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Summary

In the absence of wholesale conversion of natural habitat to cropland, time series of plant communities show no
evidence of consistent and widespread declines in species richness owing to human activities. Instead, time series
suggest that human activities have led to widespread increases in temporal species turnover. It is unclear, however,
whether this turnover has a systematic and predictable component. In order to gain a general understanding of
why and how plant diversity is changing, we need to ask whether similar types of plant species are consistently
lost and gained from local communities. In this thesis, | test whether species gains and losses can be explained
by species geographic range size. Range size reflects the ability of species to disperse and colonize, their niche
breadth and niche position as well as their local abundance, thus capturing multiple factors relating to a species’
vulnerability to environmental change. Moreover, range size links temporal with spatial turnover of species, as
communities that lose small-ranged while gaining widespread species become more similar over time. Therefore,
understanding the link between species range size and the likelihood that species increase or decrease over time
can not only help us shed light on why certain species "win" or "lose", but also on the consequences of these

shifts for the distinctiveness of plant communities.

Empirical applications to study temporal changes in community composition are, however, constrained by a gen-
eral paucity of ecological time series. In Chapter 2, | therefore reconstruct time series of plant communities by
integrating species point-occurrence records from three global data-sharing networks. | combine these data with a
global map of reconstructed historical land use to ask whether species with small ranges have declined preferentially
in grid cells of a quarter degree due to the loss of natural habitat. | found that the median range size across
all species within a grid cell was higher on average after natural habitat was lost. Furthermore, | quantify the
probability of persistence of small- and large-ranged species at different levels of habitat loss. | found that species
with small ranges had a lower probability of persistence than species with large ranges at already intermediate
levels of habitat loss. | conclude that range size may help to explain species trajectories at relatively small spatial
scales and therefore hypothesize that temporal turnover within communities could act to increase the similarity
between communities when natural habitat is lost. However, the exact reasons for why smaller-ranged species are
more likely to be lost remain unclear. Moreover, owing to several limitations of the data used in this study, | was
not able to analyze the consequences of directional temporal turnover in relation to species range size on alpha,

beta, and gamma diversity.

In Chapter 3, | use vegetation resurvey data from 68 forest understory studies spread across Europe's temperate
forest biome to validate results of Chapter 2 with better data and understand the reasons and consequences of
directional turnover in relation to range size. | therefore ask three main questions: i) Have small-ranged forest
plant species declined preferentially over time at study sites? ii) Do any such trends simply reflect stochastic,
demographic effects, or do they also reflect niche effects that strengthen with abiotic environmental changes such
as atmospheric nitrogen deposition? iii) Do species replacements evoke a homogenization pattern with small-scale

richness remaining constant on average while larger-scale richness declines? | found that herb-layer species with



small geographic ranges are being replaced by more widely distributed species, and the results suggest that this is
more likely due to species niche position for nutrients than to demographic effects. Nitrogen deposition accelerated
both the loss of small-ranged, nutrient-efficient plants and colonization by broadly distributed, nutrient-demanding
plants (including non-natives). | found that despite no net change in species richness at the spatial scale of a

study site, the cumulative loss of small-ranged species reduced biome-scale (gamma) diversity.

Since Chapter 3 is restricted to forests, it remains unclear whether the identities of "loser" and "winner" species
represent idiosyncratic local outcomes of drivers of change (e.g., nitrogen deposition), or whether there are general
patterns across systems. In Chapter 4, | integrate three resurvey databases from three contrasting habitats in
Europe - mountain summits, deciduous and coniferous forest and lowland grasslands - to test for commonalities
and differences in the effect of range size on species trajectory between habitats. | found in all three habitats that
species with larger ranges replaced species with smaller ranges, regardless of whether the average site-level species
richness increased (summits), had no clear trend (forests) or decreased (grasslands). In parallel, plant communi-
ties in all three habitats shifted towards more nutrient-demanding species over time, where the data suggests that
large-ranged species are more nutrient-demanding. This suggests the loss of species with smaller ranges is likely
not only a direct abiotic result of global environmental change, but also of increased biotic pressure (i.e. com-
petition with more resource-acquisitive species) that indirectly results from global change. Since the replacement
of small-ranged species acts to homogenize vegetation between unique habitats, a better understanding of the

relative importance of abiotic versus biotic effects of global change on systematic turnover is much needed.

Overall, this thesis provides empirical evidence to suggest that temporal species turnover has a systematic and
predictable component, based on species range sizes as a key synthetic measure of species ecological differences.
Larger-ranged species have consistently replaced smaller-ranged species over time. The results of this thesis
suggest this directional turnover is not only due to stochastic, demographic effects but also due to aspects of
species niche. Moreover, the patterns documented here suggest losses of small-ranged plant species may not
only be due to the direct effects of global environmental changes, but also due to indirect effects from increased
competition. Altogether, this thesis provides empirical evidence that small-ranged species can be doubly vulnerable
to extinction, both because of purely geographical reasons, as they by definition occupy fewer sites, and also because
they can be more vulnerable to being lost at any given site. Finally, this thesis provides supporting evidence for
biotic homogenization, the process by which global environmental changes favor larger-ranged plant species, with

the consequence that distinct vegetation types become more similar over time.
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Chapter 1 - Introduction

A long-standing theory in biodiversity change research is that human activities lead to consistent and widespread
declines in local species richness (Gonzalez et al., 2016; Cardinale et al., 2018). The generality of this pattern
has been inferred from space-for-time substitution studies, showing that species richness is typically lower in areas
perturbed by humans (e.g. McKinney, 2004; Pautasso, 2007; Aronson et al., 2014; Murphy and Romanuk, 2014;
Newbold et al., 2015). However, ecological processes occur in time and over the last decade, several studies based
on time-series data found contrasting evidence, showing that local diversity is not in fact declining systematically
over time (Vellend et al., 2013; Dornelas, Gotelli, McGill, et al., 2014; Blowes et al., 2019). The contrasting
results from temporal and space-for-time studies led to the “no net loss debate” (Gonzalez et al., 2016). On the
one hand, time series studies have been criticized for not being representative for the geography of human impact
and shifted baselines (Gonzalez et al., 2016), creating a strong sampling bias in these analyses. On the other
hand, space-for-time studies were criticized for not considering that human changes proceed much faster than the
speed at which biological communities respond and that several processes can lead to the same spatial pattern
(Damgaard, 2019). Although the "no net loss" debate is still ongoing, it has led to a constructive rethinking of

where we sample and monitor biodiversity and how we measure biodiversity change.

The departure from the single-faceted story-line that human activities systematically reduce local species richness
stimulated new questions. Among these, whether species richness is a meaningful measure to understand and pre-
dict biodiversity change (Santini et al., 2017; Hillebrand et al., 2018). Species richness does not capture changes
in community composition, so that even when local species richness is constant, the identities of species may have
changed entirely over time. Indeed, biodiversity time-series reveal that the replacement of species occurs in excess
of natural rates, despite no net loss in local diversity (Dornelas, Gotelli, McGill, et al., 2014; Blowes et al., 2019).
Yet, it is largely unclear whether there is any systematic pattern to this replacement (Dornelas, Gotelli, Shimadzu,
et al.,, 2019). In the case that the identity of loser and winner species is deterministic in that certain ecological
profiles of species are favored due to changes in the environment, this could help to better understand the pro-
cesses underlying biodiversity change and predict its consequences for the global species pool and the functioning
and diversity of ecosystems (Pereira, Navarro, and Martins, 2012). However, tests of whether certain types of

species are consistently more likely to be lost or gained over time in local communities across habitats remain scarce.

For vascular plant species, studying temporal turnover in relation to their geographic range size can shed light
on why certain species "win" or "lose". The range size of plant species is a key synthetic measure of their
niche, functional and demographic features (Gaston and Fuller, 2009). Species with larger ranges naturally face
a larger gradient in environmental conditions and are therefore expected to have wider niche breadths and a
greater capacity to respond to environmental changes (Slatyer, Hirst, and Sexton, 2013; Kambach et al., 2019;
Razgour et al., 2019). Moreover, the range size of plant species can be associated with their niche position.
Range size is associated with species functional traits and resource strategy (Estrada et al., 2015; Sonkoly et al.,

2017), which may affect the probability of losses and gains, as anthropogenic changes favor specific strategies over



others. Finally, range size correlates positively with species abundance. Species with smaller ranges often have
smaller local population sizes (Gaston, Blackburn, et al., 2000) and may therefore have a greater vulnerability to

being lost due to both stochastic, demographic processes and environmental changes (Schoener and Spiller, 1987).

Studying temporal turnover in relation to species range size can further provide insights into the consequences of
biodiversity change beyond the community level. If small-ranged species that act to differentiate vegetation types
are consistently replaced by more widespread species, distinct vegetation types may become more uniform — a form
of biotic homogenization (McKinney and Lockwood, 1999; Olden and Poff, 2003). In addition, if small-ranged
species are more vulnerable to being lost at any given site, this could mean they are at double risk of extinction as
they by definition also occupy fewer sites (Pimm et al., 2014). The cumulative replacement of small-ranged species
could then relatively quickly translate into extirpation from larger regions (Collen et al., 2016) and thus potentially
affect the global species pool. Evidence for such replacement could therefore help to reconcile how local species
richness may remained unchanged while global diversity declines (Diaz, Settele, Brondizio, et al., 2019; Dornelas,
Gotelli, McGill, et al., 2014). Range size can therefore not only provide insights into the underlying mechanisms of
biodiversity change, but also on the consequences of community-level changes for the distinctiveness of vegetation

types and the diversity of species at broader spatial scales.

The main objective of this thesis is to test whether species losses and gains in vascular plant communities can
be explained by species geographic range size and to gain a better understanding of the processes that lead to
any such systematic turnover of species over time. | ask four main questions: i) Are small-ranged plant species
more likely to decline at relatively small spatial scales over time (Chapter 2, 3 & 4); ii) To what extent does
any such effect of range size on species trajectory reflect niche or stochastic effects (Chapter 3 & 4); iii) Does
the common replacement of small- by large-ranged species affect other forms of biodiversity (i.e. gamma and
beta diversity) (Chapter 3 & 4), and iv) Do local communities consistently shift towards larger-ranged plant
species across contrasting habitats (Chapter 4)? This thesis provides insights into whether temporal turnover in
plant communities is predictable and whether any such directional change acts to homogenize vegetation between

habitats and reduce species richness at larger geographic scales.
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1 | INTRODUCTION

The major driver of the current extinction crisis (Pimm et al., 2014)
is, and is also projected to remain for the first half of the 21st
century, change in land use (Maxwell, Fuller, Brooks, & Watson,
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Abstract

Aim: The geographical range size of species is a strong predictor of vulnerability to
global extinction. However, it remains unclear whether range size is also a good pre-
dictor of extinction risk at much smaller scales. Here, we reconstruct biodiversity
time series to ask whether species with small ranges have declined preferentially with
habitat loss at the local scale.

Location: Global.

Time period: 1500-2015.

Major taxa studied: Vascular plants.

Method: We collated 70 million occurrence records of 180,000 species of vascular
plants from three biodiversity data-sharing networks. We combined these with data
on changes in global land use to find locations (0.25° grid cells) with biodiversity data
before and after loss of natural habitat. First, we examined the change in community
median range size before and after habitat loss. Second, we quantified the prob-
abilities of local persistence of small- and large-ranged species at different levels of
habitat loss.

Results: Community median range size was higher after habitat loss, on average.
Species with small ranges had lower probabilities of persistence than species with
large ranges at already moderate habitat loss (<50%).

Main conclusions: The loss of natural habitat has a differential effect on the local
extinction risk of species with different range sizes. Given that species with small
ranges decline preferentially, habitat loss can create a linkage between temporal and
spatial species turnover, in that changes within communities decrease compositional

differences between communities.

KEYWORDS
biotic homogenization, persistence, range size, spatial species turnover, temporal species

turnover

2016; Pereira et al., 2010; Sala et al., 2000). Yet, vulnerability to
extinction from habitat loss is not constant across species. Among
the strongest predictors of the threat of extinction in terrestrial
species is small geographical range size (Gaston & Fuller, 2009;
Manne, Brooks, & Pimm, 1999). In part, this is simply because

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.
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species with small ranges have a lower number of localities at
which, upon habitat loss, they either persist or go extinct. But
even within a locality, small-ranged species might suffer from a
higher extinction risk than widespread ones. One reason for this
could be that species with small ranges tend also to have smaller
local populations (Brown, 1984; Gaston et al., 2000), and with de-
creasing population size, the vulnerability to environmental per-
turbations increases (Christiansen & Fenchel, 2012; Schoener &
Spiller, 1987). However, it remains poorly documented whether
the threat of local extinction in species experiencing habitat loss
can indeed be predicted by range size.

One corollary of an increased local extinction risk for small-
ranged species would be that habitat loss creates a linkage between
temporal and spatial species turnover, in that spatial turnover is re-
duced by temporal turnover. This is because previously differentiated
local communities would increasingly resemble one another in spe-
cies composition when habitat loss results in a net loss of exactly the
species that drive that very differentiation (McKinney & Lockwood,
1999; Olden & Poff, 2003). Recent analyses of biodiversity time se-
ries find that temporal species turnover in local communities is oc-
curring at rates in excess of background levels predicted by null and
neutral models (Dornelas et al., 2014; Magurran, Dornelas, Moyes,
Gotelli, & McGill, 2015). Itis hypothesized that this pattern is driven
by biotic homogenization; that is, widespread species replace those
with small ranges, and thereby, decrease spatial turnover but main-
tain local numbers of species (Dornelas et al., 2014). However, the
empirical evidence that supports this hypothesis is scarce, all the
more so for areas that are representative of habitat loss (Cardinale,
Gonzalez, Allington, & Loreau, 2018; Gonzalez et al., 2016).

Moreover, evidence is lacking with regard to the amount of habi-
tat loss that species can tolerate before becoming vulnerable to local
extinction. Albeit highly relevant for conservation, we do not know
whether thresholds of local habitat loss differ between species with
small and large ranges. If small-ranged species are more vulnerable
to even moderate habitat loss, the effect of habitat loss on biodi-
versity might be amplified, simply because most species have small
ranges (Gaston, 1996). Although some models predict abrupt species
loss when natural habitat availability falls below a threshold of 30%
in the landscape (Andrén, 1994), it has recently been documented
that initial intrusion in intact landscapes can substantially erode local
biodiversity (Betts et al., 2017; Staude et al., 2018). This might be at-
tributable to the local extinction of numerous small-ranged species
that are already vulnerable to lower amounts of habitat loss.

Empirical applications to study temporal community changes and
species persistence in human modified landscapes on a global scale
have been, to date, constrained by a general paucity of represen-
tative ecological time series and high-resolution historical land-use
data. However, over the last two decades, millions of digital species
records have been mobilized via international data-sharing net-
works, providing spatio-temporal information on species occurrences
(Meyer, Weigelt, & Kreft, 2016). Moreover, global change in land
use has been reconstructed for the late Holocene and has recently
been made available at high temporal and spatial resolution with the

and Biogeography Mol

LUH2vh product (http://luh.umd.edu/data.shtml; Hurtt et al., 2011).
Integrating single point occurrences to the spatio-temporal resolu-
tion of such land-use data uncovers new vantage points for ecological
research, because community time series data in areas undergoing
change in land use can be reconstructed (Johnson et al., 2011).

Here, we use these data sources to compare the frequency dis-
tribution of species range sizes in vascular plant communities be-
fore and after habitat loss. We test whether this distribution shifts
towards larger ranges. Next, we quantify the probability of local
persistence of species with small and large ranges along a gradient
of habitat loss. We hypothesize that small-ranged species are more

vulnerable to local extinction from habitat loss.

2 | METHODS

2.1 | Land-use data

We used historical land-use reconstruction data provided by the
Land Use Harmonization v2h product (LUHv2h; http://luh.umd.
edu/data.shtml; Hurtt et al., 2011). Inputs of LUHv2h include HYDE
3.2 (Klein Goldewijk, Beusen, Drecht, & Vos, 2011), Food and
Agriculture Organization (FAO) wood harvest data (FAO, 2008) and
Landsat-based forest loss data (Hansen et al., 2013), among others
(Hurtt et al., 2011). LUHv2h provides information about the annual
states of 12 land-use classes at a 0.25° spatial resolution for the pe-
riod 850-2015; that is, each grid cell gives a value for the percentage
of cover of each of the land-use classes. Land use is divided into two
classes of natural vegetation (forests or non-forests) and 10 human
land uses (five cropland, two secondary vegetation, two grazing and
one urban uses). Here, the natural forest and non-forest classes were
aggregated into one natural habitat class. We define habitat loss as
the loss of this natural habitat class. Note that the aggregate of the
10 human land uses is complementary to this natural habitat class.

2.2 | Vascular plant data

We downloaded all openly available, georeferenced data on vas-
cular plant occurrences via the Global Biodiversity Information
Facility (GBIF; https://doi.org/10.15468/dl.chiubr, accessed 6
December 2017), Botanical Information and Ecology Network
(BIEN; R package sien; Maitner et al., 2018) and the Projecting
Responses of Ecological Diversity In Changing Terrestrial Systems
(PREDICTS; https://doi.org/10.5519/0066354; Hudson et al.,
2014) databases. We applied geographical filters to exclude impos-
sible, incomplete or unlikely sampling locations (R package scrubr;
Chamberlain, 2016). Temporal filters confined biodiversity data to
the period 1500-2015. Taxonomic filtering and taxon resolution
and standardization included iPlant's Taxonomic Name Resolution
Service (R package taxize; Chamberlain & Szdcs, 2013). We ex-
cluded duplicates of species, sampling location and year combi-
nation. Joining these data resulted in 73,097,393 unique records
for 177,774 vascular plant species (i.e., c. 56% taxonomic cover-
age of ¢. 315,000 vascular plant species; theplantlist.org). Missing

Chapter 2



18 Wl LEY— Global Ecology Adoumalof

STAUDE ET AL.

and Biogeography Hacestoly

species are most likely to be rare, small-ranged species and those
endemic to regions with little documentation and data-mobiliza-
tion effort. We provide R code for data retrieval and cleaning in

the Supporting Information (section R code 2.1-2.4).

2.3 | Range sizes

For most species, scarcity of point occurrences at unique locations
prevents the construction of meaningful species distribution mod-
els (Feeley, 2012; Guisan et al., 2007) or extent-of-occurrence range
maps (Gaston & Fuller, 2009). In particular, species with restricted
geographical distribution might be underrepresented when con-
fining diversity data to species for which distribution modelling is
appropriate. We thus opted for an alternative approximate but trans-
parent approach to estimate range sizes. Initially, we gridded the
c. 73 million species records to the spatial resolution of the LUHv2h
data, which we had previously re-projected into an equal-area grid
(Behrmann projection). Next, we simply counted the number of cells
that each species occupied on that grid (Gaston, 1996). Each species
thus had one range size estimate that was derived from all its occur-
rence records to date and measured the species’ area of occupancy
(Gaston & Fuller, 2009).

Owing to the incomplete spatial coverage of digital biodiversity
data, we probably underestimated range size (Isaac & Pocock, 2015).
Importantly, underestimation is worse for species that have parts
of their ranges in areas with severe data gaps. This uneven spatial
coverage is particularly problematic when comparing locations.
However, this limitation did not affect our analyses, because we
were comparing the temporal change within locations rather than
between them.

2.4 | Communities before and after habitat loss

First, we gridded all species occurrence records to the spatial and
temporal resolution of the LUHv2h data. This allowed us to iden-
tify cells that had species records before (280% of natural habitat
remaining) and after (0% of natural habitat remaining) habitat loss.
Each of these cells therefore gave us an individual set of species
for a before and after habitat loss period. Henceforth, we refer to
these species sets as communities. We further introduced a lower
bound for the number of species in these communities to account
for under-documentation. When cells had one community with < 10
species, either before or after habitat loss, we discarded them (see
Supporting Information for discussion of thresholds and sensitivity
test; Supporting Information Figure S1).

The application of the two rules for inclusion of cells (records
before and after habitat loss and > 10 species recorded before and
after habitat loss) resulted in an inclusion of one in 1,000 cells. From
the c. 90,000 cells, over which the 70 million species occurrence re-
cords were distributed, 657 cells had biodiversity data both before
and after habitat loss. Of the 657 cells, 89 had 210 species recorded
before and after habitat loss. The final 89 cells cover 11 out of 14
biomes (Figure 1). Their distribution reflects both change in land

use and the spatial bias typical of biodiversity records (e.g., severe
gaps across Asia, Northern and Central Africa, Amazonia and Arctic
Canada; Meyer et al., 2016) but also that areas of exceptionally high
biodiversity might be over-represented (e.g., Atlantic Forest in SE
Brazil, the Cape Provinces, Western Australia and California).

Digital biodiversity data suffer from not only spatial but also
temporal bias (Meyer et al., 2016). Typically, the number of species
records, and consequently, the number of species, increase progres-
sively in time. In the LUHv2h data, natural habitat can only be lost
but not gained with time; more natural habitat generally corresponds
to earlier years and little natural habitat to later years. Given that
documentation is higher in later years, the number of species is
generally higher when little natural habitat remains (i.e., after hab-
itat loss). In our subset of cells, the average time that passed until a
cell went from 280 to 0% natural habitat was 81 years (Supporting
Information Figure S2) and the average community richness was 55
and 218 species, respectively.

Nevertheless, because we do not compare the number of spe-
cies but range size composition before and after habitat loss, we can
account for this temporal bias by artificially keeping the number of
species constant over time. For each cell, we repeatedly subsampled
species from the community with the higher number of species (with-
out replacement), so that the before and after community of a cell had
the same number of species (number of sampling repetitions, n = 100;
Figure 2). For each cell, community and nth subsample, we then cal-
culated a summary statistic that described the composition of species
range sizes before and after habitat loss. We calculated median range
sizes, because range-size frequency distributions are strongly right
skewed. The medians that were obtained from the 100 subsamples
of the community with the higher number of species in a cell were
averaged. For each cell, we then calculated the log ratio of median
range size after and before habitat loss to obtain effect sizes. With
a pairwise permutation test (Monte Carlo Fisher-Pitman test) we
tested whether the mean of the effect sizes was different from zero.

Finally, we used a simulation approach to test whether our
method introduces any bias. We simulated 1,000 before and after
habitat loss communities with 50 and 200 species, respectively.
For both the before and the after community, species range sizes
were simulated from the same log-normal distribution. We fol-
lowed the protocol above and subsampled the community with
more species, in this case always the after community, 100 times.
We averaged medians from the subsamples and compared this
value with the median range size of the before community. If our
method is indeed free of bias, effect sizes obtained from the 1,000
community comparisons should be normally distributed. We
provide R code for this simulation in the Supporting Information
(section R code 3.1 & 3.2).

2.5 | Probability of persistence along a habitat
loss gradient

By gridding species occurrence records to the spatio-temporal
resolution of the LUH2vh data, we could link each record to the
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FIGURE 1 Spatial distribution of locations (0.25° cells) with biodiversity data both before (280% of natural habitat remaining) and after
(0% of natural habitat remaining) habitat loss and with = 10 plant species reported before and after habitat loss. Circles are semi-transparent
and coloured according to biomes. Map is in Eckert IV projection [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2 Schematic representation of our approach to comparison of species range sizes before and after habitat loss. The scheme
focuses on one cell, cell.. Cell, has species occurrence records before and after habitat loss. These give an individual set of species for before
and after habitat loss. These sets we name communities. Communities had to have = 10 species (not shown for clarity). For each community,
we calculate the median (med) range size. Given that digital biodiversity records increase with time, there are typically more species in the
after community. We subsample the after community 100 times. Each time, we take as many samples as there are species in the before
community and calculate, for that subset, the median range size. These medians are averaged. We compare this value with the median range
size from the before community [Colour figure can be viewed at wileyonlinelibrary.com]

amount of natural habitat that remained at the time (year) and loca-
tion (0.25° grid cell) where it was made. Hence, for each species
we could produce a list of habitat values for each cell that it oc-
cupied. We could then find, for each species, the amount of habitat

that remained at its last record in a given cell (hereafter, minimum

habitat value). The minimum habitat value indicated the amount
of habitat loss at the latest time when a species was still reported
to be present in a cell. These values were used to calculate per-
sistence curves for small- and large-ranged species experiencing
habitat loss.
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It was not possible to find minimum habitat values for all species
and all cells in our data collation. This was because of insufficient
sampling for many species but also because we needed to confine
data to cells that had experienced habitat loss. Therefore, we set
three rules for the inclusion of species and cells: (a) in each cell, a
species had to be sampled at least twice; (b) in each cell, a species
had to be recorded before habitat loss (280% of natural habitat re-
maining); and (iii) species had to occur in cells that eventually experi-
enced habitat loss (ultimately 0% natural habitat remaining).

Applying these inclusion rules led again to a drastic reduction of
data. From c. 180,000 species, 102,970 met the first rule and were sam-
pled at least twice within one cell. Of those, 53,199 species also met the
second rule and were present before habitat loss. Finally, only 2,678
species also met the third rule and occurred in cells that experienced
complete loss of natural habitat. Correspondingly, cell numbers reduced
from ¢. 90,000 to c. 43,000 (first rule), to c. 10,000 (second rule) to 365
cells (third rule). The spatial extent of these cells was largely comparable
to the previous analysis (Supporting Information Figure S3). For the final
subset of species and cells, we found minimum habitat values.

We then used those species’ minimum habitat values to calculate
probabilities of persistence as follows (for a schematic representa-
tion, see Figure 3). Species’ minimum habitat values were assigned to
one of five 20%-wide intervals of habitat loss. The number of species
in each of these intervals was then counted. Finally, these counts
were divided by the total number of species. This gave the percent-
age of species that persisted within a given interval of habitat loss
and allowed us to plot a persistence curve. We extend this basic ap-
proach conceptually in the following two paragraphs.

Note that a species can have more than one minimum habitat

value. Theoretically, a species could have as many minimum habitat

values as cells it occupies. We could simply average these to obtain
one value for each species, but this would also return only one per-
sistence curve. Instead, if we sample one minimum habitat value
from each species at a time and repeat this many times, we arrive
at many persistence curves, one for each sampling repetition. From
these, we can still calculate an average persistence curve but also
gain information about the variance of this curve. Therefore, we
sampled from each species one minimum habitat value at a time, re-
peated this 100 times, and calculated the mean and standard devia-
tion of the resulting 100 persistence curves.

To arrive at a separate persistence curve for small-ranged spe-
cies and large-ranged species, we divided the total set of species into
two classes as follows. From the range-size frequency distribution of
the 2,678 species, we calculated the median range size. Species with
range sizes below the median were classified as small-ranged species
and species with range sizes above the median as large-ranged spe-
cies (Supporting Information Figure S4). We then calculated proba-
bilities of persistence for each range size class separately.

The central assumption of our calculation of persistence prob-
ability is that a species has become extinct after its last record.
Of course, the fact that a species goes unrecorded is not proof that
is has become extinct, but a necessary condition for extinction is ab-
sence from further samples. We also examined how reasonable this
assumption is. We examined the number of years that had passed
and the number of occurrence records that had accrued since the
last time a species was reported to be present in a cell. If these
numbers are low, our assumption is probably unrealistic; that is, a
species is not recorded anymore because there was simply no sam-
pling in the meantime. Moreover, low detectability in certain types

of plants can make them likely to be present but not recorded in

species Vv in cell;: — f — f &
species © in cell;: ! ! | | E]
species @ in cell;: ——+—H
80% 0% habitat
remaining
last record/ minimum habitat value
fod
o] e e [ L]
habitat remaining 100 - 80% 80 - 60% 60 - 40% 40 - 20% 20 - 0%
habitat loss 0-20% 20 - 40% 40 -60% 60 - 80% 80 - 100%
b st = 3 3 2 1
prob(persistence) 3 3 2 2 1

FIGURE 3 Schematic representation of our approach to calculation of persistence curves for species under habitat loss. The scheme
focuses on one cell, cell. In this cell, the focus is on three species. All of them have been sampled at least twice, occurred before habitat loss,
and importantly, cell, experienced complete habitat loss and was sampled further. For each species, we identified its last record (minimum
habitat value). We assigned the species’ minimum habitat values to one of five intervals of equal length. Given that species were present
before habitat loss, they also occurred in the intervals that preceded those of the last records. Given that species went unrecorded in
subsequent intervals, they were absent from those. We calculated the probability of persistence as the number of species in each interval
divided by the total number of species [Colour figure can be viewed at wileyonlinelibrary.com]
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a census or inventory. In particular, small-ranged species that may
be locally less abundant may have a lower probability of being re-
sampled. This could bias our results. Therefore, we also examined
whether resampling differed between small- and large-ranged spe-
cies. Assuming that species are resampled at an equal and constant
rate, the number of records would always be higher for species that
withstood more habitat loss. Hence, we compared the number of
records per percentage of habitat loss for small- and large-ranged
species.

Finally, we used a simulation approach to test whether our way
of calculating persistence probabilities produces any bias. The null
hypothesis is that extinction, and consequently, the amount of
habitat that remained at the time of extinction is random for both
small- and large-ranged species. Thus, we simulated minimum hab-
itat values from a uniform distribution. In particular, we simulated
n minimum habitat values for each species, where n is the species’
range size (i.e., the number of cells it occupies). We sampled one
minimum habitat value from each species, calculated probabilities
of persistence as above, repeated this 100 times and compared
the average persistence curve of small-ranged species with the
average persistence curve of large-ranged species. If our approach
is free of bias, the two persistence curves should be largely the
same. We provide R code for this simulation in the Supporting
Information (section R Code 4.1 & 4.2).

3 | RESULTS

We studied changes in the frequency distribution of the range sizes
of vascular plant species in 0.25° grid cells that experienced com-
plete loss of natural habitat. Keeping species richness constant, the
distribution of changes was towards higher median range size after
habitat loss (pairwise permutation test: Z = -2.99, p < .001, r = .22;
Figure 4a). Our approach to control for temporal bias by subsampling

@ <0 —
24 n=31

x>0
n = 58

number of cells

-1 0 1 2 3
10g (med (range) af‘rcr/nled (range) b(‘,for(‘,)
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communities to keep numbers of species before and after habitat
loss constant did not induce any systematic bias. The distribution of
effect sizes was not skewed towards positive log ratios but distrib-
uted evenly around zero (Supporting Information Figure S5a). In ad-
dition, relaxing our data selection thresholds did not change results
(Supporting Information Figure S1).

Next, we studied the role of species range size in predicting
vulnerability to local extinction from habitat loss. For this, we in-
vestigated the probability of persistence of small- and large-ranged
species at different levels of habitat loss. Probabilities of persistence,
expressed as the percentage of species of a given range size class
that still occurred at, but not above, a given amount of habitat loss,
indicated a generally higher vulnerability of small-ranged species to
local extinction from habitat loss (Figure 4b). Small-ranged species
had a steeper descending persistence curve and, moreover, a lower
probability of persistence than widespread ones even at moderate
levels (i.e., <50%) of habitat loss.

The absence of a species at higher levels of habitat loss is not
proof of extinction. Therefore, we quantified the strength of this
assumption. On average, 106 years passed and 806 species records
accrued between the last record of a species and the last record
of a cell, when species went extinct early (last reported present
with 280% habitat remaining). Species that persisted longer (last
reported present between 60 and 80% habitat loss) had, on av-
erage, 60 years and 1,591 other species’ records between their
last record and the last record of a cell (Supporting Information
Figure Sé). Assessing potential sampling effects, we found that
sampling frequencies per percentage of habitat loss were not
higher for species with large ranges (Supporting Information
Figure S7). Simulation results based on random extinctions of
small- and large-ranged species showed that our approach did
not produce any systematic bias. The simulated persistence curve
of small- and large-ranged species followed the same trajectory
(Supporting Information Figure S5b).
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(a) Change in median range size of vascular plant communities before and after habitat loss. Positive log ratios indicate that

median range size was higher after habitat loss. (b) Relationship between probability of persistence and habitat loss for species with small
and large ranges. Small and large ranges include species with ranges from 1 to 63 and from 64 to 5,000 occupied cells, respectively. Error

bars represent + two standard deviations from the mean
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4 | DISCUSSION

Here, we show that habitat loss has a differential effect on the local
extinction risk of vascular plant species with different range sizes.
We find that the frequency distribution of range sizes in a commu-
nity changes after habitat loss towards a higher median range size.
In addition, we document lower persistence probabilities of small-
ranged species at already moderate habitat loss. Together, this sug-
gests that range size can be a predictor of the risk of local extinction
from habitat loss. Moreover, our results imply that temporal species
turnover under habitat loss can reduce spatial species turnover.

The differential vulnerabilities of species with small and large
ranges to local habitat loss might have several explanations; here, we
present four. First and most simply, it could follow from the effect of
range size on metacommunity dynamics. Species with larger ranges
are more likely to retain intact habitats that can act as a source
and, via the “rescue effect”, help to uphold local persistence in sites
with habitat loss (Hanski, 1991; Leibold et al., 2004). Second, it has
been demonstrated for a number of taxa that range size is strongly
and positively correlated with local abundance [plants (Gotelli &
Simberloff, 1987), birds (Gaston & Blackburn, 1996) and mammals
(Brown, 1984)]. Given that the probability of local extinction in-
creases with decreasing population size (Christiansen & Fenchel,
2012; Schoener & Spiller, 1987), species with small ranges could be
more vulnerable to habitat loss at any one site. Third, narrow habitat
breadth, yet another dimension of rarity that may relate to range size
(Brown, 1984), could make species with small ranges more suscep-
tible to anthropogenic change (Rabinowitz, 1986). Fourth, habitat
breadth and local abundance may influence the spatial distribution
of species (Cornell, 1982). Species with relatively narrow habitat
breadth and small population size are often unevenly distributed
in aggregations within their range (Condit et al., 2000; Rodriguez,
2002). The more aggregated a species, the less habitat must be lost,
on average, to cause local extinction. The individual importance of
these potential mechanisms to make species vulnerable to local ex-
tinction still needs to be quantified.

Importantly, the higher local extinction risk from habitat loss
of species with small ranges might contribute to the explanation of
the systematic shifts in species composition and the scale-depen-
dent patterns of diversity change that other studies report with
long-term data. Evidence across biomes indicates no net loss in
local species richness (Vellend et al., 2013), but loss of species at
the continental to global scale (IPBES, 2019). If species with small
ranges are preferentially declining at any one site with habitat
loss, species with large ranges may also be more likely to colo-
nize successfully, replacing small-ranged species systematically.
Given that it is more likely that the entire range of small-ranged
species is affected, habitat loss could then produce a homogeni-
zation pattern, where small-scale richness is largely unchanged
through time, whereas larger-scale richness declines. Although
our approach does not allow any inference about local-scale
changes in species richness and thus species replacement, we
can nevertheless infer homogenization. This is because for biotic

homogenization to occur, it is sufficient that the most localized
species are systematically lost (McKinney & Lockwood, 1999;
Olden & Poff, 2003) and precisely those, we find, are at higher risk
of local extinction from habitat loss. This preferential decline of
species with small ranges is consistent with a recent global assess-
ment of the effects of land use on small-ranged and widespread
species (Newbold et al., 2018). Those authors used space-for-time
substitution to show that disturbed habitats have both reduced
abundances of small-ranged species and increased abundances of
widespread ones. Here, we used time series data. This allowed us,
in addition to studying changes in species’ range size composition,
to explore how local extinction risk changes with habitat loss. To
our knowledge, this is the first time that local extinction curves
have been plotted against a habitat loss gradient and shown to
differ for species with small and large ranges.

In the case of vascular plants, many species appear to cope well
with habitat loss (Figure 4b). Recognition is growing that many species
are not entirely constrained to native habitat fragments and persist
in agricultural landscapes (Daily, Ehrlich, & Sanchez-Azofeifa, 2001;
Mendenhall, Karp, Meyer, Hadly, & Daily, 2014); that is, habitat loss
does not create a matrix entirely inhospitable to species, as is com-
monly assumed in studies that apply the species-area relationship
from island biogeography theory to estimate the species loss at-
tributable to change in land use. Countryside biogeography (sensu
Mendenhall et al. (2014)), instead, considers the affinity of species for
human-modified habitats, such as agriculture and forestry (Pereira,
Daily, & Roughgarden, 2004), and argues that their qualities are
crucial determinants of the conservation of biodiversity (Karp et al.,
2012; Prugh, Hodges, Sinclair, & Brashares, 2008). Although we do
not quantify the differential importance of anthropogenic habitats on
the persistence of species, our results indicate that a large percentage
of species can survive loss of natural habitat. Our results therefore
highlight that the overextension of island biogeography theory to
human-dominated ecosystems might overestimate projections of bio-
diversity loss driven by change in land use (Mendenhall et al., 2014).

Our approach to combine reconstructed biological time series
and land-use data is novel, but also has weaknesses. The land-use
harmonization product, although constrained by satellite and census
data, is a model-based reconstruction from limited empirical data.
It thus has differing accuracy in time and space (Ellis et al., 2013).
Nonetheless, it provides the most comprehensive global land-use
data available and has been widely applied in the literature. The
digital biodiversity data also suffer from biases (Meyer et al., 2016).
We accounted for the temporal documentation bias by subsampling
communities, and simulations showed that this step did not induce
any systematic bias (Supporting Information Figure S5a). We note
that different before-after time periods were compared for this
analysis (Supporting Information Figure S2). Therefore, cells that
lost habitat early on would have had a longer time for extinctions to
occur over and also a longer time to accrue opportunistic records.
However, comparison of different time periods would not alone lead
to higher community median range sizes, on average, after habitat
loss.
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For the calculation of persistence probabilities, we found no
sampling bias towards species with larger ranges in our data subset
(Supporting Information Figure S7). This could reflect the ter Steege
effect, which describes the fact that botanists tend to avoid col-
lecting large-ranged species that they have already collected in the
general vicinity (ter Steege, Haripersaud, Banki, & Schieving, 2011),
but it is more likely that this is because we set strict inclusion rules
for species and cells, meaning that our data subset includes rather
well-sampled species. But this might also mean that we are neglect-
ing truly rare species (Supporting Information Figure S4), potentially
weakening the effect of range size in our analysis. Nonetheless,
persistence curves differed between relatively small- and large-
ranged species. Importantly, we can exclude the possibility that our
approach produced these differences. Under simulated random ex-
tinctions, the persistence curves of small- and large-ranged species
did not differ (Supporting Information Figure S5b).

In addition, we find that the assumption that a species goes
extinct after its last record is justifiable for our data subset, be-
cause in general, many other species records were made in the
meantime (Supporting Information Figure Sé). Finally, we note
that locations of this analysis are spatially biased. For example,
no cell in Asia or tropical Africa met the inclusion criteria of the
before-after comparison. This spatial bias is typical for digital bio-
diversity data, and only with increasing data-mobilization efforts
in these regions will analyses based on such data become truly
globally representative. Although we acknowledge that data bi-
ases are inherent to our data, we contend that they do not nullify
the implications of our results. Given that small-ranged species
are at higher risk of local extinction, temporal species turnover
is biased towards species with larger ranges in local communities
undergoing habitat loss.

Although it is expected that species with smaller ranges will be
more vulnerable to global extinction from habitat loss than wide-
spread ones, because the drivers of threat are more likely to affect
the entire range of these species (Collen et al., 2016), we emphasize
that there is a lack of studies that quantify this expectation at differ-
ent spatial scales. Here, we find that relatively small-ranged species
are more vulnerable to extinction from habitat loss even at a local
scale. This will necessarily cause a disproportionate effect of range
size on the risk of extinction at broader spatial scales. Understanding
and quantifying the mechanisms that determine local extinction risk
from anthropogenic change, how these depend on spatial scale and
how local extinction risk, in turn, can be used to predict the con-
sequences of range loss will be imperative for the conservation of

species.
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Abstract: Biodiversity time series reveal global losses and accelerated redistributions of species, but no net loss
in local species richness. To better understand how these patterns are linked, we quantify how individual species
trajectories scale up to diversity changes using data from 68 vegetation resurvey studies of seminatural forests in
Europe. Herb-layer species with small geographic ranges are being replaced by more widely distributed species,
and our results suggest that this is due less to species abundances than to species nitrogen niches. Nitrogen depo-
sition accelerates the extinctions of small-ranged, nitrogen-efficient plants and colonization by broadly distributed,
nitrogen-demanding plants (including non-natives). Despite no net change in species richness at the spatial scale
of a study site, the losses of small-ranged species reduce biome-scale (gamma) diversity. These results provide one
mechanism to explain the directional replacement of small-ranged species within sites and thus explain patterns

of biodiversity change across spatial scales.
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One sentence summary:
Large-ranged, nutrient-demanding species consistently replace species with small ranges and

thus homogenize vegetation between habitats, despite variable trends in species richness.
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Abstract

The direction and magnitude of long-term changes in local plant species richness are highly variable
among studies, while species turnover is ubiquitous. However, it is unknown whether the nature of
species turnover is idiosyncratic or whether certain types of species are consistently gained or lost
across different habitats. To address this question, we analyzed the trajectories of 1,827 vascular plant
species over time intervals of up to 78 years at 141 sites in three habitats in Europe — mountain
summits, forests, and lowland grasslands. Consistent across all habitats, we found that plant species
with small geographic ranges tended to be replaced by species with large ranges, despite habitat-
specific trends in species richness. Our results point to a predictable component of species turnover,
likely explained by aspects of species’ niches correlated with geographic range size. Species with larger
ranges tend to be associated with nutrient-rich sites and we found community composition shifts
towards more nutrient-demanding species in all three habitats. Global changes involving increased
resource availability are thus likely to favor large-ranged, nutrient-demanding species, which are
typically strong competitors. Declines of small-ranged species could reflect not only abiotic drivers of
global change, but also biotic pressure from increased competition. Our study highlights a critical need
to better understand the extent to which abiotic or biotic pressures drive systematic species turnover

over time.

Main text
Long-term studies of changes in local plant species richness do not show systematic evidence of
decline (1-3). However, local richness changes provide only a limited picture of the extent of ongoing

biodiversity change, as they do not capture species turnover and changes in community composition
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121  over time (4). While human activities have accelerated species turnover beyond background rates (2,
122 3), it remains unclear whether the identities of “loser” and “winner” species represent the

123 idiosyncratic local outcomes of drivers of change (e.g., disturbance or climate warming), or whether
124  there are consistent patterns across systems (5). In order to gain a general understanding of why and
125 how plant diversity is changing, we need to ask whether similar types of plant species are consistently
126 lost and gained in communities in different habitats. Here we focus on the geographic range size of
127 plant species as a key synthetic measure of their ecological profile (6). Range size reflects the ability of
128 species to disperse and colonize (7, 8), as well as their niche breadth (9, 10) and niche position (11—
129  13), thus capturing a species’ vulnerability to global environmental changes. Moreover, range size links
130  temporal with spatial turnover of species, as communities that lose small-ranged while gaining

131  widespread species become more similar over time (14). Therefore, understanding the link between
132 range size and a species’ trajectory over time will not only shed light on why certain species “win” or
133 “lose”, but also on the consequences of these shifts for the distinctiveness of plant communities, an
134 important component of biodiversity.

135

136 Here we analyze individual trajectories of 1,827 vascular plant species over time in relation to their
137 range size at 141 study sites across three habitats in Europe — mountain summits, deciduous and

138 coniferous forests, and lowland grasslands (Fig. 1), using vegetation resurveys spanning intervals of 12
139 to 78 years. Temporal trends in local species richness and drivers of change are known to vary among
140 these habitats, with climate warming increasing local species richness on summits (15, 16),

141  eutrophication and changes in management reducing richness in grasslands (17, 18), and a

142 combination of these drivers leading to both increases and decreases in richness in forests (13, 19—
143 21). In each habitat, we identified all species that were lost, gained or persisted at the study-site level.
144  We then tested whether species gains and losses, and changes in site-occupancy of persisting species
145  at the study site can be explained by range size. We hypothesize that, regardless of the richness trend
146  in a habitat, smaller-ranged species are consistently replaced by larger-ranged species, as

147  environmental changes (such as increasing temperatures, land-use change and eutrophication) alter
148  ecological selection processes in favor of widespread species; species that are expected to be more
149 resilient, more nutrient-demanding and better dispersed (13, 22). Our study explores whether

150 temporal species turnover is predictable, and whether it acts to homogenize vegetation between

151 habitats.

152

153  We found that vascular plant species with larger ranges consistently emerged as winners and those
154  with smaller ranges as losers over time across all three habitats, regardless of trends in species

155 richness. While on mountain summits, species gains were clearly more prominent than species losses,
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there was substantial species loss in forests and grasslands (Fig. 2a). Losses and gains, however,
balanced out in forests, whereas in grasslands losses outweighed gains (Fig. 2b). Thus, the average
species richness increased on summits, showed no clear trend in forest and decreased in grasslands
(Fig. 2c and fig. S1), in accordance with single-habitat studies from each of these habitats (summits
(15, 16), forests (13, 19) and grasslands (17, 18)). Despite variable trends in richness, species turnover
was systematic. We tested whether species with smaller ranges have been lost preferentially at a
study site. Even after accounting for demographic effects (i.e., due to the likelihood that small-ranged
species are lost simply because of a smaller local population size; see Methods), range size was
negatively associated with loss probability in all three habitats, although on summits the association
was not statistically clear as the 66% credible interval overlapped with zero (Fig. 3a and Table S2).
Effect estimates for forests and grasslands were robust to excluding rare species (with site-
occupancies below 5% in the baseline survey) from the data (Table S2). We then asked whether
changes in site-occupancy of persisting species were related to range size. In all three habitats,
persisting species increasing in occupancy had larger ranges on average than species decreasing in
occupancy (fig. S3 and Table S3). This relationship persisted after accounting for species baseline
occupancy (Fig. 3b, see Methods). Finally, we compared range sizes of species gained to species lost.
In all three habitats, species that were newly gained at a study site had, on average, larger ranges than
species lost (Fig. 3¢, d and Table S4). Together, these findings indicate commonalities between

contrasting habitats with respect to the nature of biodiversity change based on species range size.

Across habitats, plant species with larger ranges gained ground. The success of large-ranged species
could be due to previously limiting resources (e.g., nutrients) becoming more available as a result of
global changes such as eutrophication and warming (23, 24). A greater availability of limiting resources
allows less specialized species to colonize, where larger-ranged species may be more likely to colonize
simply because they disperse from more sites. Larger-ranged species may also be more likely to persist
because they naturally face a larger gradient in environmental conditions and may thus exhibit a
greater niche breadth and phenotypic plasticity, making them more resilient to global changes (10, 22,
25). Furthermore, global changes may even favor large-ranged species, as they tend to be species with
resource-acquisitive strategies and might therefore benefit more from an increase in resources (12,
13, 22). We found support for this hypothesis in our data; species with larger ranges were associated
with higher nutrient demands (fig. S4) and community weighted means of species niche positions for
nutrients indicated community shifts towards more nutrient-demanding species (fig. S5, see
Methods), in accordance with other studies in these habitats (summits (26), forests (19) and
grasslands (18)). These findings suggest that a higher prevalence of larger-ranged species, often also

more resource-acquisitive species, is likely to exert increased biotic pressure on extant species.
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190 In contrast to large-ranged species, small-ranged species tend to be adapted to lower nutrient

191  availability (fig. S4) and thus are likely to grow more slowly (27), presenting a particular risk of

192 competitive exclusion by faster growing species. The loss of small-ranged species could therefore be a
193 result of the increase in less specialized, more competitive, larger-ranged species (i.e. biotic filtering).
194 Furthermore, small-ranged species tend to have adaptations to the stresses specific to their habitat
195 and therefore possibly a lower tolerance to new types of stress, such as stoichiometric imbalances in
196 resource supply from eutrophication (28). Thus, the decline in small-ranged species could also be due
197  to direct effects of environmental change (i.e. abiotic filtering). Importantly, we can largely exclude the
198 potential explanation that the higher loss probability of small-ranged species is due only to stochastic,
199  demographic effects (Table S2, see Methods). Also, if small-ranged species were simply more prone to
200  demographic fluctuations and therefore had a more variable presence, we would expect comparable
201 range sizes of species lost and gained, which we do not see in the data (Fig. 3c and d). Thus, the

202 preferential loss of small-ranged species is likely due not only to demographic stochasticity, but also to

203 aspects of species niche that confer a higher vulnerability to both abiotic and biotic pressures.

204 Despite the congruence across habitats of small-ranged species being replaced by large-ranged

205  species, our results also indicate differences in the effect of range size on temporal species turnover
206 between habitats. On summits, the effect of range size on species loss probability was weakest and
207 not clearly different from zero (Fig. 3a). Moreover, species gained on summits had larger ranges than
208 both persisting and lost species, whereas in forests and grasslands the main distinction was that

209 species lost had smaller ranges than both persisting and gained species (Fig. 3c and Table S4). In

210 addition, on summits, species gains dominated and species losses were less important for driving

211 turnover compared with forests and grasslands (Fig. 2a and b). These results suggest that the

212 directional turnover on summits in relation to species range size could be mainly due to species

213 differences in dispersal and colonization ability. On summits, warming may allow the colonization of
214  species from lower elevations, which tend to have larger ranges (fig. S6), while extant species may
215 persist and escape changes in abiotic and biotic filters due to a high variation of micro-habitats (29,
216  30) and a still sparse or less tall-growing vegetation (31, 32). In forests and grasslands, the vegetation
217  istypically denser than on summits. Environmental changes, such as eutrophication or declines in

218 traditional land use, are thus likely to lead, in addition to abiotic changes, to higher biotic pressure (33,
219  34). We hypothesize that a greater relevance of biotic filtering in forests and grasslands could

220  contribute to the more directional loss of small-ranged species in these habitats (Fig. 3). Although any
221 cross-habitat comparison is limited due to inherent differences between habitats, we can rule out that
222  differences in the relationship of range size and loss probability simply arise from evident differences
223 in sampling methods among study sites. The number of plots, plot size, site area and time span

224 between surveys did not change the effect of range size on the probability of loss (see Methods and
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Table S5). Our results thus support the potential role of indirect, biotic effects of global change in

understanding the preferential loss of small-ranged species.

Altogether, our results suggest that temporal species turnover has a predictable component based on
species range size. Regardless of whether site-level trends show increases or decreases in species
richness, larger-ranged species replaced smaller-ranged species. This has at least two implications.
First, as sites gain species that are already widespread and lose small-ranged species, cumulatively this
may lead to shifts from characteristic, often rare vegetation types to more widespread vegetation
types — a form of biotic homogenization (14). Indeed, we found that an average pair of study sites
became more similar in species composition and, moreover, that the total species pools of the three
habitats became more similar over time (fig. S7a and b). Second, small-ranged species may be doubly
at risk of extinction (35), both because of purely geographical reasons, as they by definition occupy
fewer sites, and because they can also be more vulnerable to being lost within each site, as we have
shown here. While the patterns found in our study suggest that the loss of small-ranged species within
sites is partially explained by species niches, it remains a future challenge to disentangle how much of
this loss is driven by indirect effects due to altered competitive interactions (i.e. biotic filtering) versus
direct effects due to environmental changes (i.e. abiotic filtering) in different habitats. Insights on the
relative importance of biotic versus abiotic filtering will be essential when prioritizing conservation and

restoration measures to reverse the declines of the most vulnerable species in the Anthropocene.
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Fig. 1. Our analysis spans 141 resurvey study sites. Resurveys are from three habitats in Europe: mountain summits =
52 sites (blue), deciduous and coniferous forests = 68 sites (green), and lowland grasslands = 21 sites (yellow). CORINE
forest cover (green) and grassland cover (yellow) in Europe are displayed along with elevation (dark shades). Insets
show details for forests and grasslands (top), and summits (bottom).
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Fig. 2. Species losses and gains vary across habitats. a, Species gains (white) and losses (grey) at each study site
(numbers stacked, each bar represents a study site). b, Relative frequency (density) of the number of species lost and
gained across sites. ¢, Density across study sites of the difference in species richness (S) between the baseline survey
and resurvey. Dotted horizontal line represents zero change in S. Colours (blue, green, yellow) refer to habitats as in
Figure 1. Posterior distribution of the mean difference in S is shown in Supplementary Figure 1.
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Fig. 3. Consistent replacement of small- by large-ranged species across habitats. Posterior distribution of the effect
of range size on a, the probability (Pr) of a species being lost at a study site and b, the probability (Pr) of a persisting
species increasing in occupancy at a study site, after having accounted for demographic effects (see Methods). c,
Posterior distribution of the mean range size of gained, persisting, and lost species. d, Comparison between the mean
range sizes of species gained and lost, derived from the posterior distributions in c (persisting vs gained/lost comparison
in Supplementary Table 4). Point and lines in a - d are the median and its 66% and 95% credible interval. Dotted vertical
line in d represents no difference in mean range size. In a and b, range size was log10-transformed and scaled to have
a mean of zero and a standard deviation of one, effect estimates (x-axis) are in the logit scale. Model summaries and
sample sizes for panels a-d are in Supplementary Table 2-4.
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Material and Methods
Methods

Databases. We synthesized data from three databases, each of which is a collation of vegetation resurveys in a
specific habitat in Europe. Mountain summits are represented by 52 sites from the Global Observation
Research Initiative in Alpine environments (GLORIA, gloria.ac.at, (1)), deciduous and coniferous forests
understories by 68 sites from the forestREplot database (forestreplot.ugent.be, (2)) and lowland grasslands by
21 sites from the GRACE database (3) (Figure 1 and Supplementary Table 1). At each site, plant communities
were surveyed across multiple permanent or quasi-permanent plots in either natural vegetation (summits) or
semi-natural vegetation (forests and grasslands) at two points in time (baseline and resurvey, further details
available in (1-3)). The median time spans between surveys were 14, 42 and 34 years for summits, forests and
grasslands, respectively (Supplementary Figure 8a). In forest and grassland surveys, the median number of
plots per site was 43 and 36, and the median size of plots was 400 m? and 25 m?, respectively (Supplementary
Figure 9a and b). Summits were always resurveyed in eight spatial sections that together covered the entire
area from the highest summit point to the contour line 10 m in elevation below this point in a pie slice shape.
The median summit area was 0.25 ha. In forests and grasslands, the median study area was 1,700 ha and

1,000 ha, respectively (Figure S8b).

Species data. Taxonomy. We accounted for within-and among-study variation in taxonomy by determining the
accepted species name for each species using the Global Biodiversity Information Facility’s (GBIF) backbone
taxonomy (gbif.org). Harmonization thus ensured no double-counting of species owing to synonymy. We
included only vascular plants identified to the species level. In total, our data comprises 1,827 accepted

vascular plant species (see Data Table 1 on figshare).

Range size. We estimated species range sizes as area of occupancy (AOO) (4) using all point occurrence
records of the species in GBIF (ghif.org, May 2020; (5)). After excluding incomplete, impossible and unlikely
coordinates (e.g., country centroids) (6), there were c. 131 million geographically referenced records available
for the species in our database. Records were aggregated to a hexagonal grid (ISEA3H) at a spatial grain of
10.7 km? (7), where the number of cells that a species occupies on this grid represents its AOO estimate (see
Data Table 1 for species AOO estimates and GBIF urls). The species with the largest AOO in all three habitats
were Achillea millefolium and Trifolium repens (both with ca. 1.1x10° km?), the species with the smallest AOO
were the highly endemic Draba dolomitica (c. 11 km?) on summits, Galium abaujense (c. 21 km? ;endemic to
the Carpathians) in forests, and Pentanema germanicum (c. 503 km?; critically endangered in Germany and
Austria (8)) in grasslands (Supplementary Figure 10). For plant species in Europe, range sizes calculated from
GBIF correlate strongly with expert drawn range maps but are available for many more species (9). However,

it is important to note that AOO ranges differ from expert maps, which measure species extent of occurrence
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(EOQ), in that they do not include areas that are unoccupied by species. Thus, species with disjunct
distributions, e.g., orchid species that occur throughout Europe but only in very fragmented, well-conserved
habitat, can have a very small AOO but a large EOO. AOO is therefore a markedly better representation of
species population sizes and differences related to habitat use and species niche than is EOO, and provides a

general measure of species vulnerabilities to stochastic and directional threatening processes (4).

Occupancy. Measures of plot-level species abundance varied across studies (e.g., frequencies, percentage
cover, and categorical cover-abundance scales) and were often not available if only species presence/absence
was recorded. In order to estimate species abundance in a consistent way, we estimated species occupancy at
the spatial scale of a study. We therefore divided the number of plots (grasslands, forests) or sections
(summits) a species occupied at a given study site by the total number of plots/sections in that study. This was
done separately for the baseline survey and the resurvey. Occupancy has been shown to correlate strongly

and positively with abundance at local to regional scales (10, 11).

Trajectory. We evaluated species trajectories (i.e. lost, gained or persisting) at the spatial scale of a study site.
Lost species were present (in at least one plot/section) during the baseline survey and absent (from all
plots/sections) during the resurvey. Gained species were absent during the baseline survey and present
during the resurvey. Persisting species were present during both the baseline survey and resurvey. Resurveys,
even of permanent plots, always miss some species, generating pseudo-gains and losses that can be inflated
for rare species (12, 13). We account for this bias by adjusting for species baseline abundances, which is

strongly correlated with any such bias (14), as explained below.

Analysis. The brms package (15) in R was used for all statistical analyses. R code for all analyses and data

visualization is available on figshare at https://figshare.com/s/b37f6167b13ad5da9e9c.

Species gains and losses. Using species trajectories we quantified the number of lost and gained species on
the spatial scale of a study site (Extended Data Table 2). The highest losses (126 species) occurred in
Hungarian forest-steppe landscapes, the highest gains (102 species) occurred in acidic/mesic oak woods in the
Czech Republic. We assessed changes in species richness (i.e. the change in the total number of species per
study site) by calculating the difference, d, between species richness in the resurvey (t;) and species richness
in the baseline survey (t;). Although species richness at a given time period will be affected by sampling effort,
d is not because it is a relative change in species richness with sampling effort being the same for both time
periods (baseline surveys vs. resurveys). For each habitat, we modelled d using a Gaussian distribution to

compute the posterior distribution of the expected value of d (Supplementary Figure 1).

Probability of loss. We estimated the effect of species range size on the probability that a species being

present at the baseline survey is lost from a study site by the time of the resurvey. The effect of range size can
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be confounded by species baseline occupancy if small-ranged species also tend to have a lower abundance at
a study site. Species with small population sizes are more likely to be lost owing to 1) stochastic demographic
processes and 2) an observer error, where rare species are more likely to be overlooked in resurveys.
Therefore, we tested first for a positive range size — site occupancy relationship in our data (see Methods
below). Range size and occupancy were not related on summits and weakly positively related in forests and
grasslands (Supplementary Figure 2). To estimate the effect of range size that is not due to demographic
effects, we statistically controlled for variation in species baseline occupancies by including it as a covariate in
our model (9). Furthermore, species with small ranges may be disproportionately vulnerable at low
abundances. This could be the case if range size covaries with specific traits, such as, for example, height,
where small plants would be expected to be more vulnerable than tall plants at low site occupancy. To
account for this possible further confounding effect, we also include an interaction effect between range size
and occupancy in our model. Finally, the effect of species occupancy on species loss probability is likely to vary
with the number of plots per study site. For example, a species with 10% occupancy in a study of 10 plots, is
more likely to be lost than a species with 10% occupancy in a study of 100 plots. We therefore allow the effect

of occupancy to vary by study site.

Our model thus predicts a Bernoulli indicator variable that a given species was lost or persisted (e;) with two
fixed effects (B, for range size (r;) and B for occupancy (f;), where both 1; and f; were log10-transformed
and scaled within habitats to have a mean of zero and a standard deviation of one) and an interaction effect
between the two fixed effects (Bf,). We allowed the intercept and the effect of occupancy to vary by study
site (@stuay(i) and By scuayli], respectively). Also, we included species as an additional crossed varying effect
(Vspecies[i]), Since many species occur in more than one study site. We ran this model for each habitat (see
Supplementary Table 2 for model R syntax, sample settings and convergence diagnostics). The resulting model
in mathematical form is:
e; ~ Binomial(1,p;)
logit(p;) = Qstuayli] T Vspeciesli]
+Bf stuayii) * fi + Br * i + Ber * fi* 1
As a further means to test whether demographic effects confound estimates of 5,., we ran the same model
but excluded rare species (with site occupancies below 5%) from our data (Supplementary Table 3). Since we
only had data on the species that were newly gained at a study site but not on all those that tried to colonize,

we were not able to directly calculate probabilities of gain in relation to range size.

Occupancy trends of persisting species. Here we only evaluate species that have persisted over time, since
species lost and gained necessarily decrease and increase in occupancy, respectively. We first tested whether
persisting species that increased in occupancy at a study site have on average larger range sizes than

persisting species that decreased in occupancy at a study site. We therefore predicted range size (log10-
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transformed) with the categorical variable “decrease/increase” ( B4;[;1) including a group-level effect for study

site (astudy[i] ):

;. ~ Normal(u;, o)
Wi = Aseuayli] + Baifi

Since changes in occupancy may depend on species baseline occupancy (e.g., species with a higher baseline
occupancy could be more likely to increase in occupancy due to a higher propagule pressure), we also
estimated the effect of species range size on the probability that a persisting species increases in occupancy,
controlling for variation in species baseline occupancies. For this logistic model, we recoded the difference in
occupancy at the resurvey and the baseline survey (d) into a binary variable with d > 0 being “1”, d < 0 being
“0” (h;) and predicted h; with range size, including baseline occupancy as a covariate. Since baseline
occupancy ranges from 0 to 1, species with an occupancy of 1 cannot increase in occupancy. These species
were therefore excluded from the model. The model in math form is:
h; ~ Binomial(1,p;)
logit(p;) = Astuayli) + Vspeciesli]
+Bf stuayriy * fi + Br * 1
, Wwhere parameters are defined as in the model for species loss probability. However, we did not include the
interaction effect between occupancy and range size (Bf) in this model, as a potentially greater vulnerability
of small-ranged species at low occupancy is likely to not be very relevant to explain increases in occupancy

(see Supplementary Table 3 for model R syntax, sample settings and convergence diagnostics).

Difference in range sizes between trajectories. We calculated species mean range size for each trajectory to
test whether species with larger ranges are gained preferentially. We therefore predicted range size (log10-
transformed) with species trajectory (Beqj[i]), allowing the intercept to vary by study site (@gtyay[i])- We ran

this model for each habitat:

r;  ~ Normal(y;, o)
Wi = Ostuayli) +Btraj[i]

In order to test whether range sizes of species gained differ from those being lost, we calculated the posterior
difference in mean range size between gained and lost species in each habitat. Since the posterior difference
between gained and lost species is in the log10-scale, this gives a ratio of range size of species gained/lost
after back-transformed to the original scale (see Supplementary Table 4 for model R syntax, sample settings

and convergence diagnostics).
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Supplementary analysis. Range size-site occupancy relationship. In each habitat, we predicted species range
size with species baseline occupancy at a study site (both variables were logl10-transformed and scaled within
habitats to have a mean of zero and a standard deviation of one), allowing the intercept and slope to vary by
study site:

r;  ~ Normal(u;, o)

Hi = Aseuayli) T Brstuayli * fi
Range size and nutrient demand. We used Ellenberg’s indicator values for nutrient (N-number) to
approximate species niche position for nutrients (16—18). These values describe each species’ niche position
on a scale from 1 to 9 (adapted to unproductive, nutrient-poor soils) to 9 (adapted to fertile soils). We
obtained N-numbers from sci.muni.cz/botany/juice/ELLENB.TXT and harmonized the taxonomy with our data.
If an accepted species had more than one N-number (either due to synonyms or subspecies), we calculated
the average. 1,297 species of the 1,827 species in our data also had N-numbers (71%). For the species in each
habitat, we calculated Pearson’s correlation coefficient between range size (log10-transformed and scaled)

and N-number (scaled).

Community weighted mean of species nitrogen niche position. We tested whether communities shift towards
species with higher nutrient demands over time by quantifying the community weighted mean N-number
(CWM-N) at the time of the baseline survey and resurvey. CWM-N was calculated for each study site and
survey period as: Y N; * f; / Y. f; where N;and f; is the N-number and site-occupancy of the it species,
respectively. We quantified the difference between resurvey and baseline survey CMW-N, by predicting
CWM-N (c¢;) with survey period (Bsyrvey(i]), including study site as a group-level effect (@s¢yqy[i]) to indicate

pairs of observations:

¢i ~ Normal(u;,0)
i = Qstuayli] + .Bsurvey[i]

To gain insight into how much of the change in CWM-N is due to changes in species occupancy or species
composition, we also calculated community unweighted means by simply averaging N-numbers across species
at a study site for both the baseline survey and resurvey, and tested for changes over time using the same
model as above. The comparison of weighted and unweighted means showed that in forests and grasslands,
the clear shift towards more nutrient-demanding species was largely due to changes in species composition,

while on summits the much weaker shift was due to changes in species occupancy.

Relationship between mean range size and elevation. We tested whether montane species from lower
elevations have larger ranges than alpine ones. Therefore, we regressed mean range size (m;, averaged across

species occurring at a summit site at the baseline survey) against summit elevation (I;):
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m; ~ Normal(u;, o)
Wi =a+ Bl

Effects of site-characteristics on the effect of range size. While the above model for species loss probability
provides estimates for range size-effects within habitats, different sampling methods between habitats make
it difficult to compare effect estimates across habitats. Summits are inherently limited in size and were
surveyed in always eight sections, while forest and grasslands areas were sampled with differing number of
plots of different sizes across differently large study areas (Supplementary Figure 8 and 9). Moreover, time
intervals between surveys varied among habitats, with the shortest intersurvey periods on summits
(Supplementary Table 1). To better compare effect estimates across habitats, we tested whether the effect of
range size, B, changed with plot number, plot size, site area (log10-transformed) and survey interval (n;, s;,
a;, and t;, respectively) We tested this in forests, where we had most study sites and sampling varied the
most, by including interaction effects between range size and sampling characteristics (there was no strong
collinearity between sampling characteristics (Supplementary Figure 10)):
e; ~ Binomial(1,p;)
logit(p;) = Astuayli] + Vspecieslil
+Bf stuayriy * fi + Br *1i + Ber * fi 21y
FBur ¥y ¥ 1+ Pop ¥ S ¥ 1+ Por ¥ @ ¥ 15+ Py x t* 1y
Changes in beta-diversity. We tested whether an average pair of communities becomes more similar in
species composition over time, by calculating the Sgrensen dissimilarity index across all possible pairs of the
141 study sites in our data for each survey period (b;) and estimating the mean difference in beta-diversity
between resurvey and baseline survey (Bsyrvey(i]), Using the model:
b; ~ Normal(y; o)
i = &+ Bsurveyli]
Finally, we also quantified the multiple site Sgrensen dissimilarity index (19) between the grassland, forest and

summit species pool for both survey periods.
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Fig. S1. Temporal trends in species richness vary across habitats. Posterior distribution of the mean difference in
species richness at the study-site level between the resurvey and baseline survey. Points represent medians, lines
represent the 66% and 95% confidence interval. The mean richness change and its standard deviation is for summits:
6 = 6.66, o = 0.88; forests: § = —6.04, 0 = 4.15; and grasslands: § = —7.90, 0 = 3.98. Dotted vertical line

represents zero change in richness.

55

Chapter 4



:?? Summit Forest Grassland
TU 2- | ] ] H [] g
9 1 i :
-g | : H - | 3 :
] . [} 8 e 8

% 0 g H ] = ;

H i H s .
s | == :

' § 1 _ i _2_
‘E'D | H 1 i v if 25 g
2 § {
\./_2_ L]
[0) 4
E -5.01
§0_4_ B =—0.029,0 = 0.023 B =0.104,0 = 0.018 5 B=01380=003
S 1 0 1 2 1 0 1 2 2 1 0 1

Baseline occupancy (logl0 and scaled)

Fig. S2. Relationship between species range size and baseline site-occupancy accounting for the structure of our
data. Colors present study sites, transparent dots present species, transparent lines represent the relationship between
range size and site occupancy within a single study site, black straight line is the mean regression line across study sites
resulting from a linear varying effect model with regression coefficients (slope and intercept) allowed to vary by study
site, black dashed line is the mean regression line from a general additive model without varying effects. 3 is the slope
and o is the standard deviation of 8 from the linear varying effect model.
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Fig. S3. Persisting species increasing in occupancy have larger ranges on average than species decreasing. a, Posterior
distribution of the mean range size of species increasing and decreasing in occupancy at the study site over time. b,
Comparison between the mean range sizes of species increasing and decreasing, derived from the posterior distribu-
tions in a. Colors refer to habitats as in Figure 1 (blue = summit, green = forest, yellow = grassland). Point and lines
are the median and its 66% and 95% credible interval. Dotted vertical line in b represents no difference in mean range
size. See also Supplementary Table 3.
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Fig. S4. Species with larger ranges tend to have higher nutrient demands. Relationship between species range size
and Ellenberg indicator values for nutrients (N-numbers) across species in each habitat. N-numbers describe a species’
niche position for nutrients on a scale from 1 (low nutrient requirements) to 9 (high nutrient affinity). Non-integer N-
numbers are mean values of N-numbers from subspecies and synonyms with different N-numbers (e.g. Melampyrum
pratense ssp. paludosum has an N-number of 1, while Melampyrum pratense has an N-number of 2). 1,297 species
of the 1,827 species in our data also had N-numbers. Line and transparent ribbon represent the mean regression line
and 95% credible interval, p is the estimated correlation coefficient, o is the standard deviation of p.
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Fig. S5. Communities shift towards species with higher nutrient demands. Boxplot and density plot of a, the com-
munity weighted mean (CWM) niche position for nutrients (N-number) and b, the unweighted mean N-number across
species at the baseline survey (¢1) and resurvey (t5). CWM is weighted by species occupancies at the study site. Trian-
gles represent mean values. § is the mean (pairwise) difference, o is the standard deviation of 4.
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Fig. S6. Species from lower elevations tend to have larger range sizes. Relationship between species’” mean range
size and elevation. Range size is measured as area of occupancy (AOO; see Methods) and averaged across all species
occurring at the baseline survey on a given mountain summit. Elevations of mountain summit sites ranged from 742
to 3,287 m. Line and transparent ribbon present the mean regression line and 95% credible interval, 3 is the slope, o
is the standard deviation of 3.
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Fig. S7. Loss of beta-diversity over time. a, Posterior distribution of the mean beta-diversity of study sites at the
baseline survey (t1) and resurvey (t2), calculated as Sgrensen mean pair-wise dissimilarity between all possible pairs of
the 141 sites in our study. b, Beta-diversity of the entire species pools of summits, forests and grasslands (calculated
as Sgrensen multiple-site dissimilarity between habitats) at the baseline survey (t1) and resurvey (t3). Point and lines
in a are the median and its 66% and 95% credible interval. Dotted vertical line in a represents zero difference (¢t — ¢1)
in beta-diversity.

14

61

Chapter 4



Y]

Summit Forest Grassland

w P
o o
L L

Number of studies
N
o

101
04 Hmm . -
12 13 14 15 20 40 60 80
Time between surveys [yr]
b Summit Forest Grassland
o 154 6
2
=
H
- 101 41
1)
9]
0
1S 51 2
3
=
- l
10! 100° 10° 10 102 10*  10° 10! 102 103 10*

Area of study site [ha]

Fig. S8. Histogram of time span between surveys across study sites and site areas. a, Median time spans were 14, 42
and 34 years on mountain summits, forests and grasslands, respectively. b, Median site areas were 0.25, 1,700 and
1,000 ha on mountain summits, forests and grasslands, respectively. X-axis in b is on the log10-scale.
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Fig. S10. Range size frequency distribution. Area of occupancy estimates of the species found in a given habitat (summit
= 641 species, forest = 1,148 species, grassland = 692 species). Dotted vertical line represents the median range size.
Rug at the figure bottom represents the precise range sizes of species and is coloured to match the density of ticks.
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between surveys, number of plots per site, size of plots and site area (logl0-transformed). Since p < 0.7 for all
correlations, each character was included in the model testing whether the effect of range size depends on sampling

method.

18

65

Chapter 4



19

66

ST0C T00¢ 10°0C 9T'6v ediel ysiH / sueiyiedsed-pn ‘exresy NENIS
ST0¢ T00¢ ¥9'v¢ 6S'LY ‘SIA 18UpOY / suelyiedied-3 ‘eigay BlUBWOY
ST0¢ T00¢ 9'v¢C YASWA4 "SYA Iaupoy / suelyiedse)-3 ‘sidoi eluewoy
ST0¢ T00¢ €9'v¢ 09'LY ‘SHA 19Upoy / suelyieded-3 ‘©303|09 BlUBWOY
ST0¢ T00¢ €9'1¢C 8S° LY "SIA Iaupoy / suelyiedied-3 ‘nasaleyng eluewoy
STO¢ 100¢ 97’6 T€29 [19081A0Q / SapueIS-S ‘B||0Y3|SIA AemuoN
S10¢ 1002 L9'6 9729 19424A0Q / S9pUEDS-S ‘UB||0YOYSPOWLY B|SBA AemJonN
ST0¢ T00¢ 7v'6 GE'79 [19034A0Q / SapuUeIS-S ‘UUII0IS AemiopN
ST0¢ T00¢ 616 6729 [1I9034A0Q / Sopueds-S ‘ej|oy AemioN
LT0TC €00¢ TTTT /9% addnug|axal / sd|y |esiua) ‘Siaqgjeyds Aley
ST0¢C T00¢C 6S°TT 8¢ 91 sauwo|oq / sd|y-S Ya0leudey Aley
L10¢ ¢00¢ SS'L 99°SY dIAY JUOIA / sd|v-M “dejad eid Aley|
ST0¢ T00¢ I8'TT ¢S99 saywo|o( / sd|y-S ‘01nyds UOA Aley|
ST0¢ T00¢ 10T ecry saujuuady UIBYJION ‘ejosese) IUON Aey
L10¢ ¢00¢ SS'L ¥9'Sy JIAY JUOW / sd|y-M ‘eusjeg ogen Aey
LT0C €00¢ 88°0T 9/ 9% addnug|axal / sd|y |eJaua) ‘|lemiase) Aley|
ST0C T00C 99'TT €E9Y salwojoq / sd|y-S ‘|Snwselo Aley|
LT0C £00¢ 9T'TT /. 9% addnug|axa] / sd|y |esaua) ‘|3nwi|3e4 Aley
ST0¢ T00¢ 19°TT 8€9Y sa1wo|oq / sd|y-S ‘e|oluad oQ Aley
LT0C €00¢ 96'0T €L 9% addnug|axal / sd|y |esiua) ‘sueljop eq Aley
L10¢ ¢00¢ 09, S9'SY dIAY JUON / sd]y-M ‘Oduelg o8eT 3)j0D Aey
L70C ¢00¢ 0L'L 6'Sy JIAY JUO / sd|v-M ‘@yduelg awi) Aley|
S10¢ T00¢ 69°0T oC'vy sauluuady UJayloN ‘ole|jeAe) ueld Ip ewl) Aleyl
STOC 1002 19°0T [N 47 saujuUSdY UJBYLION ‘OAOID B 9004 Ip BUWID Aley]
GQT0¢C T00¢C 20T Y anard sauluuady UJSYMION ‘OlWWO|N Ip 9d|y Aley
STOC T00¢ €8'¢- 80°LS SwJ0dudie) “20||IH umousun uleylg iealo
ST0¢C T100¢ 18°¢- 80°LS swJo3dudie) 4o ygng uelods ulellig 1ealo
ST0C 1002 98'¢- oT'LS swJogulie) ‘ypleyoeadiyn seald ulellg 1esuo
ST0C T00¢ 73 €- 60°/LS swJo8udie) ‘udie) dwe) ulellug 1ealo
ST0¢ T00¢ 60°GT 09'LY gemydsydoH / sdiy-IN ‘HWwWns-pAN-uayuiz elsny
ST0T 1002 [ARY? 19V gemydsyooH / sdjy-IN ‘Hwwns-pmN-|950%|98ez euisny
ST0¢ T00¢ 9T'GT 9Ly 0eMyaSYd0H / sd|y-3IN ‘[28oquuniqyiapn eLISNy
ST0T 1002 €T'ST 19°LY qemydsydoH / sdjv-3N ‘198031fey,9 elIsNyY

sywwns uipaunop
(4A) Aonunsay  (4A) suijeseg  epnuSuol  spnine 9IS AJuno)

‘[Aanunsau 3s91e| 9Y3 PpUB ASAINS BUIIBSEQ 153[JBD DY) SMOYS 1SI|
3Y1 ‘sieA [BIDASS JIAO INO PILIIED SEM (ASAINSAI JO BUI|9sEq) ASAINS BUO UaYM] ASAINS3 PUB ASAINS BUIIDSE] U] JO JBIA ‘S91BUIPIO0D ‘DWieU 3Yis ‘AlIuno) "TS d|qeL

Chapter 4



ST0¢
9661
c10c¢
6661
900¢
800¢
c10c¢
c10¢
€00¢
c10¢
800¢
8661
S00¢
000¢
¥00¢
800¢
S00¢
600¢
0T0¢

ST0¢C
ST0¢
ST0¢C
ST0¢
ST0¢
ST0¢
ST0¢
ST0¢
ST0¢
ST0¢
ST0¢
ST0¢
ST0¢
ST0¢
ST0¢
ST0¢
ST0¢
ST0¢C
ST0¢

0L6T
LS6T
6561
Tv6l
€561
9861
7961
5961
€561
5961
861
LL6T
L961
56T
086T
€561
LS6T
LL6T
€661

T00¢
100¢
¢00¢
¢00¢
¢00¢
¢00¢
€00¢
€00¢
¢00¢
100¢
¢00¢
100¢
T100¢
T00¢
T00¢
T00¢
T100¢
T00¢
100¢

68°¢C
8G'¢
€0'LT
80°LT
09T
eSvl
8€91
0T'LT
€991
[AN4"
89"
LEE
85"
Ly
6LV
95'S
v9'v
¥S'€
il

eCL
veL
6€°0T
v1°0T
8C°0T
€Cor
iz
ev'ot
€e0T
ocL
7e0T
SCL
10°0-
S00
€00
90°0-
L6°6T
¢0'0¢
S6'61

9e'6Y
00°0S
or'ev
LT0S
88y
¢0'0s
S0'6Y
88'8Y
L8'8Y
6509
SC'1S
LO'TS
ce0g
08'0S
LO'TS
96y
oS
60°TS
8Ly

0091
66'SY
197
S99
6997
99
79°9%
VL9
6997
09
S99
€09
99ty
99°¢y
S9'¢ty
o'y
ocer
ST'6v
8T'6Y

159.04 audaldwo)
Auipuy

POOM @d1uEp7

"SUAl Aoy 24s03|UdAY
POOM 33IAO[IIN

53] AYSAOQIIN
POOAN AOJLLINIY
eAeiqnQ &YSUlUOPOH
POOM UIARQ
110YOpPa 1S 9459
$0Q|954907

U9550g 91OA
snglu4nop
pnom|eepJasin
USSSOqUaJaH
awneo

auuaJol4
usJapuee|p-uauulg

uspoq[eqez

9ouel4
9oueld
a1|gnday yosz)
a1|gnday yoaz)
a1|gnday yoaz)
a1|gnday yoaz)
a1|gnday yooz)
a1|gnday yoaz)
a1|gnday yoaz)
al|gnday yoaz)
wnig|ag
wn|djag
wnig|ag
wn|3jag
wni3|ag
wn|3jag
wnig|ag
wn|3|ag
elsny

$15240f SN0J3fjuod pup snonpidag

JuowaJug-sielep Jo sdiy / sadjy-pn “24ed np 91Ul0d
JuowsaJiu3-siejep Jo sdjy / sadjy-pn ‘SJ1oA0g Sp S1uUlod
Jded |BUOLEN SSIMS / S|y |ed1ud) Uaze|d zid

ded [euoneN SsIMS / sdjy [edius) U9mNA zid

JJed |PUOLIEN SSIMS / Sd]y |ediud) ‘zedod zid

yded [euoneN ssImS / sdjy [esaua) ‘|Seaeyd 1uniy

yded |euoleN SSIMS / sd|y |edlud) ‘edojeyng Junipn
dded [euoneN SSIMS / sdjy [eJius) ‘euusAsss euewey) Jads 10|
yded |euoneN ssImS / sdiy |ediua) Uafe |ep 100
JuowaJiug-siejea Jo sdjy / sadjy-pn ‘9|n4g JUoN

yded [euoneN SSIMS / sdjy |eJiua) ‘sunyasulin
JuowiaJiug-siejea Jo sdiy / sadjy-m ‘A7 e

BS9PJQ / S99UAJAJ |B4IUSD U0JEBQO] BIUNg

BSSPJQ / S93UIUAJ |B4IUSD ‘SB|O SB| 9P eluNd

BS9PJQ / S99UBJA( |B4IUS) ‘BIPOISN) BIUNG

BS9PJQ / S93UaJAd |BJIUS) ‘eINdY BluNg

eJie] Y3y / suelyiedied-pn ‘edoy ey, oA

eJ1el Y3iH / sueryredied-pA ‘edoy eAoy|a1pas

eJ1e| Yy3iH / sueiyledied-p ‘euziy

PUBJIDZIMS
pUBI9ZIMS
PUBJIDZIMS
PUBI9ZIMS
PUBJIDZIMS
PUBISZIMS
PUBJIDZIMS
pUBISZIMS
PUBJIDZIMS
PUBISZIMS
PUBJIDZIMS
PUBJIDZIMS
uleds

uleds

uleds

uleds
BIBAOIS
BIBAOIS
BIBAOIS

20

Chapter 4

67



ST0¢
£00¢
900¢
£00¢
c10c¢
£00¢C
€10¢
¥710¢
c10oc¢
¥10¢
600¢
8861
110¢
910¢
ST0¢C
0661
910¢
800¢
910¢
ST0¢
910¢
6661
600¢
0T0¢
910¢
¥10¢
9T0¢
c10c¢
600¢
c10c¢
100¢
800¢
L10¢
€00¢
¥10¢
¥10¢
c10c¢
£00¢
6661

€861
9961
5961
7961
961
6T
€661
0667
9961
661
861
LS6T
1661
€561
756t
0g6T
G967
6861
G967
9s61
§S6T
V.61
6461
5961
1961
56T
3861
661
0961
0961
0861
9861
1961
9861
0961
€961
961
6861
9661

00°sT
veELT
S8'T¢
8¢€'6T
891
LETL
€0'LT
€091
JAR 4
€191
v1'9

69°S

05'6-
96'8T
L59T
Lcee
06°0¢
05°0¢
or'6T
or°0¢
L0°8T
€e'T-
99°¢-
€6'¢ET
Y111
8¢l
7907
SO°0T
c00T
8’6

SO°0T
86’8

SO'TT
S9'TT
08¢l
LV'ET
98¢l
8¢9

oT'v

SL°SY
(017417
ey
9C'8Y
9C'1S
12014
1619
76'0S
0L¢s
T0°TS
ce09
9¢'cs
c0'¢s
L' LY
697
LLLY
6187
66'LY
69°LY
16°LY
0C'Ly
LLTS
€8'1S
60°CS
LEOS
80°€S
¢9'TS
8919
9G'TS
€e’1s
€S'TS
SG°€ES
0E'8y
0€'8y
6L°TS
90°€s
90°¢S
18°9%
v6'6v

e3J9d
BI3BAO|S IS9M-YINOS
BI3eAO|S 1SP3-YLION
BI}BAO|S [BJIUd)

S|[1H ad1ugaz]
SUIBIUNO|A 3SUBZIIN|-03O0UES
apzpodzaIN AuAzs|O

15240} Y233 a29pns png
eZ3|MOjelg

1A emoyjezeg

puejepJoH

soqJap|nads

A113) Auno)
89sA8ay-1pes3asiA

89510

3as41AN
ug|dwaz-png-elen
S9A9H

Sesquiop-19(|0po9
18Y3.9sD-19d S efjexping
9522499 s9 Auoyeg

SPOOM WeYIAM

Hed ApeT
191ga3puey-pjemasids sausiun
819gauuos

z)1u8lid

Suaquajnels 4agouo
U3||0ISUNH ‘UsBumoo
uagumoo

uadumoo

uagumoo

J9S9M\-24|3

Yo Jaduiyo3

9o J93ulyd3

pns Sinquapue.g

pJON 34nquapuelg
gunquapuelg

eanr

UOSJIH

BIUDAOIS
EDBAO|S
BI)BAOIS
EDBAO|S

pue|od
puejod
pue|od
puejod
pue|od
puejod
AemuoN
SpueJayiaN
puejad|
AJeduny
AledunH
AJeduny
Ate3uny
Aleduny
Aleduny
Aleduny
Aleduny
ulellig 1eslo
ulelld 1eals
AuBWID
AuewJa9
AuBWID
AuewJa0
AuBWID
AuewJa0
AuBWIDD
AuewJa0
AuBWID
AuewJaD
AuBWID
AuewJaD
AueWJD
AuewJaD
9Juel4
92Ukl

21

68

Chapter 4



€00¢
€00¢
€00¢
€00¢
T10¢
ST0¢
€661
L3861
€10¢
910¢
800¢
800¢
0T0¢
c1o¢
900¢
1661
0661
0661
0661
1661
1661

8661
710¢
¥10¢
ST0¢
¥10¢
¥10¢
€T0¢C
€10¢
ST0¢C
ST0¢

S61
¢s6l
¢s61
s6l
661
86l
7961
[4515)
1661
S66T
L861
6461
7661
€661
€961
0set
0561
0set
0561
8961
Teel

ovet
6661
T/61
3861
€861
8861
961
ge6l
€861
€861

12°0-
L60
700~
61'¢C-
79'€T
95’8
ST'6
Y6
S8'€ET
[4%R]
1€8
[4%R]
Ev'8
00'TT
0€'6
6’6
06'8
€6'8
688
TL°TT
1271

€8°L

9'LT
9'LT
91l
CLET
€591
€CeT
€eel
[4: 24"
10°ST

L6°ES
LT'1S
¥0'¢S
86°09
9L°¢CS
v1'es
SE'ES
CE'ES
[4°w4"]
8¢S
6v'CS
6v7'CS
S9°09
Tr'1S
00°€s
€C1s
809
8405
1809
6C6Y
6C6Y

SCLY
S6°89
S6'89
99°99
88'5S
£9°99
69°GS
69°99
9'Sy
99°SY

SP|OAN 2JIYSHJOA

ulelllg jeals

U3y ulellig 1eslo

eljsuy 1se3 urellg 1eain
19s10Q ulelllg 1ealo
Ua%290359341S Auewan
pueq Ja3uIpa3s AuBWID
[12150 Auewan

1819150 AuewWJD

uasalp\ wweq a8ue AuewJao
Jawwng a¥e] AuewWJD
Jawwng ayel Auewag
Jawwng aye] Auewan
pue|diag-||1g-uye Auewusn
SUIBJUNOIA JSNBYHAY Auewan
JOO|A JoWnN3oH Auewiag
U3sSaH Auewan

U9SSOH AuBWID

U3SSaH AuewJa9

U9SSOH AuBWID

einf Jayospjued Auewuan
eJn[ Jayospued Auewian
Spup|sspib pupjmoq

negiey PUBISZIMS

useg|inL usapams
uJed|inL usapams
PNANYSUIS usapams
aueys uapams

pueQ uspams

Agleqg USpams

Agleq uspams

22WA1S BIUDAO|S

3oy pjsaeusyley BIUSAO|S

22

Chapter 4

69



888¢ L16¢C 00T 800 6€°0- 1’0 910 Aduednado : azis aguey

65€T 76ST 00T 6TT- v8'1- 910 6V'T- AduednaoQ
750€ S6.T 00T LTO €L0 vT'0 SO 9715 a3uey
96¢T 099 00T ¥E€T- 6T ¢- Y0 €T 1daoiziu|  pup|sspin
83T¢ 8¢ 00T €20 100 900 ¢TI0 Aduednaao : azjs 23uey
8697 STTT 00T 9T'T- €9°T- 10 6£T- AduednaoQ
06¢¢€ S00€ 00T %00 870 900 9T°0- z1s a3uey
9gtT 169 00T [6T- 9LC- 0T0 S£T 1daouaqu 152404
|'e} $S3 NNQSSI  1eyd D %S6-N 1D %S6-l  PS ajewnsy Ja1aweled jenqeH

suonetall 000 Z YHM yoes ‘suleyd t :ssumas sjdwes
(puejssedsd) Tz ‘(3s2404) 89 :(Apnis) sjans] dnoud Jo Jaquinn
(pue|ssedd) gy ‘(3s9404) 1€8 :(sa199ds) s|ana] dnous Jo Jaquinp
(pue|sse8) ¥89T ‘(359404) L0YS :SUOLBAISSQO JO JOqWNN

896¢ 69L¢ 00T 010 SZ0- 600 800- Aduednado : 9215 a8uey
890¢ 90T 00T L¥T- STz LT0 087T- AduednaoQ
96L¢ LTVT 00T 0C0- 65°0- 010  Ov0- az)s a8uey
588 S9y 10T €€0- 18'T- 860 LOT- 1deouaiu|  pupjsspID
o0zee 0665 00T STO 200-  ¥00 900 Aduednado : 9215 a8uey
9€TE 9T6¢ 00T 6VT- 18T- 800 S9T- Aduednaoo
9zve €19y 00T OT0- LTO- Y00 8TO- oz)s a8uey
LL6 8.5 10T  960- v9'T- LTO 62T 1daouay| 152104
€91¢€ 88y 00T LT0 070 600 200- Aduednado : 9715 a8uey
89T¢ szze 00T CET- 00'¢- LTO €97T- Aduednaoo
zL0€ 05ty 00T LT0 €0 €10 800 oz)s 98uey
9161 €961 00T 6 €0'v- 870 e woda)  ywwng
l1e1 553 NNGSST  1eyy 1D %S6-N D %S6-l  PS  @lewns3 JPPwWeled  jengey

suoneJal 0007 YuMm yaes ‘suteyd  :ssumass s|dwes

(pue|ssedd) Tz ‘(352404) 89 ‘(Hwwins) zG :(Apnis) s|aAs| dnoJd jo JaquinN

(pue|sseud) v6S ‘(359404) 686 ‘(MwWWNS) G/ G :(sa193ds) s|aA3] dnoud Jo Jsquinpn

(pue|ssedd) Zove (359404) L2/ ‘(MWwNS) TE/Z :SUOLBAISSQO JO JaqUINN

(Aaysaads | 1)+ (aus | ((Aoupdnaoo)orbo))aj0as + ) + ((Aoundnaao)orbol)ajpas , ((abunt)orbo))a10as ~ (d)1160] ‘ejnuiio
9)s Apnis e 1e 350| 8ulaq sa123ds jo Ayljiqeqoud

"S1B1I0BY 9S3Y1 UIYLIM 103D 9zIS-98UeJ 91 JO SS2UISNQOJ JO) 159] 03 puB|sSed pue 15310y ul (AAJns auljaseq ayi ul %G mojaq Aduednado-ais
e Y1M) sa10ads aued SuIpn|axa [9pOoW 3yl Ues am ‘0OS|y ‘ASAINS aul|aseq ayl Je Juasald saldads sapnaul [9poIN “(saziIs ajdwes aandaya "a'1) sajdwes yuspuadapul jo
JaqWinu 3yl aJe §S3-[1e1 pue - N ‘d1Bsoudelp 92uaSIaAUO0D UIgNY—UeW |5 3yl S11eYY (D) |PAIDIUI 3|QIP3JD %G6 PUE (PS) UOLRIASP PJEPUE]S JIBY] ‘S91BWLSS Ja1aweled
‘s3umas Suljdwes ‘xejuhs [spolN “(eg€ "814) @ouepunge aulaseq pue azis a8ued sa1dads yum Aljigeqoud sso| sardads Sundipasd j9pow ay3 jo Alewwns ‘gs a|qel

23

70

Chapter 4



00€C 0€91 00T %90 0T'T- 10 ¢60- AduednaoQ
1€6¢ 99¢¢ 00T SE0 S0°0 800 070 9715 23uey
(87T 0SL 00T TTO €0'T- 120 790- 1dsoJs1u|  pupjsSLID
¥81¢ S6ET 00T €¥'0- 69°0- LO0 9S°0- Aduednaog
G/TT 609T 00T 9€0 ST'0 SO0 970 9zis a3uey
£98 VA% 10T  9%'0- 96'0- €T0 TLO- 1da0Ja1u] 152404
0062 7597 00T /00 91°0- 900 S0°0- Aduednaoo
L9YE LLT9 00T €70 100 900 TT0 9715 23uey
6€TC €€8T 00T V€0 ST'0- 10 600 1daoua1u| ywwing
|1e3 553 ANGSST  1BYY 1D %S6-N 1D %S6-1  PS a1ewnsy Ja1aweled jeyqey

suonetall 000 Z YHM yoes ‘suleyd t :ssumas sjdwes

(pue|ssedsd) Tz ‘(352404) 89 ‘(Hwwins) zG :(Apnis) s|oAs| dnoJd jo JaquinN

(pue|sseds) TGy ‘(3s9404) 8T/ ‘(Mwwns) TTS :(sa199ds) sjana| dnousd Jo Jaquinp

(pue|ssed8) 009T ‘(359404) 0SZS ‘(HWWINS) GOET :SUOLBAISSO JO JaqUINN

(Aaysaads | 1)+ (aus | ((Aoupdnao0)orbo))3i0as + ) + ((Aoundnaao)orbol)ajpas + ((abunt)oTb0])a102s ~ (d)1160] ‘ejnuiio
Aouednaoo ul uiseauoul sa1dads Sunsisiad jo Alljiqeqoud

61T LOVE T0T 800 000 00 00 (Buiseaunap 0} v7) Sulsealou
Lyl 615 10T 99t 9y SO0 /SY guisealdaq  pupjssuio
VAL4S 0661 00T €T0 L0°0 T00 OTO0 (Buisesudap 01 V) Buiseauou|
819 543 10T  SPv vEY €00 6£7 Suisealnaq 159104
TT1€ 6€19 00T V10 100 €00 800 (Buiseasdsp 031 y7) uiseasou]
LOVT 799 00T €v'E oTe 900 T€€ 8uisealnaq ywwng
|1e3 553 ANGSSI  1eyd 1D %S6-N 1D %S6-|  PS alewnsy Ja13Weled jerqeH

suonleJal 000‘C YIM yoea ‘suieyd ¢ :sgumas ajdwes

(pue|sseds) Tz ‘(352404) 89 ‘(HwwiNns) 7§ :(Apnis) s|aAs| dnoJd Jo Jaquinn
(puessed8) 19T ‘(352404) 9/ €S ‘(MWWNS) /T :SUOLBAISSCO JO JOqUINN
(Apnis|T) + puaJ220 ~ (abup)oTbo| :ejnwio4

s3z|s 93uel ueaw :3uiseasdap 3unsisiad sa Suiseasoul Sunsisiad

‘(SpoYIaIN 995) T 40 Aduednado auljaseq e yum sa1oads
sapn|oxa pue ‘Aduednado sulaseq sa12ads Joj S|043u0d 3uiseasdul Jo Alljigeqold uo [9pojN "Sa12ads SuiSestdap pue 3uiSesldul Usamlag 9zIs s3uel Uuesw palew s
ul 9duaJaylp Joaisod ayy suasasd ,3uisessdap 01 V7, 'sa1ads Sunsisiad sapnjoul Ajuo s|apolN ‘(sazis ajdwes aAndaa 9°1) s9jdwes Juspuadapul Jo Jagquinu ay3
9Je SS3-|1e pue -j|nq ‘21soudelp 92Ua349AU0D UIgNY—UBWI[SD 3yl SI 1eyy *(1D) [BAIS1IUI 3]qIPaJd %SG6 PUB (PS) UOLRIASP pJepuels Jiay) ‘Sa1ewnlss Jajaweded ‘s3ulpas
Suldwes ‘xejuAs |9po|N g€ ‘814 pue € aun3i4 Asejuawa|ddng) azis a8ues 01 uone|as ul sa1dads Sunsisiad Jo spuasl Aouednado 4oy sjPpowW JO SaleEWWNG €S d|qe|

24

Chapter 4

71



10°0- 60°0- S0°0- paisisiad - pauieg
020 4%} 910 150 - pa3sisiad
ST'0 L00 110 1S0| - paulen  pub|sspio
000 L0°0- ¥0°0- paisisiad - paules
8T°0 €T°0 910 10| - paIsIsIad
ST0 800 10 10| - paulen 153404
LT0 200 600 paisisiad - paulen
910 ¥0°0- 900 150 - passIsIad
LT0 ¥0'0 ST0 150| - pauley ywwns
1D %S6-N 1D %S6-] Slewnsy Ja1oweled 1eygey
VLY ¥92¢ 00T 600 100 700 500 (paules 01 \7) paisisiad
LYST 0807 00T L00O- STO- 700 110 (pauted 03 /) 3507
LL9 ¥1S 0T S9°S 9t'g S0°0 95°S paulen  pupjsspio
1912 1912 00T £LOO 100 100 ¥0°0 (pauled 03 /) paisisiad
€0LC S19¢ 00T 80°0- ST'0- 200 TT°0- (paulesd 01 y7) 1507
69 79t T0T  8¥'S LE'S €00 A paules 153404
708t 0L0Y 00T 200~ LT0- ¥0'0 otT0- (paules 01 7) paisisiad
890€ 6911 00T +00- LT0- 900 ST0- (pauled 01 /) 1501
€60T viv 0T 9" 9e'y L00 677 paules ywuwng
[1€31SS3  AINGSST  1euyd D %S6-N 1D %S6-l  PS ajewnsy Ja1aweled jeygey

suoLeJIIM 0007 YHM yoes ‘suleyd ¢ :s3upas ajdwes

(pue|ssedd) Tz ‘(3s2404) 89 ‘(Mwwins) 7§ :(Apnis) s|aAs| dnoud Jo JaquinN
(pue|sseud) €TOE ‘(359404) 6726 ‘(HWWNS) FEEE :SUOLBAIDSCO JO JISqUINN
(Apnas| ) + A10323[041 ~ (36up4)THO| B|INWIOS

$9z|s 93ueu ueaw :(3unsisiad SA) 150| SA paulen

"(9]P2s-0T 80| 9Y3 Ul 243Y BJE SSIPWNSS [DPOW ‘P PUR I€ 24nT14
0} pasoddo se) sa140309(ed) JO $9zIS 93uUe) UBSW JO UOUNGLISIP JOLIDISOd Syl USIMIS] SSIUJBYIP Se Pale|ndjed aJe Sisesiuo) sa1dads pauled pue Sunsisiad/isol
US9M13Q 9IS 93URJ URSW PIIBWNSS Ul 92USJ4IP J0142150d ay) syuasaud ,pauled 03 /7, "9Seqeiep Jno ul sa19ads /78 T ||e SIPN|DUl [9POIN *(S9zIs 9|dwes sy "o'1)
so|dwes Juapuadapul Jo Jaqunu 3y} aJe SS3-|Iel pue -4|ng ‘ousoudelp 92U3349AU0D UIgNY—UeW|39 a3 Sl 1eyy (D) |eAISIUI 3]qIP3JD %SG6 PUB (PS) UOLIBIASP pJepuesls
J1ay1 ‘sarewnyss Jajaweded ‘s3uimas 3uljdwes ‘xejuAs |apolA “(p pue o€ “814) Aio1oa(es saipads yum azis a8ued sarpads Sundipaud [spow ayi Jo Atewwns ‘¢S 9|geL

25

72

Chapter 4



Table S5. Summary of the model testing for effects of sampling methods on the effect of range size on species loss
probability. Model syntax, sampling settings, parameter estimates, their standard deviation (sd) and 95% credible
interval (Cl). Rhat is the Gelman—Rubin convergence diagnostic, bulk- and tail-ESS are the number of independent sam-
ples (i.e. effective sample sizes). Model is on forests, as forest study sites are most numerous and sampling characters
(i.e. site areas, plot sizes/numbers and time intervals) varied here the most.

Interaction effect between range size and sampling methods

Formula:

logit(p) ~scale(log10(range)) * scale(log10(occupancy))
+scale(log10(range)) * scale(log10(area))

+ scale(log10(range)) * scale(plot size)

+scale(log10(range)) * scale(plot number)
+ scale(log10(range)) * scale(time interval)
+ (1 + scale(log10(occupancy)) | site) + (1 | speciesKey)
Number of observations: 7727

Number of group levels (species): 989

Number of group levels (study): 68
Sample settings: 4 chains, each with 2,000 iterations

Parameter Estimate sd 1-95% Cl u-95% Cl Rhat ESSbulk ESS tail
Intercept -146 0.14 -1.75 -1.18  1.01 946 1622
Range size -0.15 0.06 -0.26 -0.04 1.00 2716 3063
Occupancy -1.70 0.08 -1.86 -1.55 1.00 2023 2762
Area -0.26  0.13 -0.53 -0.01 1.01 897 1679
Plot size -0.06 0.12 -0.30 0.18 1.00 1153 2023
Plot number -093 0.13 -1.18 -0.67 1.00 921 1366
Time interval 0.18 0.12 -0.06 0.42 1.00 1064 1643
Range size : occupancy 0.06 0.05 -0.04 0.16 1.00 3960 3049
Range size : area -0.05 0.06 -0.16 0.06 1.00 3433 3392
Range size : plot size 0.00 0.04 -0.09 0.08 1.00 7222 3096
Range size : plot number 0.00 0.05 -0.10 0.10 1.00 4436 3000
Range size : time interval -0.07 0.05 -0.16 0.03 1.00 3801 2997
26
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Chapter 5 - Synthesis

In this thesis | used temporal data to ask whether individual species trajectories in plant communities can be
explained by species geographic range size. The main finding of this thesis is that range size can predict tra-
jectories of vascular plant species across contrasting habitats in Europe, suggesting species temporal turnover in
the Anthropocene has a directional and predictable component. Across plant communities, larger-ranged species
gained ground and replaced smaller-ranging species over time. The results suggest that alongside demographic
effects, aspects of species niche play a role in driving the effect of range size on plant species trajectory. Here |
focused on species niche position for nutrients and showed that i) species nutrient-niche is associated positively
with range size, ii) the probability of species loss increased disproportionately for small-ranged species under high
aerial nitrogen deposition, iii) shifts towards more nutrient-loving species run in parallel with the replacement of
smaller- by larger-ranged species, and iv) controlling for demographic effects does not nullify the effect of range size
on the loss probability of species. Together, these findings suggest that small-by large-ranged species replacement

is partially driven by ecological selection processes.

Human modifications to the environment, such as changes in land use, typically aim at making land more pro-
ductive (Carpenter et al., 2009; Rockstrém et al., 2009). These changes are not confined locally but spill over to
natural and seminatural systems (J. N. Galloway et al., 2003; Bobbink et al., 2010). Thus, even in natural and
seminatural habitats, more resource-acquisitive plants species may be favored (Chapter 3). Since larger-ranged
species tend to be more nutrient-loving (Chapter 4), this may explain their success across habitats. Large-ranged
species might initially be also more likely to colonize because i) they occupy more sites from where to disperse,
ii) nutrient-loving plants have a generally higher resource allocation to reproduction (Bartelheimer and Poschlod,
2016), where a large number of seeds can favor dispersal (Murray et al., 2002; Fenner and Thompson, 2005)
and, iii) high-nutrient habitats are often human habitats (e.g. agricultures), where humans may act as a major
secondary dispersal agent. Thus, both the colonization and persistence of large-ranged species are likely to be
favored by human activities owing to deterministic aspects of species niche. Importantly, the increased prevalence
of large-ranged, more resource-acquisitive species, could increase the biotic pressure on extant species and thereby

help to explain the preferential loss of small-ranged species.

As larger-ranged, more nutrient-loving species are gained, competition for below-ground resources is likely to shift
towards competition for light (Hautier, Niklaus, and Hector, 2009). Extant species may therefore not only experi-
ence direct effects from human activities such as an imbalanced stoichiometry of resources (e.g. phosphorous to
nitrogen ratio), but also increased competition. Thus, filtering of preferentially small-ranged species, i.e. species
that tend to have resource-conservative strategies and grow slower, could be due not only to abiotic but also to
biotic pressure. | found that in grasslands, where biotic filtering is presumed to be strong, the range-size effect on
the probability of loss was strongest, whereas on summits, where biotic filtering is less important and vegetation
cover hitherto much lower, the range-size effect was not clearly different from zero (Chapter 4). This could suggest

that biotic filtering may play an important role in explaining the directional turnover in relation to species range
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size. Experimental studies in which the number of limiting resources is decreased show that abiotic and biotic
effects are both important predictors of species richness change (Harpole et al., 2016). However, the relative

importance of abiotic versus biotic filtering for driving directional turnover is in need of further study.

While the exact causes (abiotic versus biotic filtering) of the preferential decline of small-ranged species remain still
elusive, this thesis provides evidence for its consequences. Since species with smaller ranges by definition occupy
fewer sites and are more likely to be lost within a given site, they are at double risk of going extinct (Pimm et al.,
2014). The directional loss of small-ranged species at a given site is therefore likely to have consequences for the
diversity of species beyond the community level (Keil et al., 2018). Here | found that the gamma diversity of all
forest sites has declined over time (Chapter 3), although site-level diversity remained constant on average. This
result sheds light on how local dynamics may change biodiversity across spatial scales. At relatively small spatial
scales, gains in larger-ranged species offset losses in smaller-ranged species on average, but the cumulative loss of
geographically restricted species can translate to a decrease in species richness at the gamma-scale. In addition, |
found that the directional turnover in relation to species range size can link to changes in beta-diversity between
habitats. The consistent replacement of small- by large-ranged species acts to homogenize the vegetation between
habitats over time (Chapter 4). As this might imply a decline in unique ecosystem functions, understanding and

reversing the preferential loss of small-ranged species is of major concern for biodiversity conservation.

Outlook

This thesis highlights an important question, namely to understand the relative importance of abiotic and biotic
filtering in explaining the systematic loss of species. One way to test for the importance of biotic pressure is by
asking whether herbivory can dampen the effects of global environmental change: Herbivory can modify vegetation
changes by downregulating the more frequent and dominant species and by increasing niche space via disturbances.
To address this question, we are currently compiling a database in collaboration with the data custodians and
park managers of the forestREplot consortium (https://forestreplot.ugent.be/). We collate densities of different
herbivore species over time in sites with vegetation resurveys. Although the literature on the effects of herbivores
in forests remains divided, some previous studies in forestREplot sites have already shown that high herbivore
densities can substantially increase species richness (Vild et al., 2017). With this project we want to go beyond
analyzing richness trends and ask, which species benefit from increases in herbivory and whether herbviory favors
coexistence by preventing species losses from increased competition? Also, we want to quantify at which density
of herbivores any such buffering effects become visible. Knowing which herbivore densities are beneficial for plant

conservation will be essential for future rewilding and restoration efforts.

On a more personal note. .. While herbivory may be one tool to help the conservation of species in a rewilding or
restoration context, it is impossible to introduce large herbivores everywhere. So why not bring the most threatened
species to cities and our backyards, where plants can grow in controlled and managed environments and let humans
take over the functional role of herbivores. As paradoxical as it sounds, if the most vulnerable species can live
in human environments when the biotic effects of faster growing species are controlled for, the conservation of
these species could move to the presumed centers of their threat and become an objective of citizen science.
Red list plant species could be commercialized, so that people can choose whether to plant an exotic species or
a native Red list species (which may eventually even act as an economically viable supplement to payments for

maintaining traditional farming practices). Augmenting demographic rates via planting these threatened species
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in parks and backyards, may help species with declining population trends to colonize suitable habitat, which is
currently impeded due to the rarity of these species. Although not a scientific endeavour, this thesis motivated
planting Red list plant species in my backyard. Also, it led me to initiate goodglobe.org, a crowdfunding platform
(which is still in development, current mockup version available under https://lucid-golick-8b9883.netlify.app/)
for science-driven conservation projects that aims to enable everyone to take responsibility for the environment

and, guided by science, safeguard biodiversity.
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Supplementary information

Range size predicts the risk of local extinction from habitat loss

Figure S1: Sensitivity test of data selection thresholds.

Figure S2: Time interval between and dates of the before and after habitat loss period.
Figure S3: Map of locations meeting criteria of the persistence probability analysis.
Figure S4: Frequency distribution of log transformed range sizes.

Figure S5: Simulations.

Figure S6: Testing the assumption of extinction after last record.

Figure S7: Sampling frequencies per % habitat loss.

R code: available in the online version at https://doi.org/10.1111/geb.13003

Justification of thresholds and sensitivity test

Thresholds for data quality are necessarily subjective (Isaac & Pocock, 2015) but we jus-
tify our thresholds as follows. We used 0% habitat remaining as threshold for classifying the
period after habitat loss because only then we can exclude the possibility that species records
were collected in natural habitat remnants. We chose 80% as threshold for the classification
of the period before habitat loss because this still gave us a sizeable number of cells. Any
higher threshold would prevent meaningful analysis. We required before and after communit-
ies to have at least 10 species for the same reason. Telfer, Preston and Rothery (2002) used
a threshold of 5 species, this would also increase the number of cells available to our ana-

lysis, but we aimed for the most stringent criteria that still returned a sizeable number of cells.

Nonetheless, we tested the sensitivity of our results to chosen thresholds. We repeated the

same analysis: first, we required communities to have at least 5 species in both the before
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and after habitat loss community (leaving habitat thresholds unchanged); second, we also
changed thresholds to >60% habitat remaining (defining the period before habitat loss) and
<10% habitat remaining (defining the period after habitat loss). Results were consistent
(pairwise permutation test: Z = —4.4, p < 0.001, » = 0.25 and Z = —17.7, p < 0.001,
r = 0.3 respectively; Figure S1a) and b). As expected, relaxing the thresholds increased the
number of available communities (from 89 communities in the main text to 155 and 1,700

communities, respectively).
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Figure S1: Change in median range size of vascular plant communities (at least 5 species)
before and after habitat loss with different data selection thresholds. a) Thresholds of habitat
remaining are set to >80% (defining the before habitat loss period) and 0% (defining the
after habitat loss period), and b) thresholds of habitat remaining are set to >60% (defining
the before habitat loss period) and <10% (defining the after habitat loss period)
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Figure S2: a) Time interval (years) between the last record before habitat loss (> 80%
habitat remaining) and the earliest record after habitat loss (0% habitat remaining). The
average time that passed between the before and after community was 81 years, the shortest
and longest time interval are 20 and 163 years, respectively. b) Date of the last species
record in the before habitat loss period. c) Date of the earliest record in the after habitat
loss period.
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Figure S3: Spatial distribution of 365 locations (quarter degree cells) that experienced com-
plete loss of natural habitat and that harbored species that were sampled at least twice and
present before habitat loss. Circles are semitransparent and coloured according to biomes.
Map is in Eckert-IV projection.
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Figure S4: Frequency distribution of log transformed range sizes for 2,678 species (after
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Figure S5: Simulations. a) Distribution of logratios of median species’ range size before and
median species’ range size after habitat loss. Logratios are calculated from 1,000 simulated
before and after habitat loss communities. Species range sizes in both communities were
simulated from the same log-normal distribution. b) Persistence curve of small- and large-
ranged species. Each range size class consists of 50 species. Species’ minimum habitat
values were simulated from the same uniform distribution for all species.
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Figure S6: Testing the assumption of extinction after last record. a) Number of years and
b) number of records (loglO transformed) between a species’ last record in a given cell
(minimum habitat value) and the overall last record in that cell. Minimum habitat values
are grouped in five 20% wide intervals.
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Figure S7: Quartiles and whisker plot of sampling frequencies, calculated as the number of
records per percent habitat loss, of small- and large-ranged species. Whiskers extend 1.5
interquartile ranges.
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Supplementary information

Replacements of small- by large-ranged species scale up to diversity
loss in Europe’s temperate forest biome

Supplementary Figures

1. Supplementary Figure 1. Study-level predictor variables.
2. Supplementary Figure 2. Map of oxidized nitrogen deposition.

3. Supplementary Figure 3. Change in non-native species.

Supplementary Tables

1. Supplementary Table 1. Country, region, coordinates, survey interval, and year of the baseline survey of studies.

2. Supplementary Table 2. Model summary of range size comparison between persisting, colonizing and extinct
species.

3. Supplementary Table 3. Model summary for species’ extinction probability with i) only species’ site occupancy,
ii) species’ range size and site occupancy, and iii) only species’ range size as predictor.

4. Supplementary Table 4. Model summary for species’ extinction probability including the interaction between
inter-census nitrogen deposition and species’ range size as predictor.

5. Supplementary Table 5. Model summary for the change in species number and non-native species with
inter-census nitrogen deposition and other contextual variables as predictor of this change.

6. Supplementary Table 6. Model summary for Ellenberg indicator values for N averaged across extinct species
and the change in N-numbers averaged across all species regressed against inter-census nitrogen deposition.

7. Supplementary Table 7. Model summary for the change in mean and variance of N-availability across sites over
time.
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Supplementary Figure 1: Study-level predictor variables. Frequency distributions of a) cumulative nitrogen
deposition between surveys, b) number of plots in a study, ) the time period between the baseline survey and the

resurvey and d) the area of the study site.
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N deposition in 2000 (kg/ha)

Supplementary Figure 2: Map of oxidized nitrogen deposition. Data for dry and wet oxidized N-deposition
in the year 2000 from EMEP (c. 11km? resolution) with study locations.
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native species at the time of the baseline survey and resurvey. b) Frequency distribution of the difference in the
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Supplementary Table 1: Country, region, coordinates, survey interval, and year of the baseline survey
of studies [when one survey (baseline or resurvey) was carried out over several years, the survey interval reprents
the time span between the earliest baseline survey and latest resurvey].

Country Region Lat Long Interval (years) Baseline (year)
A Zébelboden 47834 14.44 17 1993
B Gaume 49.62  5.57 55 1953
B Binnen-Vlaanderen 51.07  3.69 29 1980
B Zoerselbos 51.25  4.68 26 1982
B Herenbossen 51.07 4.79 24 1980
B Vorte Bossen 51.07 3.37 21 1977
B Meerdaalwoud 50.80 4.70 46 1954
B Florenne 50.21 4.65 48 1957
B Tournibus 50.32 458 38 1967
CH Switzerland 46.96 7.64 58 1940
Ccz Dévin Wood 48.87 16.65 50 1953
Cz Milovice Wood 48.83 16.69 53 1953
Ccz Rychlebské hory Mts. 50.31 17.04 57 1942
Cz Mili¢ovsky les 50.02 14.54 22 1986
Ccz Ceské St¥edohof 50.60 14.12 47 1965
Cz Krumlov Wood 49.05 16.37 48 1964
cz Hodoninska Dubrava 48.89 17.12 47 1965
cz Zdanice Wood 49.08 17.06 53 1959
D Elbe-Weser 53.41 9.12 22 1986
D Gottingen, SFB 51.53 10.05 21 1980
D Echinger Lohe 48.30 11.65 31 1986
D Echinger Lohe 48.30 11.64 56 1961
D Gottingen, Carici-Fagetum 51.56 10.01 52 1960
D Gottingen, Hordelymo-Fagetum 51.56 10.01 49 1960
D Brandenburg 5233 13.44 50 1962
D Sonneberg 50.36 11.13 55 1961
D Goéttingen, Hiinstollen 51.58 10.05 20 1992
D Prignitz 53.06 12.23 60 1954
D Brandenburg Nord 53.02 13.40 51 1963
D Brandenburg Siid 51.82 13.86 54 1960
D Unteres Spreewald-Randgebiet 52.10 13.94 45 1965
D GroBer Staufenberg 51.63 10.64 28 1988
F Hirson 4997 4.18 43 1956
F Andigny 4999 358 39 1957
F Jura 46.71  6.34 18 1989
F Compiégne forest 4937  2.89 45 1970
GB Wytham Woods 51.77 -1.33 25 1974
GB Lady Park 51.83 -2.66 30 1979
H Nyirség 47.77 2227 57 1933
H Heves 47.99 20.50 19 1989
H Bakony és Gerecse 47.44 18.33 61 1955
H Bukkalja és Dél-Cserehat 47.81 20.29 62 1953
H G6dollsi-dombsag 4758 19.38 66 1950
H Matra-Biikk-Zemplén 48.18 20.88 58 1958
H Orség 46.93 16.56 61 1954
4
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H Visegradi-hegység 47.73 18.97 62 1953
IRL County Kerry 52.01 -9.56 20 1991
NL Speulderbos 52.25 5.69 31 1957
NO Hordaland 60.31 6.10 30 1978
PL Biatowieza 52.75 23.86 46 1966
PL Sanocko-Turczanskie Mountains 49.54 22.34 35 1972
PL Bazaltowa Mt 51.01 16.13 22 1992
PL Buki Sudeckie beech forest 50.94 16.02 24 1990
PL Trzebnickie Hills 51.33 17.22 50 1962
PL Olszyny Niezgodzkie 51.51 17.03 20 1993
SE Dalby 55.68 13.33 78 1935
SE Dalby 55.68 13.33 37 1976
SE Tullgarn 58.95 17.62 43 1971
SE Tullgarn 58.95 17.62 15 1999
SE Stenshuvud 55.66 14.26 27 1988
SE Skane 55.88 13.74 31 1983
SE Oland 56.83 16.67 26 1988
Sl Strmec 45.62 14.82 32 1983
Sl Rajhenavski Rog 4566 15.01 32 1983
Sl Pecka 45.75 15.00 32 1983
SK Slovakia, South-West 48.40 17.33 41 1966
SK Slovakia, Central 48.25 19.40 43 1964
SK Slovakia, North-East 4926 21.88 41 1965
5
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Supplementary Table 2: Model summary of range size comparison between persisting, colonizing and
extinct species. Species’ trajectory is defined at the study level. Range size was calculated at three spatial
grains, the main text focuses on the output of the model using range size calculated at mid-resolution. Range size
was normalized using an orderd-quantile transformation. Displayed are the posterior mean (mean), the standard
deviation of the posterior distribution (sd), the 89% credible interval of the mean (5.5% and 94.5% quantiles), the
number of independent samples (n eff) and the Gelman-Rubin convergence diagnostic (Rhat). For all models,
n = 9,688 observations across 68 resurvey studies of 1,147 species.

Parameter mean sd 55% 94.5% n eff Rhat

Mid-resolution (10.7 kn?*)
Mean range size

Colonizing 0.13 0.05 0.05 0.21 113.67 1.00

Persisting 0.09 0.04 0.01 0.15 161.63 1.00

Extinct -0.08 0.05 -0.16 0.01 148.01 1.00
Mean difference between groups

Persisting — colonizing 0.04 0.03 -0.01 0.10 NA NA

Persisting — extinct 0.21 0.04 0.15 0.26 NA NA

Colonizing — extinct 0.16 0.04 0.09 0.23 NA NA

Low-resolution (32 km?®)

Mean range size

Colonizing 0.13 0.05 0.05 0.20 14496 1.01

Persisting 0.09 0.05 0.01 0.16 21224 1.00

Extinct -0.07 0.05 -0.15 0.02 209.76 1.00
Mean difference between groups

Persisting — colonizing 0.04 0.03 -0.02 0.09 NA NA

Persisting — extinct 0.20 0.04 0.14 0.25 NA NA

Colonizing — extinct 0.16 0.05 0.08 0.23 NA NA

High-resolution (3.6 km?)
Mean range size

Colonizing 0.14 0.04 0.07 021 7186 1.04
Persisting 0.09 0.05 0.01 0.16 11563 1.02
Extinct -0.08 0.05 -0.17 0.00 111.09 1.03
Mean difference between groups
Persisting — colonizing 0.05 0.03 0.00 0.11 NA NA
Persisting — extinct 0.22 0.03 0.16 0.27 NA NA
Colonizing — extinct 0.17 0.04 0.09 0.24 NA NA
6
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Supplementary Table 3: Model summary for species’ extinction probability with i) only species’ site
occupancy, ii) species’ range size and site occupancy, and iii) only species’ range size as predictor.
Range size was calculated at three spatial grains, the main text focuses on the output of the model using range size
calculated at mid-resolution. All parameter estimates are on the log-odds scale. Displayed are the posterior mean
(mean), the standard deviation of the posterior distribution (sd), the 89% credible interval of the mean (5.5%
and 94.5% quantiles), the number of independent samples (n eff) and the Gelman-Rubin convergence diagnostic
(Rhat). For all models, n = 7,736 observations across 68 resurvey studies of 1,012 species.

Parameter mean sd 5.5% 94.5% n eff Rhat
Site occupancy only
Intercept -2.38 0.24 -2.77 -2.00 619.50 1.00
Local occupancy -3.63 0.28 -4.09 -3.19 490.46 1.00

Site occupancy and range size
Mid-resolution (10.7 km?)

Intercept -2.42 0.25 -2.82 -2.04  1439.65 1.00

Local occupancy -3.63 0.29 -4.11 -3.18  1085.26 1.00

Range size -0.21 0.05 -0.29 -0.14  1672.13 1.00
Low-resolution (32 km?)

Intercept -2.41 0.25 -2.82 -2.01 1891.01 1.00

Local occupancy -3.62 0.29 -4.11 -3.17  1520.66 1.00

Range size -0.21 0.05 -0.28 -0.13  3019.42 1.00
High-resolution (3.6 km?)

Intercept -2.42 0.25 -2.82 -2.02  1817.30 1.00

Local occupancy -3.63 0.29 -4.10 -3.18  1377.49 1.00

Range size -0.21 0.05 -0.29 -0.13  2455.92 1.00

Range size only
Mid-resolution (10.7 kn?*)

Intercept -0.60 0.12 -0.80 -0.41 536.43 1.01

Range size -0.28 0.06 -0.38 -0.19  1173.73 1.00
Low-resolution (32 km?®)

Intercept -0.61 0.12 -0.81 -0.42 526.35 1.02

Range size -0.29 0.06 -0.38 -0.19  1458.92 1.00
High-resolution (3.6 km?)

Intercept -0.61 0.12 -0.81 -0.41 542.69 1.00

Range size -0.29 0.06 -0.38 -0.19 1247.91 1.00

7
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Supplementary Table 4: Model summary for species’ extinction probability including the interaction
between inter-census nitrogen deposition and species’ range size as predictor. Range size was calculated at
three spatial grains, the main text focuses on the output of the model using range size calculated at mid-resolution.
All parameter estimates are on the log-odds scale. Displayed are the posterior mean (mean), the standard deviation
of the posterior distribution (sd), the 89% credible interval of the mean (5.5% and 94.5% quantiles), the number
of independent samples (n eff) and the Gelman-Rubin convergence diagnostic (Rhat). For all models, n = 7,736
observations across 68 resurvey studies of 1,012 species.

Parameter mean sd 5.5% 94.5% n eff Rhat
Mid-resolution (10.7 kn?*)
Intercept -2.48 0.23 -2.86 -2.12  1151.60 1
Local occupancy -3.66 0.30 -4.14 -3.20 994.33 1
Range size -0.21 0.05 -0.29 -0.13  2391.49 1
Nitrogen deposition 0.37 0.15 0.13 0.60 1161.29 1
Survey interval -0.16 0.15 -0.39 0.08 1138.46 1
Number of plots -0.54 0.12 -0.73 -0.36  1430.02 1
Size of plots 0.00 0.11 -0.17 -0.17  1880.32 1
Site area -0.22 0.12 -0.41 -0.02  2366.75 1
Latitude -0.17 0.11 -0.34 0.01 2460.35 1
Range size : nitrogen deposition -0.10 0.03 -0.15 -0.04 6652.94 1
Low-resolution (32 km?)
Intercept -2.48 0.22 -2.85 -2.13  1376.25 1
Local occupancy -3.66 0.29 -4.13 -3.20 1088.06 1
Range size -0.21 0.05 -0.28 -0.13  2763.12 1
Nitrogen deposition 0.36 0.15 0.13 0.59 141250 1
Survey interval -0.15 0.14 -0.38 0.07 1387.14 1
Number of plots -0.54 0.11 -0.73 -0.36  1790.99 1
Size of plots 0.00 0.11 -0.16 -0.17  1520.20 1
Site area -0.22 0.13 -0.42 -0.02  2902.16 1
Latitude -0.17 0.11 -0.34 0.01 2606.14 1
Range size : nitrogen deposition -0.09 0.03 -0.14 -0.03  7873.52 1
High-resolution (3.6 km?)
Intercept -2.48 0.23 -2.86 -2.11  1159.04 1
Local occupancy -3.66 0.29 -4.15 -3.22 956.34 1
Range size -0.21 0.05 -0.29 -0.13  2279.24 1
Nitrogen deposition 0.35 0.15 0.13 0.59 1329.01 1
Survey interval -0.14 0.14 -0.38 0.08 1270.44 1
Number of plots -0.55 0.11 -0.73 -0.37  1781.37 1
Size of plots 0.00 0.11 -0.17 -0.17  2180.64 1
Site area -0.22 0.12 -0.41 -0.03 2331.33 1
Latitude -0.17 0.11 -0.34 0.02 2310.92 1
Range size : nitrogen deposition -0.09 0.03 -0.15 -0.04  5642.08 1
8
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Supplementary Table 5: Model summary for the change in species number and non-native species with
inter-census nitrogen deposition and other contextual variables as predictor of this change. Displayed are
the posterior mean (mean), the standard deviation of the posterior distribution (sd), the 89% credible interval
of the mean (5.5% and 94.5% quantiles), the number of independent samples (n eff) and the Gelman-Rubin
convergence diagnostic (Rhat). For all models, n = 68 observations (resurvey studies). Model summaries do not
match Fig. 3c-e as these show the outcome regressed against the variation of N deposition that is left unexplained

by the other predictor variables.

Parameter mean sd 5.5% 94.5% n eff Rhat

Change in species number
Intercept 0.00 0.11 -0.18 0.17 1931 1
Nitrogen deposition 0.12 0.15 -0.12 0.37 1353 1
Survey interval -0.43 0.15 -0.67 -0.18 1250 1
Number of plots 0.13 0.13 -0.08 0.33 1543 1
Size of plots 0.01 0.12 -0.18 0.21 1827 1
Site area 0.24 0.12 0.04 0.44 1623 1
Latitude 0.01 0.12 -0.19 0.21 1982 1

Percentage point change in aliens
Intercept 0.00 0.10 -0.16 0.16 3915 1
Nitrogen deposition 0.42 0.15 0.18 0.66 3058 1
Survey interval -0.05 0.15 -0.29 0.19 2882 1
Number of plots -0.04 0.12 -0.24 0.16 3405 1
Size of plots 0.21 0.12 0.02 0.39 4218 1
Site area 0.03 0.12 -0.17 0.21 3742 1
Latitude -0.21 0.11 -0.39 -0.03 3865 1

Supplementary Table 6: Model summary for Ellenberg indicator values for N averaged across extinct
species and the change in N-numbers averaged across all species regressed against inter-census nitrogen
deposition. Displayed are the posterior mean (mean), the standard deviation of the posterior distribution (sd),
the 89% credible interval of the mean (5.5% and 94.5% quantiles), the number of independent samples (n eff)
and the Gelman-Rubin convergence diagnostic (Rhat). For all models, n = 68 observations (resurvey studies).

Parameter mean sd 5.5% 94.5% n eff Rhat
Ellenberg indicator value for N averaged across extinct species
Intercept 0.00 0.12 -0.19 0.20 3922.94 1
Nitrogen deposition -0.25 0.12 -0.44 -0.05 3492.03 1
Change in community mean N-number
Intercept 0.00 0.12 -0.19 0.19 3843.73 1
Nitrogen deposition 0.28 0.12 0.08 0.46 4032.18 1
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Supplementary Table 7: Model summary for the change in variance of nutrient availability across sites
over time. Displayed are the posterior mean (mean), the standard deviation of the posterior distribution (sd), the
89% credible interval of the mean (5.5% and 94.5% quantiles), the number of independent samples (n eff) and
the Gelman-Rubin convergence diagnostic (Rhat). For all models, n = 68 observations (resurvey studies).

Parameter mean sd 5.5% 94.5% n eff Rhat
Mean baseline 4.93 0.17 4.65 5.21 284.85 1
Mean resurvey — mean baseline 0.14 0.10 -0.02 0.31 290.07 1
Sigma baseline 0.63 0.06 0.54 0.72 321.65 1
Sigma resurvey 0.49 0.04 0.43 0.57 382.40 1
Expected value of the difference between group variances

Variance resurvey — variance baseline -0.16 0.08 -0.29 -0.03 NA NA
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