary studies found were managed and de-duplicated in
an EndNote library. The first round of selection was done by scanning titles and abstracts of primary
studies and by checking if they contained one or more of the following key words: “plant”,
“biodiversity”, “addition”, “gradient”, “abundance” and “species richness”. The final selection was
performed by carefully checking (analysing both text and supporting materials) which of the selected
studies was designed as an N addition or gradient experiment.

2.2.2 Selection criteria and data collection
Roos (2015) excluded from the data collection the observations/studies following the criteria of
Bobbink et al. (2011), i.e.: 1) N treatments only (no applications of additional nutrients or lime); 2) N
additions below 100 kg N ha-1 yr-1; and 3) experimental period longer than 2 years. For studies where
MSA was also calculable, Roos (2015) included only studies with the response of plants in terms of
individual numbers, for which also species richness ratio is calculable. However, I expanded the
selection criteria by also including studies where individual species responses are measured in terms
of individual frequency, percentage of cover or biomass, as they can also be used as indicators for
plant abundance (Pielou, 1984). For the inclusion of new studies, the selection criteria of Bobbink et
al. (2011) were not used because 1) they were based on an analysis with a different purpose
(estimation of N empirical loads); and 2) they have not been used in previous meta-analysis on N
addition impact on plant diversity (e.g. Xia and Wan, 2008; De Schrijver et al., 2011; Humbert et al.,
2016). However, addition experiments where N was added in combination with other nutrients or
lime were neglected.
Data concerning effect sizes, experimental set up, explanatory variables, and influencing factors
were collected from the selected studies and stored with Microsoft Excel. Influencing factors were
selected a priori following Limpens et al. (2011) as this approach reduces problems related to
stepwise model selection, like data dredging and overfitting, which might occur in meta-regressions
based on large datasets (Thompson and Higgins, 2002).
Three main datasets were created for species richness data in addition studies, MSA data in addition
studies and species richness data in gradient study respectively. In each .xlsx file, data for the
calculation of the effect sizes, variance and data on influencing factors for each experimental
observation were stored.
Before collecting data and building meta-regression models, the Some of the candidate influencing
factors could be quantified through different kind of variables: for example, the dominant form of
available soil N can be measured with the NH4+:NO3− soil ratio, the type of fertilizer used in the
experiment, or simply as the concentration of NO3− and NH4+. Thus, potential variables for influencing
factors were all taken into account during data collection, and later neglected if not sufficient data
were found.
Since many primary studies did not reported N atmospheric deposition levels, N deposition data
were derived from results of the global TM5 model for the year 2000 (Van Noije et al., 2006). Using
the experimental site data on longitude, latitude and experimental years, missing data on
temperature and precipitation were derived from global climate data in the Climate Research Unit
database, available through IPCC. This dataset comprised series of monthly meteorological data on a
0.5° * 0.5° grid basis (New et al., 1999).
Given the great variety of ecosystems and fertilizers reported, the levels of these two categorical
moderators were assembled respectively in 5 (temperate grasslands and heathlands; peatlands;
forests; arid and Mediterranean ecosystems; artic and Alpine ecosystems) and 3 (NH4+ + NO3-; NH4+
8

only; NO3- only) levels respectively. Ecosystems were grouped based on the differences of impacts
that N deposition has on plant diversity, as described by Bobbink et al. (2010) and other papers (see
Annex 1). Fertilizers were grouped in classes according to the presence of NH4+ or NO3- in the type of
fertilizer reported in each observation (see Annex 1).

2.2.3 Effect sizes calculation
In this meta-analysis, three effect sizes that estimate the impacts of climate change on plant species
diversity were used: species richness (S) ratio and MSA for addition studies; while the percentage of
species richness loss per kg of atmospheric N deposited ha-1 yr-1 was used for gradient studies only.
1) S ratio
Species richness (S) is the number of species occurring in a community or geographical region
(Colwell, 2009). Species richness is therefore just a count of species and it does not take into account
the abundance of species in a given community or region.
In this meta-analysis, S ratio was used as one the effect sizes for addition studies and was obtained
by dividing the species richness in the treatment plot with the species richness at the control plot
(see Eq.(1)):
S ratio 𝑠𝑠𝑠𝑠 =

𝑆𝑆𝑠𝑠𝑠𝑠
𝑆𝑆𝑠𝑠𝑠𝑠

(1)

where Sratiosn is the species richness ratio estimated in a given observation s at a certain amount of
N addition; Sst is the species richness measured in the treatment plot; Ssc is the species richness
measured in the control plot.
2) MSA
Mean species abundance (MSA) represents the mean abundance of original species that remain in an
area divided by its abundance in undisturbed situation (Alkemade et al., 2009).
MSA was calculated from studies where the individual response of the surveyed species is reported
in a control and treatment group. Thus, for each of the observations, an individual effect size was
calculated as the ratio between the abundance of each species under a given amount of N added
experimentally and the abundance of the same species in the control group (no N addition). Species
abundance was expressed in studies in terms of species density (number of individuals), biomass,
frequency, and cover.
Following Benítez-López et al. (2010) and Kuiper et al. (2014), individual effect sizes of plant species
were averaged in each study and N addition level, resulting in an estimate of the mean species
abundance (MSA) (see Eq. (2)):
MSA𝑠𝑠𝑠𝑠 =

∑i 𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖
𝑁𝑁𝑠𝑠

(2)

where MSAsn is the mean species abundance estimated in a given observation s at a certain amount
of N addition, n; Rist is the ratio between the abundance of species i for obevation s in the treatment
plot t (Aist) and the abundance in the control plot (Aisc), with Aisc > 0; Ns is the number of species taken
under consideration in observation s. Following the definition provided by Alkemade et al. (2009), for
species with a higher abundance in the treatment group compared to the control group, the MSA
value was truncated to 1; therefore, if Aist > Aisc, then Rist = 1.
9

3) Percentage of species richness loss per kg of N ha-1 yr-1
Percentage of species richness (S) loss per kg of N ha-1 yr-1 was the effect size used for gradient
studies collected in this meta-analysis. The absence of a control plot, typical of gradient experimental
design, made it impossible to use S ratio or MSA.
Percentage of S loss per kg N ha-1 yr-1 was estimated as the intercept of the regression of the the
number of species (species richness) in each site surveyed within the same study plotted against the
atmospheric deposition (kg N ha-1 yr-1) . Thus, one effect size only was calculated for each gradient
study at hand.

2.2.4 Estimation of variance
In this meta-analysis, variance was estimated differently for each effect size. Variance was not
extracted directly from primary data.
2
) was calculated with the Delta method (Winzer,
For each s observation of S ratio, variance (𝜎𝜎𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
2000), used as a first-order approximation of the variance of a ratio of two random variables
(Benítez-López et al., 2010; Kuiper et al., 2014). Data were assumed to follow a Poisson distribution,
2
2
2
2
with 𝑆𝑆𝑠𝑠𝑠𝑠 = 𝜎𝜎𝑆𝑆𝑆𝑆𝑆𝑆
and 𝑆𝑆𝑠𝑠𝑠𝑠 = 𝜎𝜎𝑆𝑆𝑆𝑆𝑆𝑆
, where 𝜎𝜎𝑆𝑆𝑆𝑆𝑆𝑆
and 𝜎𝜎𝑆𝑆𝑆𝑆𝑆𝑆
are the variance of 𝑆𝑆𝑠𝑠𝑠𝑠 and 𝑆𝑆𝑠𝑠𝑠𝑠 respectively
2
2
and 𝜎𝜎𝑆𝑆𝑆𝑆𝑆𝑆
(Benítez-López et al., 2010). This made the Delta method formula independent from 𝜎𝜎𝑆𝑆𝑆𝑆𝑆𝑆
values (see Eq. (3)).
2
𝜎𝜎𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
=

2
𝑆𝑆𝑠𝑠𝑠𝑠
1
1
� + �
2
𝑆𝑆𝑠𝑠𝑠𝑠 𝑆𝑆𝑠𝑠𝑠𝑠 𝑆𝑆𝑠𝑠𝑠𝑠

(3)

2
For each s observation of MSA (see Eq.(2)), the variance (𝜎𝜎𝑀𝑀𝑀𝑀𝑀𝑀
) was calculated as the variance of Rist

values (Eq. (4)):

2
𝜎𝜎𝑀𝑀𝑀𝑀𝑀𝑀
=

∑𝑛𝑛𝑖𝑖=1(𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖 𝑎𝑎𝑎𝑎𝑎𝑎)2
𝑁𝑁𝑠𝑠

(4)

In the dataset with gradient studies, variance was calculated as the squared standard error of the
slope in the linear regression plotted for each study, with the number of species (species richness)
founded in each site plotted against atmospheric N deposition (see Section 2.2.3).

2.2.5 Data analysis
Meta-analysis was performed separately from each effect sizes using the package ‘‘metafor”
(Viechtbauer, 2010) in R 3.3.1 software. Individual effect sizes and standard deviations for each
observation were summarized in so-called forest plots (a complete list is provided in Annex 2).
Random-effects models were used to derive all-encompassing pooled effect sizes for both MSA, S
ratio and gradient studies datasets, as the different datasets are derived from different sources,
varying in their experimental design (Gurevitch and Hedges, 1999; Borenstein et al., 2009).
Additionally, sub-group analysis (Borenstein et al., 2009) was performed to explore changes in mean
effect sizes and potential heterogeneity once datasets were subdivided in intervals/levels of
influencing factors to identify their potential role. Models were fitted with the DL (‘DerSimonianLaird’) estimator method (DerSimonian and Laird, 1986). Since total heterogeneity of pooled effect
sizes is often underestimated in random models fitted with the DL estimator (Hamza et al., 2008),
outcomes of the heterogeneity test (Cochran's Q and P(Q)) and total heterogeneity (I2) were
estimated separately with the restricted maximum likelihood (‘REML’) method.
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Egger’s test (Viechtbauer, 2010) and “fail-safe N” (Rosenthal, 1979) were used to assess publication
bias together with visual estimation of funnel plots asymmetry. The “Trim and fill” method (Duval
and Tweedie, 2000) was performed to adjust biased datasets and provide an unbiased estimate of
pooled effect.
Sensitivity analysis was also included since it is considered an important step to assess the robustness
of the results obtained in meta-analysis (Borenstein, 2009; Philibert et al., 2012). Sensitivity analysis
was performed for MSA and S ratio datasets by excluding observations with an experimental
duration ≤ 2 years and addition levels > 100 kg N ha-1 yr-1, being the observations that did not fulfil
selection criteria of Bobbink et al. (2011). Sensitivity analysis was only performed on S ratio and MSA
for the N addition datasets.
Meta-regression was performed for N addition studies only. Then S ratio and MSA were used as
dependent variables, or effect sizes, in meta-regression mixed effect models. Exploration of factors
and their impact on plant S ratio and MSA, was performed with a selection of meta-regression
models by using the package “glmulti” (Calcagno and Mazancourt, 2010) in R 3.3.1 software. Model
selection in “glmulti” was based on sample-size corrected Akaike’s Information Criterion (AICc) and
Aikaike weights, identifying the model that better fits data at hand among an ordered set of
candidate models (Johnson and Omland, 2004; Calcagno and Mazancourt, 2010). Models were
ranked from the best (lower AICc values, higher Aikaike weights) to the worse, starting from the full
model, namely the model including all the selected influencing variables as moderators (Mazerolle,
2004). Levels of significance of the best model estimates were checked, since model selection based
on AICc is not accounting for that (Johnson and Omland, 2004).
Based on literature review and on data availability, 8 candidate moderators were taken under
consideration in the model selection: LOGTN (log10 transformed total N input, kg N ha-1 yr-1), MAT
(mean annual temperature, °C), MST (mean summer temperature, °C), MWT (mean winter
temperature, °C), MAP (mean annual precipitation, mm yr-1), BIOME (type of biome/ecosystem),
FERTILIZER (type of chemical compound added) and DURATION (number of years of experimental N
addition). Before the inclusion in the full model, climatic moderators (MAT, MWT, MST and MAP)
were checked for collinearity. Data on climatic moderators were following normal distributions and
collinearity was checked with a bivariate correlation matrix based on Pearson's r for both datasets.
5 other potential explanatory variables (NH4:NO3 soil ratio, C:N soil ratio, N:P soil ratio, soil pH and
Soil type) were considered to be included as moderators in the meta-regression but they were
neglected due to low data availability.
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Chapter 3
Results
3.1 Influencing factors on plant diversity response to increased N input: a
literature review
Seven main groups of influencing factors on plant diversity response to N addition/deposition have
been identified from the literature review. These are: the total amount on N input (combined with
duration of chronic N addition/deposition), the chemical forms of N input, the soil acid neutralizing
capacity, the soil nitrogen availability, the soil phosphorus availability, the climate and the ecosystem
type. Potential influencing factors described here can be strongly linked with each other and interact
with many other processes: potential feedbacks involved have been summarized in Figure 1
according to the current knowledge available on literature. Results of the review are summarized in
Table 1, including indicators that can be collected to quantify these factors. Each influencing factor is
described more in detail in the coming sections.

Figure 1: Feedback diagram of the main processes that are identified in literature and that affect plant diversity
response to increased nitrogen (N) input. Grey boxes represent potential influencing factors. Dashed arrows
represent processes determined by the experimental design of N addition studies
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Table 1: Hypothesis and indicators of potential factors influencing plant diversity response to
increased N input.
Influencing factor

Hypothesis description

Potential indicators

Total (annual and
cumulative) N input

The higher is the amount of N
added/deposited, the larger are the negative
impacts expected on plant diversity.

- The amount of N added in addition
-1
-1
experiments (kg N ha yr );
- The amount of N deposited from the
-1
-1
atmosphere (kg N ha yr ).
- Number of years of experimental N
addition.

The longer is the chronic N addition period,
the larger are the impacts expected on plant
diversity.
Chemical form of N
input

Reduced forms of N (NHx) added/deposited
are expected to show larger impacts than
oxidized forms of N (NOx).

- NH4:NO3 soil ratio;
- Type of fertilizer compounds
used in addition experiments

Soil acid
neutralizing
capacity

Soil with low pH and low CEC are expected to
increase negative impacts on plant diversity.

- Soil pH
-1
- CEC (cmol+ kg )
- Soil type (e.g. calcareous vs. acidic)

Background N
availability and
mineralization

Negative effects are likely to be higher on Nlimited soils, where N addition increases
biomass productivity and decreases plant
species diversity

- Soil C:N ratio
- Soil type

Phosphorus (P)
availability

The higher is soil P availability, the larger are
the negative impacts expected on plant
diversity on the long term (mediated by
aboveground biomass growth and/or grass
encroachment).

- P availability measures
-1
(e.g. P-Olsen, mg kg )
- Soil N:P ratio

Climatic factors

Influence of climatic factors on plant diversity
response to N addition/deposition is mainly
uncertain and direction of such impacts is not
clear.

- Mean annual temperature (°C)
- Mean summer temperature (°C)
- Mean winter temperature (°C)
-1
- Mean annual precipitation (mm yr )

Ecosystem type

Influence of different ecosystem types on
plant
diversity
response
to
N
addition/deposition is uncertain.

- Type of biome
- Type of vegetation (woody vs. nonwoody)

3.1.1 Annual and cumulative N input
Amount of N input in the soil system has been widely recognised as the main predictor explaining N
impacts on plant diversity for addition experiments (Xia and Wan, 2008; De Schrijver et al., 2011;
Humbert et al., 2016). Similarly, background of N atmospheric deposition is considered the main
influencing variable in gradient studies (Stevens et al., 2004). N background atmospheric deposition
should also be taken into account in addition studies (Limpens et al., 2011), since in already Nenriched soils most of the effects of N deposition on plant diversity likely occurred already
(Hettelingh et al., 2015). The total N deposition has thus been included as the main explanatory
variable in meta-regressions concerning N deposition on plant diversity (Stevens et al., 2004;
Humbert et al., 2016) and sometimes the cumulative N input (De Schrijver et al. 2011).
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A factor affecting the cumulative N input in N addition studies is the duration of the experiment.
Addition studies mostly report annual N additions. Plant diversity is then measured every year or at
the end of the experiment. On the other hand, it is rare to find studies that assess the delayed effect
of N addition, i.e. just one (or few) addition and plant diversity measured after a longer period. Thus
for this study, the duration of the experiment is very likely to influence the response of plant
diversity since it is assumed that the longer the duration of the experiment, the larger will be the
cumulative amount of N in the soil. Some meta-analysis showed that the numbers of yearly N
addition can affect response of plant growth and biodiversity to nutrient addition, with long-term
studies frequently showing larger impacts on plant diversity compared to short-term studies (Gough
et al., 2000, Limpens et al., 2011, Humbert et al., 2016); while other meta-analysis showed that
duration is not a relevant influencing factor to be considered (Clark et al., 2007).

3.1.2 Chemical form of N input
Chemical forms of N compounds available for plants might determine stronger or weaker impacts on
plant biodiversity (Kleijn et al., 2008; Van den Berg et al., 2009). Especially in acid soils (pH < 4.5),
where nitrification rates are relatively low, NHx deposition determine a shift in dominance of
bioavailable chemical form of N from nitrates (NO3-) to ammonium (NH4+) (Bobbink and Hicks, 2014).
Field experiments shows that individual responses of annual forbs have a negative correlation with
NH4+:NO3− ratio, whereas nitrophilous grasses distribution is in general not negatively affected (Van
den Berg et al., 2009). The increased amount of ammonium over nitrate enhances also acidification
of the rhizosphere since NH4+ uptake is coupled with proton release at the root level (Hawkesford
and Barraclough, 2011) (Figure 1). More in detail, factors influencing N dynamics (e.g.
ammonification, denitrification and nitrification) should be taken into account because they strongly
influence the NH4+:NO3− ratio and NO3− accumulation in soil.
The type of fertilizers used in addition experiments highly influence the level of soil acidification that
mediates the loss of plant diversity in N addition studies (Song et al., 2012) and also alter NH4+:NO3−
ratio. It was found that this was due to the higher tendency of NH4+ compounds to acidify soil and
therefore exacerbate the negative impact of N on plant diversity (Sutton et al., 2011). When NO3- is
added alone, namely in the form of alkali metal nitrates (NaNO3 or KNO3) or calcium nitrate (CaNO3),
the acidity is expected to be buffered and lower negative effects on plant diversity are expected.
Following Roos (2015), additions experiments where acidifying N-compounds (e.g. NH4Cl or
(NH4)2SO2, with higher pKa values) are applied, larger impact on plant diversity are expected
compared to experiments where less acidifying N-compounds are used (e.g. NH4NO3 or urea, with
lower pKa values).

3.1.3 Soil acid neutralizing capacity
Soil pH has widely shown to influence plant response to N deposition in other meta-analysis in
heathland and grassland communities (Stevens et al., 2004; Kleijn et al., 2008). Calcareous grasslands
on base-rich soils (e.g. mollisols, calcisols) tends to show less negative impacts due to N-induced
acidification compared to acid grasslands or peatlands (Stevens et al., 2004). This is because acidity is
buffered through carbonate dissolution. In non–calcareous soils with a high base saturation, cation
exchange generally buffers the incoming acidity and negative effects of acidification on plants will
not be observed until Ca2+ cations are depleted (Bobbink and Hicks, 2014). In acid non-calcareous
soils dominated by silicate minerals, the cation exchange capacity (CEC) is usually low which means
that they are more sensitive to acidification and following N addition (Aber et al., 1998). Indeed,
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Clark et al. (2007) found in their meta-analysis that soil CEC was the strongest contributor to the
multivariate explanation of richness response to N addition, with lower soil CEC as a predictor for
larger losses in species richness.
One of the related negative impacts triggered by acidification is also the increased mobility of heavy
metals and aluminium (Al3+) in soils (depending from parent material and/or pollution background)
that determine phytotoxic impacts on plants and forest dieback (Gundersen and Rasmussen, 1990)
(see Figure 1). If phytotoxic metals are abundant in the matrix of acid and acidic soils, N-induced
nitrification poses more relevant risks on plant diversity (Bobbink et al., 2010).
Influencing variables that can be used to account for the acid neutralizing capacity of soils are soil
type and soil pH of sites where plant diversity is measured. The hypothesis is that soils with a high pH
are well buffered (high CEC and/or base saturation) and show a lower impact of N on plant species
diversity compared to weakly buffered soils (low pH).

3.1.4 N availability and mineralization
Background N availability and N mineralization were proved to be determinant for plant community
response in N addition experiments (Wedin and Tilman, 1996). Addition effects are likely to be higher
on N-limited soils, where N addition increases biomass productivity and decreases plant species
diversity (Clark et al., 2007).
N availability can be estimated using C:N ratio of soil litter, which also offers an estimate of soil N
mineralization (Janssen, 1996). Soil type also influences the response of plants to N deposition not
only for pH or parent material characteristics, but also for the different background levels of N
availability in each soil type.

3.1.5 Phosphorus (P) availability
Phosphorus availability affects plant species response to N deposition. In general, enhanced N
deposition gradually causes an increase in inorganic N availability. The increased amount of available
N enhances aboveground productivity and thus leads to higher annual litter production (Bobbink and
Hicks, 2014). Increased litter production enhances N mineralization and further increases
aboveground productivity as a positive feedback mechanism (Bobbink and Hicks, 2014) (see Figure
1). Enhanced aboveground biomass is linked to the loss of plant diversity (Gough et al., 2000; Xia and
Wan, 2008), due to the overgrowth of nitrophilous species (Bobbink et al., 2010; Sutton et al., 2011).
This process is less pronounced when P availability in soil is low because biomass production is
limited by P as well. Low availability of P is linked to acidification which is likely to occur with high
levels of N deposition. Thus, negative effects of N deposition on plant diversity are expected to be
higher in soils with higher P availability.

3.1.6 Climate
The factors discussed so far all mainly influence local soil processes. However, climatic factors
influence the impacts of N deposition on plant diversity as well. First of all, independent from N
deposition, precipitation and temperature are variables that determine global patterns of vegetation
distribution, plant diversity and NPP (Canadell et al., 2007). Similarly to P availability, increased
temperature and water availability lead to a greater aboveground biomass production for certain
ecosystems (LeBauer and Treseder, 2008).
Humbert et al. (2016) found that the negative effect of N addition on plant Shannon diversity index
of mountain grasslands was weaker in sites with fewer months with ≥ 10°C mean monthly ambient
temperature than in warmer regions, hypothesizing that colder temperature during growing seasons
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might limit the extent to which plant species respond to increased N inputs. On the other hand, Clark
et al. (2007) found that increased temperature predisposed a site to greater reduction in species
richness in addition experiments on herbaceous ecosystems of North America. Clark et al. (2007)
explained this result because of (1) increased secondary stress from frost damage and (2) higher
impacts on plant communities at colder temperatures, adapted to lower production rates of
available N. In general, mean summer temperature (MST), was found to be a better predictor than
mean annual temperature (MAT) in influencing N addition effects in meta-regression studies (Clark et
al., 2007; Limpens et al. 2011; Humbert et al., 2016). In a 5 years N-fertilization experiment on
Scottish Calluna heathlands, Britton and Fisher (2007) observed relevant impacts on plant
community composition only when winter temperatures decreased significantly from the mean
winter temperature. On a global scale, mean winter temperature (MWT) should also be included as
indicator of temperature since growing seasons of certain biomes (e.g. sub-tropical and
Mediterranean ecosystems) occurs during winter months.
Precipitation was found to be a less relevant predictor than temperature in some meta-analysis
based on plant diversity response to N addition (see Clark et al., 2007; Humbert et al., 2016).
However, Stevens et al. (2004) identified mean annual precipitation (MAP) as an important predictor
in their linear regression, with MAP explaining additional 8% of the variability after been included
with atmospheric N deposition in the meta-regression. Other studies, focusing on biomass
production, also found a negative influence of precipitation but just in relation to a certain type of
vegetation. For example, a correlation between the effect of nitrogen addition on aboveground net
primary production and MAP was found in wetlands and forests (LeBauer and Treseder, 2008) but
not for grasslands (LeBauer and Treseder, 2008; Fu and Shen, 2016). Xia and Wan (2008), however,
found that the effect of N addition on plant biomass globally increases with increasing MAP
independently from ecosystem types.
Precipitation and temperature might also play coupled effects. Limpens et al. (2011) founded in their
meta-regression analysis that high temperature in summer combined with high levels of annual
precipitation intensify negative effects of N deposition on Sphagnum spp. distribution in peatlands.
The combination of such climatic factors is explained by Limpens et al. (2011) by influencing both the
accelerated rate of litter turnover and Sphagnum spp. abundance.

3.1.7 Ecosystem type
Bobbink et al. (2010) reviewed different observation and experiment studies and summarized the
main amounts of N deposition thresholds for ecosystem types and their negative effects on plant
diversity. Overall species richness loss can be widely dependent on vegetation type when there is
high abundance of nitrophobous species in treatment plots (Clark et al., 2007).
Although mechanisms and amount of N deposition thresholds differ for each ecosystem taken under
consideration, there is not a clear relation in the literature on biome, habitat, vegetation or
ecosystem type showing stronger or weaker responses to N addition. Most of the meta-analysis
focused on studies within single types of vegetation and/or geographical unit: for example, acid
grasslands of the United Kingdom (Stevens et al., 2004); herbaceous ecosystems of North America
(Clark et al., 2007); alpine ecosystems of the Tibetan plateau (Fu and Shen, 2016); mountain
grasslands (Humbert et al., 2016). Thus, the effects of N addition in different ecosystem at the global
scale have been poorly explored. However, some meta-analysis attempted to include groups of
vegetation/habitats in their studies (Xia and Wan, 2008; De Schrijver et al., 2011). Xia and Wan
(2008) did not show the effect size for vegetation types but just the response to N addition of
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biomass for groups of plants based on individual species characteristics (functional types, growth
forms, photosynthetic pathways). On the other hand, De Schrijver et al. (2011) found a significant
response to N addition for grasslands and heathlands when these vegetation types were considered
separately from other observations. Species richness of understorey vegetation in forest ecosystems
was not significantly affected by N addition. However, the relatively low number of observations for
both forests and heathlands included in the analysis of De Schrijver et al. (2011), calls for a better
exploration of global ecosystems response to N addition experiments.
Under a morphological perspective of vegetation, forest ecosystems are expected to show larger
impacts derived from N deposition due to the tendency of canopies to capture higher amounts of
atmospheric N, especially at higher altitudes (Bobbink et al., 2010). However this hypothesis cannot
be tested with the use of meta-data from addition studies, where most of the total N input in forests
is artificially distributed directly at the ground level.

3.2 Meta-analysis
3.2.1 Selected studies and data availability
With the two search strings, Roos (2015) collected primary studies published up to March 2015. The
final search yielded 1783 papers. Due to time constraints only 891 papers were selected by including
only every second paper from an alphabetically ordered list of the found 1783 papers Roos (2015)
selected from these studies a total of 26 primary studies to be included. 8 of these were used to
calculate MSA and species richness ratios based on the number of individuals per species. The
remaining 18 studies contained data on species richness only. Before being included in this metaanalysis, primary data and papers used by Roos (2015) where checked for errors. This resulted in the
exclusion of 5 studies from the 26 primary studies selected by Roos (2015), since these studies were
not designed as gradient or addition studies. Observations from 15 studies for species richness and 6
studies for both MSA and species richness taken by Roos (2015) dataset were, however, included in
the datasets of this analysis.
In order to be consistent with the study of Roos (2015) and to include his dataset in this analysis
without overlaps, the remaining 892 papers were reviewed for the purpose of this study.
In addition to that, the same search string was used again to update the EndNote database with
primary studies published from March 2015 up to June 2016, yielding 475 additional studies. Thus,
for this study, a total of 1367 studies were reviewed.
First selection yielded a total of 231 studies that could potentially be used in the meta-analysis.
A total of 67 papers were designed as N-addition/N-gradient studies and used in the meta-analysis:
•
•

•
•

16 studies on N addition experiments including data on both species richness change and
individual species response for the calculation of both Species richness ratio and MSA.
6 studies on N addition experiments including data just for individual response of certain
species, but no overall species richness change. Thus, just MSA was calculated from these
studies.
38 studies on N addition experiments including data just for species richness, but no
individual species response available.
7 studies where species richness response was sampled over a gradient of N deposition.
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Including 21 studies of Roos (2015), the total number of studies included in this meta-analysis was
88. Table 2 summarizes the number of studies used in each dataset (based on the effect size to be
calculated) and the number of observation collected. In total 141 data points were collected in
gradient studies datasets, however a single effect size (see Section 2.2.3) was calculated for each
study, resulting in 7 observations in total.
Table 2: Distribution of primary studies among datasets and number of observations.
Dataset name
MSA
S ratio
Gradient studies

Number of primary studies
28
75
7

Number of observations
72
236
7

For MSA and S ratio datasets 33 primary studies were found in East Asia (29 in China, 3 in India, 1 in
Japan); 24 in North America (23 in the USA, 1 in Canada); 20 in Europe (19 in Western Europe, 1 in
Russia); 5 in South America (3 in Brazil, 1 in Colombia, 1 in Argentina). Gradient studies where all
performed in Northern Europe, except 1 study in the USA. No studies were found in Africa and
Oceania.
Primary studies reported amounts of N added that ranged from very low (from 5 kg N ha-1 yr-1) to
very high (up to 800 kg N ha-1 yr-1) levels.
Very limited amount of observations reported data on NH4+:NO3- soil ratio (11 for MSA; 12 for S
ratio), C:N soil ratio (5 for MSA; 31 for S ratio) and N:P soil ratio (0 for MSA; 2 for S ratio). Although
few observation reported data on soil type (53 for MSA; 139 for S ratio), different nomenclatures and
taxonomies used in papers (USDA, WRB, Chinese soil taxonomy, etc.) made the conversion of soil
type into a categorical variable too inaccurate and time consuming. Therefore NH4+:NO3- ratio, C:N
ratio, N:P ratio and soil type were completely neglected in this study. The number of observation
containing data on soil pH (22 for MSA dataset; 46 for S ratio dataset) was not sufficient to be
included in the regression, but pH was included in the forest plots to make comparisons among acid,
neutral and alkaline soils (see Section 3.2.3, Figure 2 and Figure 3).

3.2.2 Pooled effect sizes in N addition and N gradient studies
Pooled effect sizes derived from an all-encompassing meta-analysis showed a negative impact of N
addition experiments on plant species diversity. In total, 25% of the S ratio observations (59 over
236) reported neutral to positive effects of N addition on species richness (S ratio ≥ 1; see Figure 7 in
Annex 2). The analysis of S ratio dataset, indicate an overall decrease of 26% of plant species richness
in plots treated with N fertilizations (Sratio = 0. 74; 95% CI 0.700 to 0.780, P-val <.0001; Table 3).
Pooled effect size of MSA indicate a 27 % decrease of plant species abundance in plots treated with N
fertilization (MSA = 0. 73; 95% CI 0.697 to 0.762, P-val <.0001; Table 3).
Low Q values (QSratio = 170.8; QMSA= 37.7) with no significance (P(Q) > 0.1) combined to low values of
I2 indicate poor evidence for heterogeneity in S ratio and MSA datasets. Thus, the variance of both
effect sizes is not higher from the one expected due to natural variation, suggesting that primary
studies might share a common true effect size (Borenstein et al., 2009).
MSA dataset is showing low publication bias (Egger’s test P-valMSA = 0.418) while S ratio meta-analysis
had some publication bias (Egger’s test P-valSratio <.0001). However, fail-safe N in both datasets
indicates that a large number of observations reporting neutral to positive effects of N addition on
plant diversity would be necessary to be included in the analysis before both pooled effect sizes
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became no longer statistically significant (Borenstein et al., 2009). Trim and fill test suggested that an
unbiased version of S ratio dataset could provide larger estimate of species richness loss (Sratio = 0.
650; 95% CI 0.614 to 0.686, P-val <.0001; Annex 3) if 90 symmetric observations would have been
included in the dataset.
Table 3: Results of pooled mean effect sizes and statistics for S ratio and MSA datasets.
2

Effect
size
0.74

SE

P-val

CI

Q

P(Q)

I (%)

0.0203

<.0001

170.8

0.999

MSA

0.73

0.0168

<.0001

37.7

Gradient

-1.75

0.5437

0.001

0.700 to
0.780
0.697 to
0.762
-2.818 to
-0.686

1740.8

S ratio

11.0

Egger’s test
P-value
<.0001

Fail-safe
N
119883

0.999

8.9

0.418

21016

< .0001

99.8

0.014

3714

Pooled effect size of gradient studies estimates an overall decrease of 1.75% of species richness per
kg of N ha-1 year-1 of chronic atmospheric N deposition (Gradient = -1.75; 95% CI -2.818 to -0.686, Pval = 0.001; Table 3). Contrary to S ratio and MSA, meta-analysis on gradient studies indicates high
level of heterogeneity among studies (QGradient = 1740.8, P (Q) <.0001; I2 = 99.8%).
Large heterogeneity can also be visually observed in the forest plot for gradient studies (see Figure 9,
Annex 2) where there is large discrepancy and few overlap among confidence intervals. Publication
bias is lower than the one observed in in S ratio dataset but still present (Egger’s test P-valGradient =
0.014).
Sensitivity analysis was performed on 164 and 51 observations for S ratio and MSA datasets
respectively, after the observations that did not met selection criteria of Bobbink et al. (2011) were
excluded. For S ratio the pooled effect size slightly increased, while heterogeneity and publication
bias did not change (Sratio = 0.78; 95% CI 0.731 to 0.827, P <.0001; I2 = 10.1%; Egger’s test P-valSratio
<.0001). For MSA the pooled effect size did not changed, heterogeneity slightly increased and no
publication bias was found (MSA = 0.72; 95% CI 0.690–0.760, P <.0001; I2 = 12.4%; Egger’s test PvalMSA = 0.286).

3.2.3 Subgroup analysis of the N addition studies
Influencing factors have been explored for the N addition studies, focusing on the S ratio and MSA,
respectively with a subgroup analysis to estimate how effect sizes change when datasets are
subdivided in different ranges/categories of N inputs, biome types, fertilizer classes, experimental
duration, temperature, precipitation and soil pH. Results for the S ratio and MSA are given in Figure 2
and Figure 3, respectively.
For the S ratio dataset, subgroup analysis suggests that the loss of species richness stays constant
when N is added up to 60 kg N ha-1 y-1 (mean S ratio = ca. 85), starts to decrease in a range of 60-120
kg N ha-1 y-1 (mean S ratio = 0.73), and becomes constant (mean S ratio = 0.65) when N fertilization is
higher than 120 kg N ha-1 y-1 (Figure 2). The MSA subgroup analysis is showing similar results within
the same ranges of N addition (Figure 3), but with mean MSA increasing again within an N addition
ranging from 120 to 240 kg N ha-1 y-1 (mean MSA = 0.78).
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Figure 2: Mean S ratio and 95%CI for different subgroups included in the analysis. The diamond at
the top of the plot represents the mean pooled effect size for S ratio.
On average, a mean reduction of ca. 30 % in species richness (mean S ratio = 0.70) was found for in
artic/alpine ecosystems and in temperate grasslands while lower impacts were found in peatlands
and arid grasslands/mediterranean ecosystems (mean 20% of species richness loss, mean S ratio =
ca. 0.80 for both categories).
Higher impacts on MSA were found in temperate grasslands/ heathlands and forests (both ca. 30 %
of abundance loss, mean MSA = 0.71), although forests shows a large CI. On the other hand, loss of
MSA was lower in peatlands (mean MSA = 0.79), arid grasslands/mediterranean ecosystems (mean
MSA = 0.80) and artic/alpine ecosystems (mean MSA = 0.85). Comparing results in the two datasets,
the mean effect sizes for different biomes show in general similar impacts of N addition on plant
diversity: e.g. arid grasslands/mediterranean, peatlands, and temperate grasslands/heathlands
ecosystems had very similar responses in both datasets, with the exception of artic/alpine
ecosystems (0.70 mean S ratio; 0.85 mean MSA).
Comparing type of fertilizers, higher impacts on species richness were found in experiments that
used fertilizer with ammonium nitrate (NH4NO3) (mean S ratio = 0.67), rather than the ones that used
compounds with NH4+ form only as N input (mean S ratio = 0.85). On the contrary, slightly higher
impacts on MSA were found in experiments that used NH4+ only (mean MSA = 0.76) compared to the
ones with ammonium nitrate (mean MSA = 0.84). Results show a very large confidence interval in
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Figure 3: Mean MSA and 95%CI for different subgroups included in the analysis. The diamond at the
top of the plot represents the mean pooled effect size for MSA.
mean S ratio of experiments that used NO3 only. Only 7 and 3 observations were available for
experiments that added NO3 only in S ratio and MSA datasets respectively.
Studies with experimental duration higher than 5 years showed slightly greater impacts on species
richness (mean S ratio = 0.78) that the ones designed with short term experiments (less than 5 years)
(mean S ratio = 0.72). On the other hand, MSA for experimental duration greater than 5 years (mean
MSA = 0.84) suggests lower impacts on species abundance compared to short-term experiments
(mean MSA = 0.70).
Climatic factors have been summarized in the subgroup analysis in terms of MAT and MAP.
For the S ratio dataset, higher impacts of N deposition were found in medium ranges of MAT (Mean S
ratio at 5-15 °C: 0.67) and MAP (mean S ratio at 500-1500 mm: 0.69), while impacts were lower at
both lower and higher ranges of MAT (< 5 °C or > 15 °C) and MAP (< 500mm or > 1500 mm). For the
MSA dataset, subgroups analysis suggests higher impacts of N input as MAT increases (although the
high CI of MAT > 15 °C). The same is true for MAP, with larger impacts reported beyond 500 mm.
For studies where soil pH was reported, both datasets showed larger impacts of N input on
experimental sites with acid soils (pH < 6.0) (0.75 mean S ratio; 0.71 mean MSA) compared to
observations in neutral up to alkaline soils (pH > 6.0) (0.82 mean S ratio; 0.85 mean MSA).
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3.2.4 Meta-regression on N addition studies
In the S ratio dataset MST and MWT were moderately correlated (r = 0.45). MAP was poorly
correlated with others moderators. MAT was strongly correlated with both MST (r = 0.93) and MWT
(r = 0.73), yielding similar model outcomes. Similar correlations were found also in the MSA dataset.
MAT was therefore excluded from the full model for both S ratio and MSA meta-regressions.
Selection of meta-regression models identified the best models maximizing the goodness of fit for
both S ratio and MSA datasets. Full models were including 7 moderators: LOGTN, MST, MWT, MAP,
DURATION, FERTILIZER, BIOME. In the S ratio model selection, 25 observations found in a primary
study - Xu et al., 2015 – were dropped out before the model selection because no data were
available on MST, MWT and MAP (missing coordinates of the experimental site made impossible to
estimate such data). In total 7 and 5 ‘top’ models were found within a range of +2 AICc values from
the best model fitted for S ratio (Table 4) and MSA (Table 5) respectively.
Table 4: Top selected models ranked through their level of parsimony expressing the influence of
moderators on S ratio.
Rank Top models for S ratio (211 observations)

AICc

ΔiAICc

Wi

1

LOGTN + FERTILIZER

76.43

0.00

0.122

2

LOGTN

76.94

0.51

0.095

3

LOGTN + MAP + FERTILIZER

78.00

1.57

0.056

4

LOGTN + MAP

78.10

1.67

0.053

5

LOGTN + MWT

78.10

1.67

0.053

6

LOGTN + MWT + FERTILIZER

78.11

1.68

0.052

7

LOGTN + DURATION + FERTILIZER

78.24

1.81

0.049

AICc = Sample-size corrected Akaike information criteria;
ΔiAICc = AICc difference of a given model with the best one;
Wi = Akaike weight

Table 5: Top selected models ranked through their level of parsimony expressing the influence of
moderators on MSA. Null model is the model without moderators. See Table 4 for the explanation of
coefficients.
Rank Top models for MSA (72 observations)

AICc

ΔiAICc

Wi

1

MST

-19.53

0.00

0.141

2

null model

-19.42

0.11

0.134

3

LOGTN

-18.45

1.08

0.082

4

MWT + MST

-17.57

1.96

0.053

5

MWT

-17.53

1.99

0.052

For S ratio, the most parsimonious model found was the bivariate model with LOGTN and FERTILIZER
as moderators (Akaike weight: 0.122; Table 4) (Figure 4). LOGTN estimates was found to have a
significant negative effect on S ratio (lr = -0.19, P-val = 0.0036; Table 6), representing the decrease in
S ratio when LOGTN increases by 1 unit. Estimates for FERTILIZER are the values that the intercept
assumes when LOGTN is equal to 0 for each fertilizer class, namely ‘NHx only’ (lr = 1.23), ‘NH4NO3’ (lr
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= 1.10) or ‘NOx only’ (lr = 1.11) (Figure 4). For MSA, the most parsimonious model found was the
univariate model including MST (Akaike weight: 0.141; Table 5). MST estimate had a negative effect
on MAS, although not significant (MST: lr = -0.011 , P = 0.074; Table 6). Details on model selection
processes and statistical outputs of the main models are given in Annex 4.

Figure 4: Graphical representation of the best supporting model found for S ratio: S ratio plotted
versus total N input. The model describes different responses according to the type of fertilizer used:
‘NHx only’ (mainly urea), ‘NOx only’ (alkali and calcium nitrates), and ‘NH4NO3’ (ammonium nitrate).
Table 6: Statistical output of best supporting models. ‘LOGTN’ = log transformed total N input; ‘MST’
= Mean summer temperature. Coefficients of ‘FERTILIZER’ represent the value that the intercept
assumes according to the type of fertilizer used in the experiments. nobs is the number of observation
included.
Coefficient

95% CI

P-val

S ratio (nobs = 211)
LOGTN
FERTILIZER (NHx only)
FERTILIZER (NH4NO3)
FERTILIZER (NOx only)

-0.19
1.23
1.10
1.11

-0.32 to -0.06
0.97 to 1.50
0.72 to 1.48
0.57 to 1.64

0.0036
<.0001
0.0217
0.3720

MSA (nobs = 72)
Intercept
MST

0.96
-0.01

0.73 to 1.19
-0.02 to 0.00

<.0001
0.074

Figure 5 shows the relative ability of the moderators under consideration to explain observed
responses of S ratio and MSA reported in N addition studies. The explanatory power is calculated for
each moderator as the sum of Akaike weights (Wi) of all possible models fitted in the analysis where
the given moderator is present. LOGTN is the moderator with the higher explanatory power (sum of
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Wi: 0.95) in S ratio models, much larger than other moderators (Figure 5, a). MST (sum of Wi: 0.45)
was the moderator with the highest explanatory power in MSA (Figure 5, b), but with less strong
differences from other moderators. In both model selections, BIOME showed a very low explanatory
power.
Univariate models where tested for each moderators on S ratio and MSA to explore more in detail
individual influence of moderators on dependent variables (results not shown here). MAP, MWT,
BIOME and DURATION were not significant for both S ratio and MSA. MST was not significant in the S
ratio univariate regression. FERTILIZER was also not significant for MSA and showed low explanatory
power (Figure 5).
a)

b)

LOGTN

MST

FERTILIZER

LOGTN

MAP

MWT

MWT

MAP

DURATION

DURATION

MST

FERTILIZER
BIOME

BIOME

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Sum of moderators Akaike weight (S ratio)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Sum of moderators Akaike weight (MSA)

Figure 5: Sum of Akaike weights for moderators in a) S ratio and b) MSA meta-regressions.
On the other hand, LOGTN showed high explanatory power for MSA and the univariate model was
the third top model ranked in the selection (Akaike weight: 0.082; Table 4) but estimates were not
significant (see Annex 4). Finally the influence of MAT – excluded from the full model for high
correlation with MST and MWT – was also tested in univariate models. MAT was not significant for S
ratio. However in the univariate model for MSA, MAT estimate was similar but more significant than
MST, yielding a lower AICc value (-19.79) compared to the univariate model with MST only (see
Annex 4).
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Chapter 4
Discussion
4.1 Pooled effect sizes
Results of the meta-analysis on N addition experiments suggest a significant overall loss of plant
biodiversity ranging from 22-30% and 24-30% in terms of species richness and MSA respectively. S
ratio pooled effect size indicate a larger decline of species richness compared to what was found in
previous meta-analyses. Meta-analysis based on herbaceous ecosystems of North America (Clark et.
al, 2007), mountain grasslands (Humbert et al., 2016) and alpine ecosystems of the Tibetan plateau
(Fu and Shen, 2016) reported a mean loss of species richness ranging from 15 to 17%. De Schrijver et
al. (2011) reported a mean loss of species richness of 32% that was significant only for grasslands and
heathlands ecosystems. This value is similar to what was found in subgroup analysis for temperate
grasslands and heathlands. Previous studies assessing species richness response to N addition were
mainly limited to specific geographical areas (e.g. Clark et al., 2007; Fu and Shen, 2016) or ecosystem
types (Limpens et al., 2011; Humbert et al., 2016), while results of this studies covers a broader
geographical scale and variety of ecosystem types. No other meta-analysis currently used MSA as a
measure for plant diversity response to N addition, therefore to make accurate comparisons with
previous findings is impossible. However, pooled effect size of MSA offers a significant and unbiased
estimate of abundance losses that is qualitatively comparable to previous meta-analysis assessing
human impacts on biodiversity for GLOBIO3 (i.e. Benítez-López et al., 2010; Newbold et al., 2013;
Kuiper et al., 2014).
Pooled effect size of gradient studies indicates an overall linear decrease of 1.75% (0.70-2.82%) of
species richness per kg ha-1 yr-1. This is a higher loss compared to what was estimated by Stevens et
al. (2004) for acidic grasslands in the U.K. This might be explained by the larger number of sites
included in the gradient studies dataset. In addition, two primary studies performed in Swedish
forests (i.e. Grandin, 2011; Liu and Bråkenhielm, 1996) reported very low estimates of species
richness loss compared to the observations included by Stevens et al. (2004) (see Annex 2).

4.2 Best supporting models and influencing factors
Among the 7 candidate variables included in the meta-regression, only 3 of those (total N input, type
of fertilizer and mean summer temperature) turned out to be relevant predictor for the variation of S
ratio and MSA reported by N-addition studies.
The total amount of N input is the best predictor for S ratio response. This is suggested by subgroup
analysis and largely supported by the top models selected in meta-regression. The best model for S
ratio shows that species richness follows a significant negative exponential relationship with N input
(‘LOGTN’) where higher losses occurs already at lower levels of N input. The model also indicate that
when fertilizers type (‘FERTILIZER’) applied contains reduced forms of N, impacts are slightly lower
compared to fertilizations made with NH4NO3 and NOx only. This can be observed in subgroup
analysis for S ratio as well. A lower impact for NHx addition was not expected because NH4NO3 is less
acidic compared to NHx compounds and larger impacts are expected when the amount of N reduced
forms is larger than oxidized forms (see Section 3.1.2). However, 57 over 71 observations containing
urea (CO(NH2)2) were included in the ‘NHx only’ class which is not a strong acidic compound
compared to (NH4)2SO4 and NH4Cl (Perrin, 1972). Thus negative impacts of acidification triggered by
(NH4)2SO4 and NH4Cl are probably underestimated in the ‘NHx only’ class. However, the FERTILIZER
variable can still be used in the model to build valid predictions if ‘NHx only’ class is interpreted as
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urea (see Section 3.2.4, Figure 4). For ‘NOx only’, lower impacts were expected since alkali and
calcium nitrates tends to neutralize soil acidity.
Contrary to what was found by Stevens et al. (2004) and Limpens et al. (2011), climatic factors like
temperature and precipitation did not influenced the impacts of N input on plant diversity. Although
the meta-regression showed that mean summer temperature (MST) is the better predictor to explain
MSA response in N addition experiments, LOGTN was not included in the best supporting model and
showed no significance when tested in the univariate model for MSA. This result contradicts the
current empirical relationship used in GLOBIO3, where loss of MSA is significantly correlated with the
amounts of N that exceeds N critical loads (Alkemade et al., 2009).
The remaining influencing factors included in meta-regression showed poor explanatory power and
no significance when tested in univariate model for both S ratio and MSA. Results of meta-regression
did not supported the findings of Humbert et al. (2016) and De Schrijver et al. (2011) since
experimental duration (‘DURATION’) showed low explanatory power and no significance in univariate
meta-regressions. Inconsistent results found in subgroup analysis for experimental duration (larger
impacts for long term experiment on S ratio and larger impacts for short term experiment on MSA),
do not fully supports hypothesis that experimental duration negatively influence plant diversity
response in N addition studies.
No striking differences were found in general for ecosystem types involved. All types responded
negatively to N addition within similar ranges of mean effect sizes in subgroup analysis. Low
explanatory power of BIOME moderator in meta-regression models suggests that the type of
ecosystem is not explaining differences reported by N addition studies on plant diversity response.
The large variety of ecosystems was broadly categorized in five levels only (see Annex 1) since more
levels for BIOME forced the regression model’s algorithm to not converge. This likely compromised
the role that ecosystem types and vegetation might have on plant diversity response to N input.
However, categorical levels were assembled following Bobbink et al. (2010) and broad level of
categorization for ecosystem types were used also in previous studies (i.e. Xia and Wan, 2008; De
Schrijver et al., 2011).

4.3 Statistical considerations and limitations
Subgroup analysis did not reveal qualitative interaction (Yusuf et al., 1991). This means that all
pooled effect sizes of subgroups reported negative effects of N addition on plant diversity for both S
ratio and MSA. In general, broad confidence intervals found in sub-group analysis made difficult to
extrapolate robust conclusions on the impacts of selected factors involved in N addition studies.
Meta-regression models, on the other hand, helped to better elucidate the importance of such
factors.
An unexpected result was the low heterogeneity found both in S ratio and MSA datasets. This might
be explained by how effect size was calculated in the primary studies. S ratio is not symmetric around
1 and this makes log transformations of the response ratios more suitable (Hedges et al., 1999;
Borenstein et al., 2009). For example, Humbert et al. (2016) log transformed S ratio and high
heterogeneity was found in their meta-regression models. In addition, log transforming the S ratio
likely makes the sampling distribution more normal (Hedges et al., 1999) and this also better
supports the underlying assumption how variance was calculated in this study (see Section 2.2.4).
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Indeed when S ratio was log transformed to test this hypothesis, the estimated heterogeneity
increased (P(Q) < .0001; I2= 49.6%; other estimates not reported here). Due to time constraints,
meta-analysis was not re-computed entirely with log transformed effect sizes. However, it is
important to understand that there is an higher underlying heterogeneity in the S ratio dataset
compared to what reported in the results of this study. Exploration of heterogeneity could have been
performed anyway with the same type of meta-regression approach and subgroup analysis that were
used in this study.
Publication bias should be considered as a limiting factor for the robustness of the results of the S
ratio meta-analysis, although fail-safe N support the significance of the pooled effect sizes. Trim and
fill method applied in the S ratio dataset is estimating even larger impacts on species richness.
However, outcomes of this method in the context of this study are poorly reliable and should not be
considered as a more accurate estimate of the pooled effect size (additional details in Annex 3). High
heterogeneity and publication bias detected in gradient studies also represent a weakness for the
findings of the pooled effect size. However, statistically significant estimates of pooled effect size and
large fail-safe N values show that findings are sufficiently robust.
Sensitivity analysis performed on both S ratio and MSA did not show relevant changes in the
outcomes of pooled effect sizes. This suggests that the negative impacts of N input on plant diversity
mostly occur with fertilization levels lower than 100 kg N ha-1 yr-1.
Sampling dependence was present in both S ratio and MSA datasets. Since single studies often
involved different N application doses in more treatment plots and only one control plot, the same
samples were used as control for more than one treatment when calculating response ratios for
these observations. Sampling dependence inside the dataset was neglected in this study, although it
is often recommended to be accounted (Hedges et al., 1999), e.g. with the use of hierarchical Bayes
linear models (Kulmatiski et al., 2008).
Most of the studies reported experiments in the northern hemisphere and very few observations
were found in the southern hemisphere. Furthermore, some primary studies were undertaken at the
same location, sometimes also with very similar experimental designs. For example, S ratio dataset
contains 7 Chinese studies performed at “Duolun Restoration Ecology Station” (Inner Mongolia,
China) and 4 North American studies were performed at “Cedar Creek Ecosystem Science Reserve”
(Minnesota, USA). However, although some geographical bias is present in this study, most of the
studies were conducted in regions where atmospheric N deposition often exceeds critical loads,
namely North America, Europe and China (Phoenix et al. 2006).

27

Chapter 5
Conclusions
The first objective of this study was to identify what are the factors that affect plant species diversity
response to increased N input. Based on the literature review, there are many hypotheses in
literature trying to explain variation in the magnitude of impacts observed in several studies. Climate
(temperature and precipitation), type of chemical N input form (NH4+ or NO3-), N availability, P
availability, soil acid neutralizing capacity and ecosystem type. Furthermore, in case of N addition
studies, the number of years of experimental N addition affecting the total N input is relevant.
The second objective of this study was 1) to quantitatively summarize the impact that N-addition and
N-gradient studies available on literature report on plant diversity response to increased N inputs;
and 2) to test the role of influencing factors in the relation between plant diversity changes and
amount of N inputs in N-addition studies. Meta-analysis shows that all the three metrics of plant
diversity are negatively affected by increased N input in both N-addition and N-gradient studies.
Among all possible candidate variables assessed in the meta-regression, the total amount of N input
(including atmospheric N-deposition), type of N form deposited/added, and mean summer
temperature were found to be the only relevant factors to explain variation reported by N-addition
studies. However, S ratio was the only metric for biodiversity to be significantly influenced by total N
input, while variation in MSA reported by N addition studies was not affected by N inputs or other
influencing factors. Thus, the best supporting model for S ratio found (with total N input and fertilizer
types as independent variables) can be used to build predictions on future decline of plant diversity.
Results of this study will be implemented in the GLOBIO3 model. In general, these findings provide
supporting evidences for the development of future strategic policies for biodiversity conservation.
Based on my conclusions, researchers that want to undertake N addition experiments are
recommended to collect data on soil chemistry and nutrient dynamics at the treatment plot level
(e.g. soil pH, nutrient availability), since low data availability of these parameters is currently not
allowing to take important potential explanatory variables into account. Although this meta-analysis
accurately assessed influences of a larger number of influencing factors compared to previous
studies, suspected predictors related to soil chemistry remain poorly explored. Indeed, missing
parameters were all related to soil properties (e.g. soil pH, nutrients stoichiometry, P availability) that
very often are not reported in N addition and gradient studies. Large differences on methods used by
authors in estimating soil parameters, is an additional challenge for standardize these data once they
are collected. It is also advisable to perform N addition experiments with lower levels of N input,
since 1) lower doses do better simulate current levels of atmospheric N deposition; 2) large impacts
on species richness already occurs at low treatment doses; 3) plant species abundance is not
significantly influenced by increased amounts of N addition in treatments plots.
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Annexes
Annex 1: Tables describing BIOME and FERTILIZER categorical levels
Table 1.1: 'BIOME' levels and subdivision criteria.

BIOME

Description

Temperate grasslands and Heathlands

Includes all temperate, oceanic, humid-continental, non-forest
ecosystems. Thus, mainly temperate grasslands and heathlands
(Bobbink et al., 2010).

Peatlands

Includes all peatlands, independently from the climatic zone. The
assumption is that peatlands usually share unique soil and
vegetation properties (i.e. oligotrophy and low pH) that could be
explored separately from other ecosystems (Bragazza et al., 2005;
Limpens et al., 2011; De Mello et al., 2014).

Forests

Includes each kind of forest ecosystem, independently from the
climate type. Although different types of forests were found, most
of the observations were taken in boreal and temperate regions. 2
observations were found in a Chinese sub-tropical forest, reported
by Lu et al. (2010).

Arid and Mediterranean ecosystems

Includes 1) all (semi-)arid grasslands in non-humid continental
climatic regions (MAP usually <500 mm per year); and 2)
Mediterranean shrublands (e.g. Chaparral, Matorral, Maquis).

Artic and Alpine ecosystems

Includes all observations made in arctic and alpine ecosystems
including polar deserts, tundra and arctic or (sub-)alpine
grasslands.

Table 1.2: 'FERTILIZER' levels and subdivision criteria.

FERTILIZER

Description

NH4NO3

Incudes fertilizations with NH4NO3 mainly, or NH4NO3 combined
with a 50:50 dose of one of the following compounds: (NH4)2SO4,
CO(NH2)2 or NH4Cl.

NHx

Includes fertilizations with one of the following compounds (or in
combination): (NH4)2SO4, CO(NH2)2 or NH4Cl. NO3 is not added
artificially in the experiment.

NOx

Includes fertilizations with one of the following compounds (or in
+
combination): Ca(NO3)2, KNO3, NaNO3. NH4 is not added artificially
in the experiment.
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Annex 2: Forest plots: Mean values and confidence intervals of effect sizes of
individual observations (primary studies)

Figure 6: Forest plot for MSA observations
36

Figure 7: Forest plot for S ratio observations (1st part).
37

Figure 8: Forest plot for S ratio observations (2nd part).
38

Figure 9: Forest plot for gradient studies
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Annex 3: Discussion of publication bias adjustment of S ratio dataset (Trim
and fill method)
S ratio dataset showed presence of publication bias (Borenstein et al., 2009) in both statistical
outputs of Egger’s test (z = 8.3140, p < .0001) and visual estimation of funnel plots (Figure 10).

Figure 10: Funnel plot showing individual effect size (S ratio) plotted against the standard error for
each of the 236 observations. Publication bias can be observed as the asymmetry of observations
around the central axis of the funnel, namely the mean pooled effect size of S ratio (0.74).
The ‘trimfill’ function in ‘metafor’ package (version 1.9-9) (Viechtbauer, 2010) was used to reestimate the meta-analysis outcomes if S ratio dataset would have been unbiased (Duval and
Tweedie, 2000). This is done by automatically adding symmetric observations in the funnel plot to
solve asymmetry. 90 symmetric observations at the left side of the funnel were added (Figure 11)
and pooled effect size of S ratio for 326 observations was 0.650 (95% CI 0.614 to 0.686, P-val <.0001)
with no evidence of publication bias in the Egger’s test (z = 2.89, p = 0.003).
Trim and fill described by Duval and Tweedie (2000) is an useful method to answer the following
question: “What is our best estimate of the unbiased effect size?” (Borenstein et al., 2009). However,
S ratio found in this study with trim and fill procedure should not be considered as an accurate
estimate of unbiased effect size because many of the observations added at the left side of the
funnel assume negative values of S ratio (Figure 11) which is by definition > 0. Since bias looks
present due to the asymmetry of small studies (at the half-bottom of the funnel with higher standard
errors and located at the right side only), I hypothesized that a more accurate estimate of unbiased
effect size could have been done by exclude such studies and include large studies only (studies at
the top of the funnel that appears more symmetrical) as suggested by Borenstein et al. (2009). Due
to time constraints, no further analysis on publication bias was conducted in the context of this
study.
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Figure 11: Funnel plot showing individual effect size (S ratio) plotted against the standard error for
each of the 236 observations (black dots). White dots represent 90 symmetric observations added at
the left side to correct asymmetry around the axis of unbiased estimate of pooled effect size (0.65).
Poor reliability of this method in the context of this study is due to the negative values of S ratio that
several added observations are assuming.
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Annex 4: Details on model selection process and statistical outputs of
models
1) S ratio
Model selection output in R was the following:
glmulti.analysis
Method: h / Fitting: rma.glmulti.ran / IC used: aicc
Level: 1 / Marginality: FALSE
From 100 models:
Best IC: 76.4330554947616
Best model:
[1] "S_ratio ~ 1 + log10(N_Total_e) + F_type"
Evidence weight: 0.121978940221967
Worst IC: 91.4331329966391
7 models within 2 IC units.
43 models to reach 95% of evidence weight.
> plot(res.S_ratio)
> tmp <- weightable(res.S_ratio)
> tmp <- tmp[tmp$aicc <= min(tmp$aicc) + 2,]
> tmp
model
1
S_ratio ~ 1 + log10(N_Total_e) + F_type
2
S_ratio ~ 1 + log10(N_Total_e)
3
S_ratio ~ 1 + log10(N_Total_e) + MAP_e + F_type
4
S_ratio ~ 1 + log10(N_Total_e) + MAP_e
5
S_ratio ~ 1 + log10(N_Total_e) + MWT_e
6
S_ratio ~ 1 + log10(N_Total_e) + MWT_e + F_type
7 S_ratio ~ 1 + log10(N_Total_e) + Duration.yr + F_type

aicc
76.43306
76.93723
77.99817
78.09095
78.09216
78.11458
78.23814

weights
0.12197894
0.09479911
0.05577320
0.05324493
0.05321263
0.05261948
0.04946701

Detailed best model output for S ratio, with LOGTN (log transformed total N input:
‘log10(N_Total_e)’) and FERTILIZER (fertilizer class: ‘F_type’) as moderators:
Multivariate Meta-Analysis Model (k = 211; method: REML)
logLik Deviance
AIC
BIC
AICc
-33.0673
66.1345
76.1345
92.7981
76.4331
Variance Components:
estim
sqrt
sigma^2
0.0125 0.1116

nlvls
73

fixed
no

factor
Primary_Study

Test for Residual Heterogeneity:
QE(df = 207) = 132.2270, p-val = 1.0000
Test of Moderators (coefficient(s) 2,3,4):
QM(df = 3) = 13.9606, p-val = 0.0030
Model Results:
estimate
se
zval
pval
intrcpt
1.2338 0.1358
9.0846 <.0001
log10(N_Total_e)
-0.1938 0.0667 -2.9071 0.0036
F_typeNH4+NO3
-0.1328 0.0579 -2.2952 0.0217
F_typeNO3
-0.1221 0.1368 -0.8927 0.3720
--Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’

ci.lb
0.9676
-0.3245
-0.2463
-0.3903

ci.ub
1.5000
-0.0632
-0.0194
0.1460

***
**
*

0.1 ‘ ’ 1
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2) MSA dataset
Model selection output in R was the following:
glmulti.analysis
Method: h / Fitting: rma.glmulti.ran / IC used: aicc
Level: 1 / Marginality: FALSE
From 100 models:
Best IC: -19.5336667892681
Best model:
[1] "MSA ~ 1 + MST_e"
Evidence weight: 0.141206532245702
Worst IC: 0.0671034485012143
5 models within 2 IC units.
33 models to reach 95% of evidence weight.
> plot(res.MSA)
> tmp <- weightable(res.MSA)
> tmp <- tmp[tmp$aicc <= min(tmp$aicc) + 2,]
> tmp
model
aicc
weights
1
MSA ~ 1 + MST_e -19.53367 0.14120653
2
MSA ~ 1 -19.42567 0.13378391
3 MSA ~ 1 + log10(N_Total_e) -18.45647 0.08240317
4
MSA ~ 1 + MWT_e + MST_e -17.57463 0.05302192
5
MSA ~ 1 + MWT_e -17.53829 0.05206719

Detailed best model output for MSA, containing MST (mean summer temperature:
moderator:

‘MST_e’)

only as

Multivariate Meta-Analysis Model (k = 72; method: REML)
logLik Deviance
AIC
BIC
AICc
12.9487 -25.8973 -19.8973 -13.1518 -19.5337
Variance Components:
estim
sqrt
sigma^2
0.0031 0.0559

nlvls
28

fixed
no

factor
Primary_Study

Test for Residual Heterogeneity:
QE(df = 70) = 28.2155, p-val = 1.0000
Test of Moderators (coefficient(s) 2):
QM(df = 1) = 3.1799, p-val = 0.0746
Model Results:
estimate
se
zval
pval
ci.lb
ci.ub
intrcpt
0.9658 0.1171
8.2483 <.0001
0.7363 1.1953 ***
MST_e
-0.0112 0.0063 -1.7832 0.0746 -0.0234 0.0011
.
--Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

43

Detailed output for the univariate model with LOGTN as moderator (third best model ranked for MSA
selection):
Multivariate Meta-Analysis Model (k = 72; method: REML)
logLik Deviance
AIC
BIC
AICc
12.4101 -24.8201 -18.8201 -12.0746 -18.4565
Variance Components:
estim
sqrt
sigma^2
0.0050 0.0710

nlvls
28

fixed
no

factor
Primary_Study

Test for Residual Heterogeneity:
QE(df = 70) = 36.0062, p-val = 0.9998
Test of Moderators (coefficient(s) 2):
QM(df = 1) = 2.0539, p-val = 0.1518
Model Results:
estimate
se
zval
pval
ci.lb
ci.ub
intrcpt
1.0090 0.1754
5.7518 <.0001
0.6652 1.3528
log10(N_Total_e)
-0.1310 0.0914 -1.4331 0.1518 -0.3103 0.0482
--Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

***

Detailed output for the univariate model with MAT (mean annual temperature:
not included in the model selection) as moderator for MSA:

‘MAT_e’;

moderator

Multivariate Meta-Analysis Model (k = 72; method: REML)
logLik Deviance
AIC
BIC
AICc
13.0785 -26.1569 -20.1569 -13.4114 -19.7933
Variance Components:
estim
sqrt
sigma^2
0.0020 0.0446

nlvls
28

fixed
no

factor
Primary_Study

Test for Residual Heterogeneity:
QE(df = 70) = 24.2986, p-val = 1.0000
Test of Moderators (coefficient(s) 2):
QM(df = 1) = 4.5730, p-val = 0.0325
Model Results:
estimate
se
zval
pval
ci.lb
ci.ub
intrcpt
0.8524 0.0499 17.0843 <.0001
0.7546
0.9502 ***
MAT_e
-0.0104 0.0049 -2.1385 0.0325 -0.0200 -0.0009
*
--Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1
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