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Drivers of temporal changes in temperate forest plant
diversity vary across spatial scales
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Abstract

Global biodiversity is affected by numerous environmental drivers. Yet, the extent to which global environmental
changes contribute to changes in local diversity is poorly understood. We investigated biodiversity changes in a
meta-analysis of 39 resurvey studies in European temperate forests (3988 vegetation records in total, 17-75 years
between the two surveys) by assessing the importance of (i) coarse-resolution (i.e., among sites) vs. fine-resolution
(i.e., within sites) environmental differences and (ii) changing environmental conditions between surveys. Our results
clarify the mechanisms underlying the direction and magnitude of local-scale biodiversity changes. While not detect-
ing any net local diversity loss, we observed considerable among-site variation, partly explained by temporal changes
in light availability (a local driver) and density of large herbivores (a regional driver). Furthermore, strong evidence
was found that presurvey levels of nitrogen deposition determined subsequent diversity changes. We conclude that
models forecasting future biodiversity changes should consider coarse-resolution environmental changes, account for
differences in baseline environmental conditions and for local changes in fine-resolution environmental conditions.
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Introduction

The way in which environmental factors influence the
composition and diversity of plant communities is one
of the key questions in current ecological research
(Sutherland et al., 2013). Over the past decades, the
impact of anthropogenic drivers, such as changing man-
agement, deposition of air pollutants, biotic invasion, or
changing climate have been linked to shifts in commu-
nity structure and composition (e.g., Bertrand et al., 2011;
Grimm et al., 2013). Pereira et al. (2012) ranked habitat
loss, overexploitation, invasive species, climate change,
and pollution as the main drivers of current changes in
community composition and biodiversity. While these
general patterns emerge from observations and experi-
ments at a local scale, covering a broad range of different
taxonomic groups, biomes, and environmental factors,
there is limited knowledge on how long-term changes in
local communities contribute to and whether they mirror
global patterns (Dornelas et al., 2014).

Recently, several meta-analyses addressing this
knowledge gap have found evidence of compositional
changes in local communities, even though mean
change in local species diversity was not significantly
different from zero. Across marine, freshwater, and ter-
restrial biomes, Dornelas ef al. (2014) found no system-
atic temporal changes in species richness, but
significant species turnover. Assemblages were under-
going biodiversity changes, but not systematic diversity
losses, as lost species were likely replaced by immigrat-
ing species; a result in accordance with studies of ter-
restrial animal communities (Supp & Ernest, 2014).
Among terrestrial plant communities, Vellend et al.
(2013) also observed no systematic loss or gain in spe-
cies numbers and evenness over time.

These last two studies, however, also emphasized the
considerable variation in biodiversity change among

the reported drivers of vegetation change and habitats,
some of which was highly context dependent. Context
dependency has been reported previously; for example,
contrasting effects of nitrogen deposition on diversity
are contingent on soil acid status and vegetation cover
(Johnston et al., 1986). Murphy & Romanuk (2014)
found, in a comparison of data from several terrestrial
biomes (boreal, northern temperate forests, tropics) and
several functional groups (producers, ectotherms, and
endotherms), differences among functional groups
(highest diversity loss for endotherms) and among bio-
mes (highest decline in the tropics). There were strong
differences between the environmental drivers related
to the loss in species numbers; while habitat loss was
important in the tropics, it was not relevant in boreal or
temperate forests.

All abovementioned studies explored global patterns
by relating temporal changes in biodiversity to differ-
ences in environmental conditions such as anthropogenic
drivers. The novelty of this study is that we explicitly
link observed temporal changes in biodiversity with
observed broad-scale and local-scale changes in environ-
mental conditions during the survey period across multi-
ple single studies in a meta-analysis. We focus on
temporal changes in understory vascular plant diversity
across European temperate forests. In temperate forest
ecosystems — alongside habitat loss and fragmentation —
atmospheric pollution, management change, climate
change, and disturbances, such as browsing by game,
biotic invasions, and windthrows, are known to drive
changes in vegetation composition and diversity
(Gilliam, 2006; Bernhardt-Romermann et al., 2007;
Bobbink et al., 2010; Lenoir et al., 2010; Paillet et al., 2010;
Royo et al., 2010; Verheyen et al., 2012; De Frenne et al.,
2013; Smart et al., 2014). However, each of these drivers
acts on different spatial scales (cf. extent and resolution).
For example, macroclimate environmental factors differ
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between sites across large spatial extents (e.g., conti-
nents) and have coarse spatial resolution (= 1 km” cf.
gridded data), while, for instance, light availability varies
across smaller spatial extents (e.g., forest stands) involv-
ing finer spatial resolutions (< 1000 m* cf. plot data).
Our study aims to solve this issue using a spatiotemporal
approach. We analyze temporal diversity changes at dif-
ferent spatial scales involving continental to regional
(extent of single study areas) spatial extents and coarse
(gridded data) to fine (plot data) spatial resolutions to
unravel which environmental factors drive changes in
diversity. The temporal scale comprises several decades,
over which changes in species composition were
recorded using resurveys of semipermanent and perma-
nent vegetation plots. Long-term resurvey studies are
particularly important for communities with relatively
slow dynamics, such as herb layers in temperate forests
(Gilliam, 2007). Furthermore, the herb layer typically
comprises a large fraction of vascular plant diversity and
is sensitive to various global-change drivers, including
atmospheric deposition and forest management (Gilliam,
2007). Another advantage of analyzing resurvey plots is
that we account for initial environmental conditions (cf.
the baseline) as well as changes in environmental condi-
tions over time. Consequently, we characterize ecological
factors at the beginning and ending of the surveys
related to herbivory pressure, forest management, and
climate and atmospheric depositions, as not only changes
but also the baseline of these factors could influence
changes in diversity (Pauly, 1995; Dayton ef al., 1998).

We used a network of 39 individual resurvey studies
representing temperate forest ecosystems of Europe to
address two objectives: (i) Based on previous studies,
we expect no net diversity changes at the continental
extent, but considerable across-site variation. We will
explicitly test for patterns of diversity change across all
39 studies and determine which coarse-grained envi-
ronmental drivers (e.g., climate, atmospheric pollution)
and site-level habitat conditions (e.g., herbivory pres-
sure, forest management) contribute most to temporal
changes in diversity across study sites. (ii) At the spa-
tial extent of each of the selected studies, we expect
plot-specific environmental conditions such as nutrient
availability and forest management to drive local
changes in biodiversity. Thus, we tested which local
environmental drivers are associated with temporal
change in local biodiversity.

Materials and Methods

Datasets

We used 39 independent forest understory resurvey studies
(hereafter referred to as datasets), collected in seminatural

temperate forests across 13 European countries ranging from
Switzerland and Hungary to Sweden (south-north) and from
Ireland to Poland (west—east). Twenty-two and twenty-three
of these datasets were previously analyzed in Verheyen ef al.
(2012) and De Frenne et al. (2013), respectively. We extended
these data by adding 16 datasets to increase coverage of tem-
perate understory plant communities across Europe (Fig. 1,
see Table S1 in Supporting Information). All datasets describe
the vegetation of ancient forest sites (sensu Peterken, 1996) in
which no stand-replacing disturbances (e.g., clear-cuttings
followed by replanting with conifers) have taken place since
the date of the first survey (hereafter called baseline survey).
However, management system changes could have taken
place without significant changes in tree species composition
(e.g., transformation from coppicing to mature forest). Each
dataset is composed of multiple permanent or semiperma-
nent vegetation plots (mean number was 51 plots with a
range from 11 to 164; plot sizes ranged between 1 m? and
1000 m?, with most between 100 m? and 500 m?). For each of
the 1994 plots, a complete inventory of all understory plant
species was available for two time periods (for the Stensh-
uvud dataset, spring ephemerals were not recorded). Base-
line surveys were carried out between 1930 and 1993 and the
most recent resurveys between 1987 and 2012 (hereafter
called resurvey). Time intervals between the two surveys
ranged between 17 and 75 years (37 years on average). Cover
of all vascular species in the understory layer for both survey
dates was recorded in percent. Where available (33 of 39
datasets), plot-level cover data for the shrub and tree layers
were included as well. All datasets are also included in a glo-
bal database of forest herb layer resurvey plots from temper-
ate forests (www.forestreplot.ugent.be). For further details,
see Table S1.

Response variables

We used three measures of biodiversity differing in the weight
given to species abundances:

1 Species richness (S), the number of species present within a
vegetation plot, gives equal weight to all species;

2 Shannon diversity, a combined measure of species richness
and evenness, which weights species by their abundance.
We used the exponent of the Shannon index as a true diver-
sity index (referred to henceforth as H);

3 Species evenness (E) is the relative percentage of species
distributed within one plot. It is independent from species
richness and ranges from zero to one, with one representing
a perfectly equal distribution of all occurring species. Even-
ness was calculated by following Smith & Wilson (1996).
See Appendix S1 for more information.

Explanatory variables

To explain temporal changes in diversity across all 39 datasets
(covering a continental extent), we used coarse-grained
(>1 km?) variables related to climate, soil conditions, and
deposition of pollutants from the air, as well as site-level

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12993
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Fig. 1 Map showing the locations of the 39 datasets included in this study (numbers correspond to Table S1).

(study area) variables related to herbivory pressure and man-
agement intensity. To explain changes in diversity between
plots within a given dataset (covering a regional extent) and
separately for each dataset, we used plot-level (<1000 m?)
variables related to light availability at the forest floor, nutri-
ent cycling, and total herb layer cover, which may reflect com-
petition among herb layer species. All these variables were
used to characterize the environmental conditions at (i) the
beginning or end of the observation and (ii) changes during
the time of observations (Table S2).

Explanatory variables for diversity changes among datasets
(hereafter referred to as coarse-grained variables): We used
mean annual temperature (MAT), mean annual precipitation
(MAP), and seasonality in precipitation (coefficient of varia-
tion derived from monthly precipitation values) to character-
ize climatic conditions. Climate data were derived from the
Climatic Research Unit at a spatial resolution of 0.5° latitude/
longitude grid cells covering monthly means for the period
1901-2013 (Harris ef al., 2014). We calculated the 10-year
means for each of the three aforementioned climate variables
before the baseline survey and the 10 years before the resur-
veys for each dataset. Current climatic conditions were charac-
terized using the data derived for the resurvey; changes in
climatic conditions were characterized by subtracting the values
for the baseline survey from those of the resurvey. Nitrogen
deposition was quantified using the EMEP database at a 50-km
spatial resolution. The accumulated rate of atmospheric N-
deposition between the two surveys and the amount of nitro-
gen already deposited at the time of the baseline survey were
calculated based on the methods described in Appendix S1.

Soil conditions were characterized by topsoil acidity (pH) and
bulk density (which may reflect rooting conditions and water
and nutrient retention capacity), all derived from the Harmo-
nized World Soil Database at a 1-km spatial resolution (FAO/
ITASA /ISRIC/ISSCAS/JRC, 2009). As the variability in soil
conditions may be very large within one square kilometer, we
used these variables to place the datasets along the continental
gradient in soil conditions only. We assume that soil condi-
tions remained stable over time. Game density was estimated
as the sum of locally occurring large herbivores (per 100 ha; in
most cases, roe deer, fallow deer, and red deer). Additionally,
for each dataset, it was estimated whether game numbers
increased, decreased, or remained stable between the two veg-
etation surveys (game changes). These variables were based on
the local knowledge available to the data contributors. Game
densities were log-transformed prior to analysis. Management
intensity was estimated by data contributors in three classes
(‘no management’; ‘low intensity management’, referring to
removal of small fractions of the canopy trees due to low-fre-
quency selection cutting, that is, less than 1x per 10 years, and
‘high intensity management’, referring to removal of signifi-
cant fractions of the canopy trees at higher frequency, that is,
more than 1x per 10 years) and change in management inten-
sity (management changes) as either increase, decrease, or sta-
ble. Year of the baseline survey, inter-census intervals, and size of
the study area were used as covariates to account for the poten-
tial effects of site and survey-specific conditions on diversity
change.

Explanatory variables for diversity changes within datasets (here-
after referred to as plot-level variables). All plot-level variables

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12993
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were calculated for the baseline survey and the resurvey sepa-
rately. We used two measures likely to be linked to light avail-
ability at the forest floor, both reflecting local changes in
management of the woody overstory. Total cover of all tree
and shrub layer species (TSL) was calculated based on species-
specific cover values (Fischer, 2015; formula in Appendix S1).
The shade-casting ability (SCA) of the tree species was calcu-
lated as a cover-weighted average of the shade-casting ability
index scores listed in Baeten et al. (2009); these range between
1 (low shade-casting ability) and 5 (high shade-casting ability)
(also see approach in Van Calster et al., 2007; Verheyen et al.,
2012). Two local-scale variables refer to plot-specific nutrient
cycling and availability. The litter quality (LQ) of the occurring
tree species was calculated as the cover-weighted average lit-
ter quality index scores listed in Baeten ef al. (2009). LQ scores
range between 1 (slow decomposition rate) and 5 (high
decomposition rate) (see also approach in Van Calster et al.,
2007; Verheyen et al., 2012). As measures for plot-specific
nutrient availability, we used a proxy for humus quality and
the turnover rates of organic matter (Hms) (calculated as the
product of the species cover weighted Ellenberg indicator val-
ues for N x R, Ellenberg et al., 2001; Rogister, 1978). Ellenberg
indicator values for N and R classify plant species according
to the position of their realized ecological niche along a nitro-
gen and soil reaction gradient, respectively (Ellenberg et al.,
2001). Furthermore, total cover of the herb layer (HL), which
may reflect competition among herb layer species, was calcu-
lated from species-specific cover values following Fischer
(2015, formula in Appendix S1).

Statistical analyses

Diversity changes among datasets. For each dataset, tempo-
ral changes were characterized by calculating response ratios
(study-level RR) for the three diversity measures. These were
calculated per study as the mean log-ratios between the resur-
vey and the baseline survey (Hedges et al., 1999). RR were log-
transformed prior to analyses, following Hedges et al. (1999)
so that RR larger than zero means increases and RR below
zero indicates decreases over time. We used metaregressions
(random-effects models, for technical details see Viechtbauer,
2010) to test whether RR for each diversity measure differed
significantly from zero. All statistics were performed in R 3.1.2
(R Development Core Team, 2014). RR were calculated using
the escalc function (method: ROM), and metaregression analy-
ses were performed using the rma.uni function (Sidik-Jonk-
man estimator) of the metafor-package (Viechtbauer, 2010).

A similar approach was used to identify which species
changed significantly in terms of percent cover over time. For
each dataset, species-specific Cohen’s d effect sizes and their
pooled within-group variances were calculated based on cover
estimations. Cohen’s d effect sizes were chosen, in contrast to
RR, because it can accommodate cover values of zero. These
effect sizes were determined by taking the difference between
the means of the baseline and the resurvey divided by the
pooled standard deviation (Cohen, 1988). For each species,
metaregression analysis was performed to test whether
changes across datasets were significantly different from zero.

To link coarse-grained environmental variables to dataset-
level changes in diversity (represented by study-level RR), we
used metaregression models including moderator variables
(mixed-effects model according to Viechtbauer, 2010). Moder-
ators (study-level variables) may account for parts of the het-
erogeneity in the overall effects. All abovementioned coarse-
grained environmental variables were used as moderators.
Full models with 2-way interactions were simplified via back-
ward selection of the least significant variables until the final
minimal adequate model obtained a minimal Akaike informa-
tion criterion (Crawley, 2007). Prior to analysis, all continuous
moderators were standardized to make the explanatory vari-
ables that were measured on different scales which are compa-
rable (Schielzeth, 2010). All standardized variables were
checked for possible intercorrelations (no significant correla-
tions were observed).

Diversity changes within datasets. Prior to analyses on the
plot level, temporal changes in all response (S, H, E) and
explanatory plot-level variables were calculated as log-trans-
formed response ratios (RR). To test for the influence of plot-
level variables on diversity changes between the baseline
and resurveys, we used path analyses based on the plot-level
RR of each diversity index (S, H, E). The RR of the plot-level
explanatory variables included are linked as shown in the a
priori path model in Fig. 2 (hereafter called the light & nutri-
ent model) and as described in detail in Table 1. This path
model assesses the relative importance of simultaneously
operating environmental drivers on diversity (Arkle et al.,
2014; Grace et al., 2014). It was not possible to fit the light &
nutrient model for all single datasets, so we built an alterna-
tive path model not including the total cover of tree and
shrub layer species (TSL) and shade-casting ability of tree
species (SCA), hereafter called the nutrient model. We fitted
both models to each dataset (33 in total, as for six datasets,
no information about the tree layer was available) and chose,

Fig. 2 A priori developed path model used to analyze the influ-
ence of temporal changes (RR) in local environmental drivers
on changes in different measures of biodiversity (Div, here spe-
cies richness, Shannon diversity, evenness) in herbaceous plant
communities. Abbreviations refer to plot-level response ratios
between the baseline and the resurvey: TSL, total cover of tree
and shrub layer species; SCA, shade-casting ability of the tree
species; LQ, litter quality of the tree species; HL, total cover of
herb layer species; Hms, humus quality. Capital letters are
described in Table 1.

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12993


https://www.researchgate.net/publication/263853918_Causal_networks_clarify_productivity-richness_interactions_bivariate_plots_do_not?el=1_x_8&enrichId=rgreq-782421ca-1f08-4966-a552-69502ee912a5&enrichSource=Y292ZXJQYWdlOzI4MDQ5Mjk4NztBUzoyNTY0MzU0MzkyNzE5MzZAMTQzODE1MDM4MTYxNA==
https://www.researchgate.net/publication/47457479_Conducting_Meta-Analyses_in_R_with_the_metafor_Package?el=1_x_8&enrichId=rgreq-782421ca-1f08-4966-a552-69502ee912a5&enrichSource=Y292ZXJQYWdlOzI4MDQ5Mjk4NztBUzoyNTY0MzU0MzkyNzE5MzZAMTQzODE1MDM4MTYxNA==
https://www.researchgate.net/publication/235710596_Zeigerwerte_von_Pflanzen_in_Mitteleuropa_Scr_Geobot?el=1_x_8&enrichId=rgreq-782421ca-1f08-4966-a552-69502ee912a5&enrichSource=Y292ZXJQYWdlOzI4MDQ5Mjk4NztBUzoyNTY0MzU0MzkyNzE5MzZAMTQzODE1MDM4MTYxNA==
https://www.researchgate.net/publication/235710596_Zeigerwerte_von_Pflanzen_in_Mitteleuropa_Scr_Geobot?el=1_x_8&enrichId=rgreq-782421ca-1f08-4966-a552-69502ee912a5&enrichSource=Y292ZXJQYWdlOzI4MDQ5Mjk4NztBUzoyNTY0MzU0MzkyNzE5MzZAMTQzODE1MDM4MTYxNA==
https://www.researchgate.net/publication/235710596_Zeigerwerte_von_Pflanzen_in_Mitteleuropa_Scr_Geobot?el=1_x_8&enrichId=rgreq-782421ca-1f08-4966-a552-69502ee912a5&enrichSource=Y292ZXJQYWdlOzI4MDQ5Mjk4NztBUzoyNTY0MzU0MzkyNzE5MzZAMTQzODE1MDM4MTYxNA==
https://www.researchgate.net/publication/221958971_The_Meta-Analysis_of_Response_Ratios_in_Experimental_Ecology?el=1_x_8&enrichId=rgreq-782421ca-1f08-4966-a552-69502ee912a5&enrichSource=Y292ZXJQYWdlOzI4MDQ5Mjk4NztBUzoyNTY0MzU0MzkyNzE5MzZAMTQzODE1MDM4MTYxNA==
https://www.researchgate.net/publication/221958971_The_Meta-Analysis_of_Response_Ratios_in_Experimental_Ecology?el=1_x_8&enrichId=rgreq-782421ca-1f08-4966-a552-69502ee912a5&enrichSource=Y292ZXJQYWdlOzI4MDQ5Mjk4NztBUzoyNTY0MzU0MzkyNzE5MzZAMTQzODE1MDM4MTYxNA==
https://www.researchgate.net/publication/227792905_Simple_Means_to_Improve_the_Interpretability_of_Regression_Coefficients_Methods_in_Ecology_and_Evolution_12_103-113?el=1_x_8&enrichId=rgreq-782421ca-1f08-4966-a552-69502ee912a5&enrichSource=Y292ZXJQYWdlOzI4MDQ5Mjk4NztBUzoyNTY0MzU0MzkyNzE5MzZAMTQzODE1MDM4MTYxNA==
https://www.researchgate.net/publication/44847045_Statistical_power_ANALYSIS_for_the_Behavioral_sciences?el=1_x_8&enrichId=rgreq-782421ca-1f08-4966-a552-69502ee912a5&enrichSource=Y292ZXJQYWdlOzI4MDQ5Mjk4NztBUzoyNTY0MzU0MzkyNzE5MzZAMTQzODE1MDM4MTYxNA==
https://www.researchgate.net/publication/265732507_On_the_combination_of_species_cover_values_from_different_vegetation_layers?el=1_x_8&enrichId=rgreq-782421ca-1f08-4966-a552-69502ee912a5&enrichSource=Y292ZXJQYWdlOzI4MDQ5Mjk4NztBUzoyNTY0MzU0MzkyNzE5MzZAMTQzODE1MDM4MTYxNA==
https://www.researchgate.net/publication/230538223_Driving_factors_behind_the_eutrophication_signal_in_understorey_plant_communities_of_deciduous_temperate_forests?el=1_x_8&enrichId=rgreq-782421ca-1f08-4966-a552-69502ee912a5&enrichSource=Y292ZXJQYWdlOzI4MDQ5Mjk4NztBUzoyNTY0MzU0MzkyNzE5MzZAMTQzODE1MDM4MTYxNA==
https://www.researchgate.net/publication/230538223_Driving_factors_behind_the_eutrophication_signal_in_understorey_plant_communities_of_deciduous_temperate_forests?el=1_x_8&enrichId=rgreq-782421ca-1f08-4966-a552-69502ee912a5&enrichSource=Y292ZXJQYWdlOzI4MDQ5Mjk4NztBUzoyNTY0MzU0MzkyNzE5MzZAMTQzODE1MDM4MTYxNA==
https://www.researchgate.net/publication/230538223_Driving_factors_behind_the_eutrophication_signal_in_understorey_plant_communities_of_deciduous_temperate_forests?el=1_x_8&enrichId=rgreq-782421ca-1f08-4966-a552-69502ee912a5&enrichSource=Y292ZXJQYWdlOzI4MDQ5Mjk4NztBUzoyNTY0MzU0MzkyNzE5MzZAMTQzODE1MDM4MTYxNA==

6 M.BERNHARDT-ROMERMANN et al.

Table 1 Pathways and ecological processes associated with the a priori path model shown in Fig. 2; abbreviations according to

Fig. 2

Pathway Code  Process Mechanistic examples

Hms —» Div. = A Influence of humus quality (nutrient Changes toward higher nutrient availability favor nutrient-
availability) on biodiversity demanding species and suppress oligotrophic species

LQ - Hms B Influence of litter quality (decomposition Changes toward faster decomposition of tree leaf litter lead
rate) on humus quality (nutrient availability)  to better humus quality (higher nutrient availability)

HL — Div C Influence of competition (plant individual Changes toward higher total cover of the herb layer are
density) on biodiversity related to changes in abundance of dominating species

TSL - Div. D Influence of light availability (total cover of Changes toward a more closed canopy of the overstory
tree and shrub layer species) on diversity results in less available light at the forest floor and may

lead to decreased abundance of light demanding species

TSL - HL E Influence of light availability (total cover of Changes toward a more open canopy of the overstory allow
tree and shrub layer species) on interspecific  a higher total cover of the herb layer due to higher light
competition availability

SCA - Div F Influence of shade-casting ability of the tree Changes toward canopy species with higher shade-casting

layer species on diversity

SCA-HL G
layer species on competition

Hms <~ HL H
interspecific competition of herb layer
species

Influence of shade-casting ability of the tree

Co-variation between humus quality and

ability (late successional species) lead to a decrease in the
abundance of light demanding herbaceous species
Changes toward species with higher shade-casting ability
(late successional species) allow a lower total cover of the
herb layer due to a lower availability of the resource light
Changes toward better humus quality (higher nutrient
availability) allow high nutrient-demanding species to
increase in cover and consequently lead to a higher total
cover of the herb layer; tall nutrient-demanding species
have better decomposability of litter and lead to better
humus quality

for further analyses, the best fitting model based on the >
value, its p-value, and the root-mean-square-error of approx-
imation (RMSEA).

For each dataset, we extracted the standardized path coeffi-
cients and their variances from the best fitting model. Distin-
guishing between the two model types (light & nutrient or
nutrient), we fitted separate metaregressions for each model
path (using the path coefficients and variances derived for
each single dataset) to summarize its path coefficient and to
test for overall differences from zero. Path analyses were con-
ducted using the sem function (maximum likelihood estima-
tion with robust standard errors and a Satorra-Bentler scaled
test statistic) of the lavaan package (Rosseel, 2012).

The two types of path models included different sets of envi-
ronmental factors related to understory light and nutrient avail-
ability (light & nutrient vs. nutrient). As we were interested in
whether the better fit of a dataset into one of these two model
types was related to potential differences in coarse-grained envi-
ronmental factors, we tested whether coarse-grained environ-
mental factors differ between the dataset described best by the
light & nutrient model or the nutrient model, using a t-test for con-
tinuous or a y? test for categorical variables.

Results

For all three measures of diversity, average temporal
changes between the baseline survey and the resurvey
were not significantly different from zero, but there
was high variability among datasets (Fig. 3). While the

range in values of response ratios was between —0.56
and 0.69, —1.07 and 1.09, and —0.40 and 0.79, for S, H,
or E respectively, tests for skewness were insignificant
(results not shown). An overview on the species with
significant cover changes over time is provided in Table
53. We observed 39 species decreasing in cover vs. 12
species increasing in cover. Based on autecological
knowledge of the species, species that decreased in
cover tended to be associated with open, thermophilous
forests on mostly nutrient-poor soils (e.g., Carex mon-
tana, Iris variegata, Melampyrum pratense, and Tanacetum
corymbosum) or acidic topsoil conditions (e.g., Festuca
ovina, Genista germanica, Luzula luzuloides). In contrast,
species that increased in cover between surveys are
associated with shaded and moist conditions often
associated with increased nutrient availability (e.g., Ca-
rex remota, Dryopteris carthusiana, Dryopteris dilatata,
Impatiens parviflora, and Poa trivialis) or are light
demanding and associated with human disturbance
(e.g., Galeopsis tetrahit, Lactuca serriola, Plantago major,
and Senecio viscosus).

All three diversity measures decreased less if the
accumulated nitrogen deposition at the time of the
baseline survey was high, that is, if the initial levels of
atmospheric nitrogen deposition were high, diversity
changes were lower (Table 2). We found that S and H
increased when game density declined between the

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12993
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Fig. 3 Temporal changes in understory herbaceous plant biodi-
versity. Histograms for all datasets (N = 39) of the change in dif-
ferent aspects of biodiversity (a: species richness; b: Shannon
diversity; c: evenness) between the first and recent vegetation
sampling estimated using response ratios. Dashed lines denote
the mean RR. Mean RR =+ SE and statistical significance of the
change are presented in the upper right corner.

two surveys, while stable or increasing game densities
lead to a decrease in species richness. Furthermore, S
and H decreased when browsing pressure was high.
Surprisingly, none of the most parsimonious models
included significant effects of climatic variables, accu-
mulated N-deposition between the surveys, soil vari-
ables, or management factors.

To test for the influence of local overstory to under-
story relationships on long-term diversity changes, two
alternative path models (light & nutrient, and nutrient
model) fitted the data well for all datasets (nonsignifi-
cant y? values and RMSEA < 0.08). Sixteen and 17 data-
sets were best described by the light & nutrient and the
nutrient model, respectively. For each dataset, the same
model type was fit for each diversity measure. Datasets
described best by the light & nutrient model had a signif-
icantly higher amount of cumulative N-deposition at
the baseline survey (525 kg/ha) than the nutrient model
datasets (324 kg/ha) (Table S4). Although not signifi-
cantly different, nutrient model datasets were first sur-
veyed earlier than the light & nutrient model datasets
(1963 vs. 1971). In the light & nutrient model datasets, the
total cover of the tree and shrub layer significantly
decreased between the two surveys (RR: —0.15), but it
was more stable at the nutrient model datasets (RR:
0.05).

With regards to the light & nutrient model (Fig. 4),
total cover of the herb layer (HL) mediated the influ-
ence of stand characteristics on diversity. However,
only increasing total tree and shrub layer cover (TSL)
had a significantly negative influence on HL. The influ-
ence of HL on diversity varied in magnitude and direc-
tion across diversity measures. For example, the path
coefficient was strongly negative for E, that is, when
more weight was given to plant cover in the calculation
of the diversity measure. The differences in the path
coefficient of the causal relationship between HL and
diversity for all diversity measures became more appar-
ent when considering the combined effect of TSL and
HL on diversity: For S, the negative effect of TSL on HL
was reduced by the positive relationship between HL
and S, while for E, it was strengthened by the negative
relation between HL and E.

For the light & nutrient model, litter (LQ) and humus
quality (Hms) did not contribute significantly to
changes in understory diversity. In contrast, for the
nutrient model, we observed that changes toward better
litter quality were generally associated with better
humus quality. The influence of humus quality on
diversity was only significant for E, which slightly
increased with increasing humus quality.

Discussion

The comprehensive analysis of 39 European forest data-
sets did not reveal systematic changes in local species
diversity (richness, Shannon, and evenness) with time,
in line with our expectations and previous meta-analy-
ses on biodiversity changes in temperate forests of Eur-
ope (Verheyen et al, 2012). The selected datasets
include only ancient forests, so these results do not

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12993


https://www.researchgate.net/publication/230538223_Driving_factors_behind_the_eutrophication_signal_in_understorey_plant_communities_of_deciduous_temperate_forests?el=1_x_8&enrichId=rgreq-782421ca-1f08-4966-a552-69502ee912a5&enrichSource=Y292ZXJQYWdlOzI4MDQ5Mjk4NztBUzoyNTY0MzU0MzkyNzE5MzZAMTQzODE1MDM4MTYxNA==

8 M.BERNHARDT-ROMERMANN et al.

Table 2 Effects of large-scale factors on changes in forest understory diversity for 39 sites across Europe. Summary statistics of the
mixed-effect metaregression models are shown. The table includes estimates (i.e., RR), standard errors (SE), - and corresponding p-
values for all environmental variables included in the most parsimonious” models. 72 is an estimate of residual amount of heteroge-

neity. Significant results are marked as bold

Estimate SE t-value p-value
Species richness (overall p-value <0.001, 72 = 0.04, r* = 0.488)
Intercept [decreasing game density] 0.278 0.09 3.02 0.006
Game density -0.217 0.05 —4.43 0.000
Changes in game density [stable] —0.281 0.12 —2.33 0.029
Changes in game density [increase] —0.316 0.11 —2.75 0.012
Accumulated N-deposition at baseline survey —0.157 0.04 —3.86 0.001
Changes in mean annual temperature —0.074 0.04 —1.83 0.081
Shannon diversity (overall p-value = 0.001, 22 = 0.09, r> = 0.436)
Intercept [decreasing game density] 0.331 0.13 2.49 0.020
Game density —0.302 0.07 —4.36 0.000
Changes in game density [stable] —0.372 0.17 -2.15 0.042
Changes in game density [increase] —-0.373 0.16 -2.29 0.031
Accumulated N-deposition at baseline survey -0.191 0.06 -3.28 0.003
Evenness (overall p-value = 0.048, > = 0.04, v = 0.080)
Intercept —0.004 0.03 -0.12 0.904
Accumulated N-deposition at baseline survey —0.070 0.03 —2.05 0.048
[TSL1[SCA] () [TsLiscA]

Fig. 4 Results of the path analyses revealing the influence of local environmental drivers on different aspects of biodiversity (S: species
richness, H: Shannon diversity, and E: evenness). (a, ¢, and e) Show the light & nutrient model results; (b, d, and f) Show those of the
nutrient model results. Standardized path coefficients + SE, derived from the metaregression analyses, are shown and are the summa-
ries of dataset-level individual path analyses (Table S5). Significant path coefficients are shown in bold; abbreviations follow Fig. 2.

apply to forest communities subjected to direct impacts
of habitat loss and land conversion, which are major
drivers of global biodiversity loss (Foley et al., 2005;
Pereira et al., 2012; Vellend et al., 2013). We focused on
mostly intact habitats to disentangle subtle changes in

diversity patterns that are not as obvious as when a for-
est has been, for instance, converted into agricultural
land. Given the focus on temporally stable forest habi-
tats, our results do not contradict the findings of global
losses in diversity.

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12993
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Influence of broad-scale environmental factors

Overall changes in local diversity were not significantly
different from zero, but in most datasets, species” diver-
sity either increased or decreased with time. We
observed, echoing Dirnbock et al. (2014), a shift toward
dominance of more nutrient-demanding forest species,
and, echoing Paillet et al. (2010), a shift in favor of dis-
turbance-tolerant species (ruderals).

Decreases in all three diversity measures of diversity
were related to high game densities. Similar patterns
were observed by Katona et al. (2013) and Jenkins ef al.
(2014), who attributed decreases in species richness at
high browsing pressure to selective damage of plants
preferred by game for feeding. Such selective feeding
may result in increased cover of ferns, a pattern in
accordance with our results. Jenkins et al. (2014) pre-
dicted a recovery in species richness when game den-
sity declines, which is also consistent with our findings.

We did not observe significant impacts of climatic
variables, accumulated N-deposition between surveys,
soil variables, or management on species diversity. We
explain this unexpected pattern in two ways: (1)
Changing environmental conditions do not necessarily
cause predictable directional changes in the forest floor
environment. For instance, in a forest with an already
dense overstory, a decrease in forest management may
not alter the light regime at the forest floor. Thus, the
influence of this factor might not affect forest floor spe-
cies diversity. In contrast, in a forest with an open can-
opy, a decrease in forest management may lead to
canopy closure and lower light availability in the forest
floor, and, consequently, a decrease in ligth-demanding
species diversity of the forest understory. We argue that
temporal changes in biodiversity due to forest manage-
ment are highly context dependent. (2) In several cases,
the resolution of the available environmental data may
not be sufficient to detect impacts of environment on
diversity. For example, we observed a strong influence
of shrub and tree cover on diversity, which may be
used as a proxy for management intensity (Verheyen
et al., 2012). However, management intensity, a categor-
ical variable, did not affect any diversity measure in
this meta-analysis. We conclude that one limitation of
the present study was that the quantification of certain
environmental drivers [e.g., management intensity, top-
soil acidity (pH), and climatic variables] was too coarse
to capture temporal changes in biodiversity. Future
research should try to include more detailed character-
izations of environment, especially those intended to
reflect anthropogenic drivers.

One of our most striking results was that larger
changes in all three diversity indices occurred in
regions where less accumulated nitrogen deposited at

the time of the baseline survey. Thus, the datasets in
our study had different baselines (e.g., Pauly, 1995;
Dayton et al., 1998; Isbell et al., 2015); for datasets with
low diversity changes over time, but having experi-
enced high amounts of already deposited nitrogen at
the time of the baseline survey, community changes
induced by nitrogen may already have taken place
before the baseline survey. Surprisingly, diversity
changes were only weakly related to the year of the
baseline survey. An explanation may be that the year of
the baseline survey acts as a proxy for different envi-
ronmental conditions at the start of the observation per-
iod. When identifying appropriate baselines for
observational studies, we should rely on more direct
measures of environmental conditions, such as levels of
preexisting deposited nitrogen, rather than indirect
measures, such as year.

Bobbink et al. (2010) proposed deposition rates of
20 kg/ha*yr, a value exceeded by most of our datasets,
as a threshold below which the amount of annual nitro-
gen deposition in forest ecosystems may not lead to
compositional changes in understory vegetation in tem-
perate forests (critical load). Focusing on species diver-
sity only, we observed that N-deposition did not
influence any measure of diversity, which contradicts
the expectations by the concept of critical load, but is in
accordance with the study by Verheyen ef al. (2012)
who postulated that dense forest canopies may buffer
the effect of enhanced nitrogen availability. To explain
the missing influence of N-deposition on species rich-
ness, there are two potential interpretations: (i)
Changes in stand characteristics toward a denser can-
opy cover may delay diversity changes in the under-
story until the stands are opened again (Keith et al.,
2009; Verheyen et al., 2012) or (ii) due to different base-
lines at the time of the initial survey, nitrogen-induced
changes had already occurred.

Influence of local-scale environmental factors

We tested these two hypotheses with a path analysis
approach. The datasets were subdivided into two
groups: the first (the light & nutrient model sites)
included all datasets where vertical stand characteris-
tics were important (mainly total sum of the tree and
shrub layer), and the second (the nutrient model data-
sets) included all datasets where nutrient cycling and
availability (litter and humus quality) were related to
changes in diversity indices. If the ‘different baseline’
hypothesis is true, we would assume that nutrient-
related changes mainly occur in datasets with low lev-
els of preexisting nitrogen deposition (Gilliam, 2006).
Conversely, if diversity changes were delayed due to
changes in stand characteristics toward a denser tree
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canopy, we should find high diversity changes in data-
sets where total canopy cover decreases (Verheyen
et al., 2012). Both hypotheses appear valid. On one
hand, in datasets with low preexisting nitrogen deposi-
tion, nutrient-related environmental factors controlled
biodiversity changes. On the other hand, for the data-
sets best described by the light & nutrient model, the
total sum of tree and shrub layer cover decreased
between the two surveys. This environmental driver,
related to light availability at the forest floor, was the
strongest driver of diversity changes. Both processes
should be considered to fully understand the processes
underlying temporal changes in diversity. Indeed, it is
important to incorporate potential differences in base-
lines of environmental drivers (here the already accu-
mulated nitrogen deposition at the time of the baseline
survey, but one may think of other factors not incorpo-
rated in this study), but also local changes in stand
structures related to forest management may delay
plant community responses to increased nitrogen depo-
sition (e.g., environmental factors that change within
the observation period).

The applied path analysis approach clearly demon-
strates that the magnitude of plot-specific biodiversity
changes is due to the combined effect of simultaneous
environmental drivers. It is noteworthy that both direct
and mediated effects of overstory stand characteristics
impacted changes in herb layer biodiversity patterns.
The observed direct effect of decreasing light availabil-
ity at the forest floor (increasing tree layer cover)
resulted in declines in species richness and Shannon
diversity, which coincides with recent studies (Decocq
et al., 2004; Bernhardt-Romermann et al., 2010; Kopecky
et al., 2013; Plue et al., 2013). Persistent shading results
in local extinctions by reducing establishment and sur-
vival of light-demanding species (Valverde & Silver-
town, 1997). Interestingly, understory—overstory
relationships included strong mediating effects, which
either diluted or strengthened overstory effects on
understory diversity. We observed a decline in total
cover of the herb layer when light availability at the for-
est floor decreased over time. Reduced light availability
at the forest floor slows down mineralization of organic
matter and triggers the buildup of thicker litter layers
(Van Calster et al., 2007). Consequently, herb layer
cover covaried with humus quality. However, the
impact of herb layer cover on diversity differed for each
diversity measure. Species richness increased with herb
layer cover, which may be explained by two comple-
mentary factors: (i) the co-occurrence of shade-tolerant
and heliophilous species at higher levels of light avail-
ability may lead to increased total cover of the herb
layer, and (ii) the spread of nutrient-demanding species
often builds a dense herb layer. The species originally

present would likely decrease in cover (possibly lead-
ing to local extinctions in the long-term), but in the
short term, they would still contribute to species rich-
ness. The first of these processes would also lead to the
observed increase in evenness where total herb layer
cover was lower. Where light availability was reduced,
shade-tolerant species likely exhibited relatively high
survival, yet as weak competitors, evenness would
increase as none of these species dominated the com-
munity. In contrast with increased humus quality,
evenness would decrease as species promoted by
higher nutrient availability will dominate communities
(Gilliam, 2006; Bernhardt-Romermann et al., 2010).

Combined influence of broad-scale and local-scale
environmental factors

Taking the influence of broad-scale as well as local-
scale environmental factors into account, we found evi-
dence that three complementary processes are needed
to explain dataset-specific changes in biodiversity. First,
potential differences in baselines of environmental
drivers, such as the accumulated nitrogen deposition at
the time of the baseline survey, may lead to differences
in diversity responses because nitrogen-induced
changes may already have taken place before the base-
line survey started. Second, temporal changes in local
stand structure governing light availability at the forest
floor may delay vegetation responses to increased nitro-
gen deposition. Third, increasing game density was
associated with decreases in species diversity across the
study areas, suggesting that the selective feeding pref-
erences of wild animals may strongly affect regional
biodiversity changes.

Surprisingly, we observed that changes in coarse-
grained environmental conditions (like climate) had no
significant effect on diversity changes (but see marginal
influence of changes in mean annual temperature on
species richness). In consequence, models forecasting
future biodiversity changes should not only account for
changes in coarse-grained environmental conditions
(cf. future climate change and land-use change scenar-
ios) but also incorporate both coarse-grained baseline
environmental conditions (e.g., baseline nitrogen depo-
sition) and local fine-resolution changes in environmen-
tal conditions to improve the accuracy of their
predictions.
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Supporting Information
Additional Supporting Information may be found in the online version of this article:

Appendix S1. Details on the methods.

Table S1. Details of the 39 study sites included in this meta-analysis.

Table S2. Overview table on environmental and ecological variables used in our analyses.

Table S3. Mean Cohen'’s d effect sizes for all species with significant cover changes between the baseline and resurvey, and with
Cohen’s d values larger than 10.21.

Table S4. Differences between the light & nutrient model and the nutrient model regarding large-scale explanatory variables.

Table S5. Mean standardized path coefficients of the path models for S, H, and E.
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