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Ecography Geographic range size predicts species’ responses to land-use change and intensifi-
43: 1-12, 2020 cation, but the reason why is not well established because many correlates of larger
doi: 10.1111/ecog.05162 geographic ranges, such as realized niche breadth, may mediate species’ responses to

environmental change. Agricultural land uses (hereafter ‘agroecosystems’) have warm,
Subject Editor: Joaquin Hortal dry and more variable microclimates than do cooler and wetter mature forests, so are
Editor-in-Chief: Miguel Aratjo predicted to filter for species that have warmer, drier and broader fundamental and
Accepted 3 July 2020 realized niches. To test these predictions, we estimated species’ realized niches, for

temperature and precipitation, and geographic range sizes of 764 insect species by
matching GBIF occurrence records to global climate layers, and modelled how spe-
cies presence/absence in mature forest and nearby agroecosystems depend on species’
realized niches or geographic ranges. The predicted species niche effects consistently
matched the expected direction of microclimatic transition from mature forest to agro-
ecosystems. We found a clear signal that species with preference for warmer and drier
climates were more likely to be present in agroecosystems. In addition, the probability
that species occurred in different land-use types was predicted better by species’ real-
ized niche than their geographic range size. However, niche effects are often context-
dependent and varied amongst studies, taxonomic groups and regions used in this
analysis: predicting which particular aspects of species’ realized niche cause sensitivity
to land-use change, and the underpinning mechanisms, remains a major challenge for
future research and multiple components of species’ realized niches may be important
to consider. Using realized niches derived from open-source occurrence records can be
a simple and widely applicable tool to help identify when biodiversity responds to the
microclimate component of land-use change.
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Introduction

The rules governing assembly of species communities have
a long history in ecology (MacArthur 1958, Tilman 1977,
Leibold et al. 2004). Species in an assemblage are expected to
be filtered by their local environment based on their proper-
ties and traits (e.g. their fundamental niche). Filtering occurs
when aspects of species’ environment (e.g. temperature)
interacts with organismal properties and traits (i.e. physiolog-
ical tolerance or fundamental niche) to affect demographic
rates, population dynamics, local species’ occupancy rates
and community composition (Webb et al. 2010, Salguero-
Gémez et al. 2018). The lens of environmental filtering —
here considered as the interaction between a species-level
property and the local environment — is expected to enable
clearer predictions of how local environmental change will
affect local biodiversity.

An emerging paradigm is that species sensitivity and
assemblage responses to land-use change depend on species’
range size, ecological generality and niche limits (Williams
and Newbold 2019, Staude et al. 2020). One often-supported
prediction is that local communities in agroecosystems are
largely comprised of species with wider geographic ranges
(Cleary and Mooers 2006, Scott et al. 2006, Cofre et al.
2007, Nowakowski et al. 2017, Newbold et al. 2018). For
example, a recent analysis of 19 000 species demonstrates
human-dominated land uses filter for wide-ranged spe-
cies leading to an assemblage with an average range size far
exceeding those in primary habitats (Newbold et al. 2018).
These ‘emergent properties of species can be simpler to quan-
tify than the many trait combinations that facilitate a large
geographic range, for example, whilst still predicting how the
response of species depends on the interaction between its
properties (e.g. range size) and its environment. In this sense,
geographic range size is a promising species property for
estimating land-use sensitivity, particularly when individual
traits are impossible to compare between taxonomic groups
(e.g. morphology, behaviour, Verberk et al. 2013, Wong et al.
2018). However, why geographic range size predicts species’
land-use response is often unclear because not all the many
traits that relate to large range size also lead to resistance to
land-use change (Bartomeus et al. 2013, Laube et al. 2013,
Newbold et al. 2013, Rader et al. 2014), and species’ niches
may be a common driver of responses to environmental
change and geographic range size (Staude et al. 2020).

In contrast to geographic range size, species’ realized niches
should map more cleatly onto organismal traits that deter-
mine land-use responses (i.e. physiological limits) because
land-use change causes dramatic environmental shifts in
temperature and moisture — thus providing a mechanistic
link between species properties and environmental change.
Specifically, land-use change that removes forest cover causes
a shift to microclimates that are on average warmer, drier
and more diurnally and seasonally variable in tempera-
ture (Chen et al. 1999, Hardwick et al. 2015, Latimer and
Zuckerberg 2017, Senior et al. 2017, De Frenne et al. 2019).

These microclimatic shifts can cause 5-10°C difference in
maximum temperatures between land-use types (Suggitt et al.
2011, Senior et al. 2017, De Frenne et al. 2019), and thus
set up several predictions for how species properties interact
with their local environment to influence local community
structure (Woods et al. 2015, Pincebourde et al. 2016). For
example, we expect an increase in the occurrence and abun-
dance of species that can tolerate warm and dry environments
when mature forest transitions to agroecosystems. Species
whose performance optima and critical limits are at higher
temperatures persist more frequently in agroecosystems
(Frishkoff et al. 2015, Nowakowski et al. 2018a), leading to
assemblages containing, on average, more species with ranges
centred in warmer regions (Barnagaud et al. 2013, Williams
and Newbold 2019, Williams et al. 2019).

The realized niche of species — whilst on average strongly
related to geographic range size — provides a more direct
mechanism to understand species land-use responses.
Species with wider geographic ranges often have wider
niche breadths (though not always: Serrano-Rodriguez et al.
2018), and range limits are expected to be driven by envi-
ronmental limits to physiological processes (Slatyer et al.
2013, Lee-Yaw et al. 2016, Kambach et al. 2019). We there-
fore hypothesise that, if local climatic shifts caused by land-
use change in turn drives environmental filtering of species
assemblages, niche limits may explain species’ responses to
land-use change better than do species’ geographic range
sizes. As yet this hypothesis remains untested, and a major
challenge remains in determining whether poorly sampled
‘realized’ niches can be predictive of biodiversity change
expected with land-use change. In addition, a key aim of
this paper is to compare between different species proper-
ties that are easily — if imperfectly — estimated for all species
with occurrence records, i.e. estimates of realized niches and
geographic range sizes.

Here, we estimate realized niches from occurrence records
for over 700 insect species from multiple taxonomic groups
worldwide. We test whether realized niches predict differences
between species’ presence in mature forest (cool-wet-stable)
and nearby agroecosystems (warm-dry-variable). Insects are
an excellent model for three reasons: 1) ectothermy means
that occurrence is likely to depend strongly on temperature;
2) the sheer diversity of insects makes finding comparable
land-use response traits amongst taxonomic groups challeng-
ing; 3) there is an urgent need to identify mechanisms that
could underpin recent insect declines (Hallmann et al. 2017,
Seibold et al. 2019, Harvey et al. 2020, Klink et al. 2020).
Previous work on specific insect groups has identified that
urban environments filter for species with warmer affinities
(ants, Menke et al. 2011; carabid beetles, Piano et al. 2017),
but whether such results generalise across multiple insect taxa
and agroecosystems is unknown.

Our analysis asks, does the occupancy of mature forest
and nearby agroecosystems depend on properties of species
geographic range and realized niche? Does any relationship
match expected microclimatic gradients in temperature and



moisture between mature forest and agroecosystems? If so,
are species’ occurrences in different land-use types better pre-
dicted by their realized niches or their geographic range sizes?
In doing so, we help establish if range and realized niche
metrics obtained from relatively low-cost and unstructured
sources of species distribution data can be useful in predict-
ing biodiversity change in under-sampled groups such as
insects (Cardoso et al. 2011, Ballesteros-Mejia et al. 2013,
Amano et al. 2016).

Methods and material

Species’ occurrences in land-use types

For this analysis comparing assemblages between mature for-
ests and agroecosystems, we used the ‘Projecting Responses
of Ecological Diversity in Changing Terrestrial Systems’
(PREDICTS) database, accessed in July 2017 (Hudson et al.
2017), which provides space-for-time comparisons of species
assemblage response to land-use change (Purvis et al. 2018).
The PREDICTS database is a compilation of 480 data sources
investigating the species composition and diversity of over 26
000 sites aligned to a common scheme of land-use classes (see
Hudson et al. 2017 for full details). Sites are the unit of repli-
cation in the PREDICTS dataset and represent a location in
which an ecological assemblage is sampled within a given land-
use in a particular study. Within each site several samples may
have been taken and, if so, were pooled together. We filtered
the PREDICTS dataset to include only insect species where
binomial names are recorded in full to match with sources of
species distribution data, and to include only sites within for-
ested biomes (based on The Nature Conservancy (2009) defi-
nitions, extracted from biome maps in Hudson et al. 2017).
We included only estimates of species’ abundance, density
or occurrence for studies where two or more species were
recorded, to ensure studies are focussed on communities, and
converted all data to presence—absences. We included only
five of PREDICTY’ land-use classes, combining primary for-
est and mature secondary forest into a ‘mature forest’ class,
and combining plantation forest, pasture and cropland into
an ‘agroecosystem’ class (for full definitions see Hudson et al.
2017), thereby focusing on land-use contrasts for which the
direction of thermal and moisture gradient was most distinct
(Senior et al. 2017). We retained studies with at least one
mature forest site for comparison and at least two sites in total.
In total, our final dataset contained 25 studies with a total of
563 sites and 764 species for analysis, with a total of 23 693
site by species presence—absence observations. Most data were
from Coleoptera and Lepidoptera, and the Palearctic and
Neotropics were the most commonly studied biogeographic
realms (Fig. 1, Supplementary material Appendix 1 Fig. Al).
Because a few studies provided a high proportion of observa-
tions (Supplementary material Appendix 1 Fig. A2), we also
performed sensitivity tests to examine the influence of data-
rich studies (see below).

Metrics of geographic range and realized niche
properties

We described species’ distributions from occurrence records
in GBIF (<www.gbif.org>), accessed on the 25 July 2017
(provided by Dr. Tim Newbold). We excluded 1729 species
with occurrences in fewer than 20 unique 0.1X0.1° grid
cells, giving a median of 718 occurrence records per species
(5th percentile=29; 95th percentile=6452; Supplementary
material Appendix 1 Fig. A3). In addition, we checked for
and removed potentially erroneous records in the range data
provided using ‘CoordinateCleaner’ package (Zizka et al.
2019; by excluding records within 1000m of capital cit-
ies and country centroids; with equal absolute latitudes
and longitudes; were located in the gbif headquarters; were
within 100 m of research institutions; or contained absolute
zeros). The median number of species occurrence records per
PREDICTS study was 126, suggesting that most species in
a given study have a high number of occurrence records and
a relatively well sampled geographic range and realized niche
(Wisz et al. 2008, Feeley and Silman 2011). We used a lower
cut-off (i.e. 20 presence records) than required for species dis-
tribution modelling because we simple want to describe the
realized niche of species in an often under-sampled taxonomic
group, rather than project the potential geographic range of
species from a realized niche. To estimate the realized niche
of the 764 species that remained in the dataset, we matched
their GBIF occurrence records with rasterised environmental
variables in WorldClim v2.0 at a 1km scale at the equator
(-0.01°; Fick and Hijmans 2017). For each occurrence we
extracted annual mean, monthly minimum and monthly
maximum temperatures; and annual total precipitation and
total precipitation in the wettest and driest months.

We characterised 28 metrics of species’ geographic ranges
and realized niches (based on species geographic and the envi-
ronmental values of species distribution records), as defined
fully in Supplementary material Appendix 1 Table Al and
Fig. 1. We attempted to provide a set of conceptually distinct
metrics (Gaston and Fuller 2009). For example, the ‘extent of
occurrence’ (EOO) is defined as ‘overall geographic spread of
the localities at which a species occurs’ and provided a simple
metric to represent a species’ ability to occupy broad areas.
Area of occupancy (AOO) represents the area of observed
occupied habitat which is, by definition, never larger than
EOO. The metrics have different assumptions; for example,
the value of AOO is strongly influenced by the size of grid
cells used, whereas EOO ignores range discontinuities and
thereby includes areas species may never occupy (Gaston and
Fuller 2009). The expected direction of effect for each dis-
tribution metrics is outlined in Table 1 and Supplementary
material Appendix 1 Table Al.

We next grouped our set of 28 metrics into four groups
representing conceptually different measures of species’
realized niches and geographic ranges: niche location,
niche breadth, geographic range location, geographic range
breadth. ‘Location’ metrics measure the mean or 5th and
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Figure 1. Methodological overview showing (a) worldwide distributio

n of study sites, (b—d) range metrics illustrated for Bombus pratorum

and (e-h) principal components of range metrics. Study sites are shown in (a) are coloured by the number of species in a given study, and

point sizes represent the number of sites per study. Occurrences were o
annual and seasonal variation limits for (b) temperature, (c) precipitati

btained from GBIF and matched with environmental rasters to show
on and (d) range metrics. Principal components of the 28 metrics for

(e) niche location, (f) niche breadth, (g) range location and (h) range size, percentage variation in range properties for first and second
components shown on axis and total variation on top of panel. Acronyms are described in Supplementary material Appendix 1 Table Al.
Photo credit: Donald Hobern from Copenhagen, Denmark via Wikimedia Commons.

95th percentiles of species’ geographic ranges or realized
niches. ‘Breadth’ metrics quantify variation in species geo-
graphic range or realized niches (standard deviations and
range between 5th and 95th percentile). For example, T,
is a measure of thermal realized niche location, whereas T
measures thermal realized niche breadth. Species’ realized
niche and geographic range metrics were standardised at a
study scale (transformed to have a mean of zero and stan-
dard deviation of one). That is, each metric was transformed
within a given PREDICTS study so that we compare the

available range property variation across the species within a
study regardless of the absolute differences in range proper-
ties between studies. By considering only variation between
species within the study-level species pool, this step removed
some of the correlation that occurs across broad geographic
gradients when the species pool is considered globally, and
thereby reduced model multicollinearity (Supplementary
material Appendix 1 Fig. A4).

Finally, we reduced the dimensions of our geographic range
and realized niche properties using principal component



Table 1. Summary of principal components (PC) of species niche and geographic range properties. Qualitative interpretation of PC values
are provided with expected direction of effects in agroecosystems relative to human-dominated land use.

No. PCs Expected effect in agroecosystems
Proportion var. for 95% (i.e. interaction between niche/
Metric AXis explained explained var. Low PC values High PC values range properties and land use type)
Niche location  PC1 0.32 8 Cool and high Warm and low Positive
minimum minimum Higher occupancy of warm and
rainfall rainfall dry affinity species expected in
agroecosystems compared to
mature forests
Niche location  PC2 0.26 High maximum Low maximum Positive
and mean and mean Higher occupancy of species with
rainfall rainfall tolerance to lower rainfalls
across range expected in
agroecosystems compared to
mature forests
Niche breadth  PC1 0.66 3 Low variation High variation Positive
in rainfall and in rainfall and Species with broader niches in
temperature temperature general are expected to have
higher occupancy in
agroecosystems
Niche breadth  PC2 0.25 Variable Variable Positive or negative
precipitation temperature Depends on whether rainfall
but stable but stable variation or temperature
temperature rainfall variation determines occupancy
of agroecosystems
Geographic PC1 0.65 3 Lower latitude Higher latitude Positive
location geographic geographic Species of more temperate
range range climates are expected to have
lower sensitivity to land-use
change
Geographic PC2 0.24 Low maximum High maximum Positive
location latitude but latitude but Proxy for range size, larger range
high minimum low minimum sizes expected to have greater
latitude latitude occupancy in agroecosystems
Geographic PC1 0.60 3 Small range Large range Positive
breadth extent of extent of Large area of occurrence expected
occurrence occurrence to relate to higher occupancy in
agroecosystems
Geographic PC2 0.33 Large range Small range Negative
breadth area of area of Small area of occurrence expected
occurrence occurrence to relate to lower occupancy in

agroecosystems

analysis. We extracted the first two dimensions for niche
breadth, niche location, geographic range breadth and geo-
graphic range location, giving a total of eight metrics describ-
ing the properties of species geographic ranges and realized
niches (Table 1, Fig. 1). Reducing the realized niche and
geographic range properties to key dimensions of variation
allowed easier interpretation of shared effects of the 28 niche
metrics which were sometimes correlated (Supplementary
material Appendix 1 Fig. A4, A5); for example, the first com-
ponent of realized niche location explained a continuum from
cool-wet aflinity to warm-dry affinity species (see Fig. 1, Table
1 for PC-axis descriptions). Large proportions of variation in
metrics of realized niche breadth, geographic range area and
geographic range location could be explained by two principal
components whereas realized niche location required 8 prin-
cipal components to explain > 95% variation (Table 1, Fig. 1;
Supplementary material Appendix 1 Fig. A6).

Statistical modelling

Estimating how realized niche and geographic ranges affect
species’ response to land use change is traditionally termed a
‘trait—environment interaction’: here we replace species traits
with species range properties. A major statistical challenge
exists in establishing how species properties interact with
the local environment to determine community dynamics
(Jamil et al. 2013, Peres-Neto et al. 2017), because envi-
ronmental gradients are measured at the site level but traits
are measured at the species level causing pseudo-replica-
tion (Miller et al. 2019). Frequently, community-weighted
mean trait values are estimated for each site and regressed
against environmental gradients (Funk et al. 2017), but this
approach does not account for pseudo-replication of species
amongst sites (Miller et al. 2019) and can be sensitive to out-
liers (Bowler and Bohning-Gaese 2017). We used generalised



linear mixed-effects models (GLMMs), which produce bet-
ter type-1 error control and higher statistical power than do
approaches with similar aims such as community-weighted
mean correlations or matrix-correlation (i.e. fourth-corner;
Miller et al. 2019). Specifically, we followed the GLMM
approach of Jamil et al. (2013) and focused on how pres-
ence—absence of species depends on the interaction between
land-use class and properties of species’ geographic range and
realized niche.

We modelled species’ presence—absence as a function of
land use interacting with species’ geographic range and real-
ized niche properties. The full GLMM structure was:

logit( 2, ) = @ + (@2,)+ (b + &5 )y, +(517,,) + £y + 75 (D

which modelled probability of occurrence (p) of species j in
site 7, as a linear function of geographic range or realized niche
metric (2), the land-use type (x) and the interaction between
land use and range metric (xz — a trait—environment inter-
action). We modelled p with a binomial error distribution
and a logit-link function. We included random intercepts for
species (&,) and sites nested within studies (y,). This nested
site- and study-level random effect was included to account
for environmental and methodological differences amongst
studies. We also included a random slope to capture varia-
tion among species’ responses to land-use type (& x,,). We
tested whether fitting a site- and block-level random effect
(i.e. rather than site- and study-level) influenced our results;
however, the average coefficient difference was in the order of
10~* because only 5 studies have > 1 block. Species-specific
random slopes were supported by likelihood-ratio tests
using restricted estimates of maximum likelihood (REML;
Zuur et al. 2009).

We aimed to identify the most important metrics amongst
the set of eight geographic range and realized niche proper-
ties, using a model selection approach similar to Jamil et al.
(2013) (Supplementary material Appendix 1 Fig. A7). We
first fitted one model for each geographic range and real-
ized niche property and tested the significance of the ‘range
property—environment interaction’ terms (i.e. land use x
range/niche metric) by likelihood-ratio tests (Zuur et al.
2009, Jamil et al. 2013). We also estimated the influence
of multiple comparisons by applying conservative (i.e. non-
sequential) Bonferroni corrections to p-values (n=8). Next,
for significant geographic range and realized niche proper-
ties in individual models we fitted models with multiple
range property—environment interactions. Doing so should
remove the influence of correlations amongst covariates that
could drive range property—environment interactions in
individual models. We fitted models using maximum likeli-
hood and performed likelihood-ratio tests by dropping each
range property—environment interaction term. We did not
perform further model selection because each metric had
an expected direction of effect and model selection can lead
to greater certainty in model coefficients than is warranted
in the presence of even the relatively weak collinearity

often present amongst our metrics (Morrissey and Ruxton
2018). If variance inflation factors were > 3 or Pearson’s
correlation coefficient () amongst metrics were > 0.7 we
removed the least explanatory variable (indicated by x? val-
ues; Imdadullah et al. 2016). We present the final models
refitted after removing two studies identified as influential
based on Cook’s distance (final analyses included 23 studies
containing 553 sites and 483 species, giving a total of 21
237 site by species observations remaining, all supporting
statistical analyses are presented in Supplementary material

Appendix 1 Table A2-A6).

Case studies

Fitting the above global models allowed the estimation of
overall effects of geographic range and realized niche metrics,
controlling for heterogeneity of effects among studies. The
relatively small number of studies in the final dataset may
result in poorly estimated effects in a global-model frame-
work, unless there is strong agreement in the direction of
range property—environment interactions amongst studies.
Agreement of effects amongst studies may be unlikely given
the comparison of heterogeneous studies in PREDICTS,
so context-dependencies may influence model parameters.
Whilst it may be preferable to address model heterogene-
ity as random slopes for trait—environment interactions,
such models had convergence issues (i.e. a Hessian of fixed
effects that was not positive definite). However, seven stud-
ies (Vanbergen et al. 2005, Vu pers. comm. 2005, Baur et al.
2006, Dolia et al. 2008, Vu 2009, Meijer et al. 2011, Cabra-
Garcia et al. 2012) were well-replicated and amenable to
independent analyses (having more than 30 species in addi-
tion to more than 100 observations). We separated Baur et al.
(2006) into day-flying and night-flying Lepidoptera, giving
a total of eight case-studies. We analysed these studies fol-
lowing the above protocol to examine support for the global
model’s range property—environment interactions. We modi-
fied the study-level random effects to block-level random
effects where studies had multiple blocks.

All analysis were performed in R (ver. 3.4.0). We used the
package ‘glmmTMB’ to fit statistical models (Brooks et al.
2017); however, ‘glmmTMB’ did not provide software for
influence analysis, for which we used the function ‘influence’
in the package ‘lme4’ (Bates et al. 2015).

Results

The effect of land-use change depended on properties of
species’ niches and, to a lesser extent, on their geographic
range properties (Table 2, Fig. 2). PC1 of realized niche
location was by far the best predictor of occupancy differ-
ences amongst land-use types (Fig. 2a). This PC describes
an axis from relatively ‘cool-wet to ‘warm—dry’ affinity
species within a particular study’s total community pool.
Warm- and dry-affinity species had occupancy rates that
were significantly higher in agroecosystems relative to



Table 2. Model summaries for the first two principal components of species realized niches and geographic range properties. Univariate
models represent realized niche and range properties fitted individually and multivariate models represent terms fitted together after select-
ing the supported terms (p <0.05) from the univariate model. B values indicate the effect of realized niche or range properties on species
occupancy rates within mature forest and agroecosystems, with associated standard error (SE). A significant interaction is tested using like-
lihood-ratio tests to derive x> and p-values with 1-degree of freedom, significant terms are in bold.

Mature forest Agriculture LRT
Terms B SE B SE x° p-value p-adjust
Univariate models
Niche location PC1 —0.26 0.05 0.06 0.07 25.02 < 0.001 < 0.001
Niche location PC2 —0.21 0.05 —0.03 0.07 7.77 < 0.01 < 0.05
Niche breadth PC1 0.09 0.05 0.11 0.07 0.13 0.72 0.82
Niche breadth PC2 -0.36 0.08 —0.05 0.10 10.28 < 0.01 < 0.01
Range location PC1 0.07 0.07 —0.11 0.09 3.95 < 0.05 0.07
Range location PC2 0.08 0.12 0.11 0.16 0.04 0.84 0.84
Range breadth PC1 0.02 0.06 0.10 0.07 1.27 0.26 0.35
Range breadth PC2 —0.13 0.09 —0.38 0.11 4.58 < 0.05 0.06
Multivariate models
Niche location PC1 —-0.31 0.06 0.15 0.07 38.69 < 0.001
Niche location PC2 —-0.06 0.07 —-0.10 0.09 0.16 0.69
Niche breadth PC2 -0.27 0.09 0.04 0.12 6.36 < 0.05
Range location PC1 0.14 0.09 —-0.16 0.11 7.20 < 0.01
Range breadth PC2 —0.06 0.09 -0.37 0.12 6.60 < 0.05
mature forest, whereas cool- and wet-affinity species had and two supported geographic range—environment inter-

higher occupancy in mature forests. Niche breadth also
influenced species occupancy of different land-uses. Species
with wider precipitation niches but narrower thermal
niches had higher occupancy in mature forest compared to
agroecosystems (Fig. 2b). Agroecosystems did not strongly
filter for niche breadth; instead species with wide thermal
niches and narrow precipitation niches had a declining
occupancy in mature forests. Species living at relatively
higher latitudes were favoured in agroecosystems compared
to their lower latitude counterparts (Fig. 2¢). Interestingly,
the effect of range location increased after the potentially
confounding influence of realized niches (i.e. low latitude
is correlated with warmer affinity) was accounted for (i.e.
multivariate models in Table 2). Geographic range breadth
also influenced occurrence in land-use types, whereby spe-
cies with larger area of occupancy (but not larger total
extent) were disproportionally found in agroecosystems
(Fig. 2d). Species’ geographic range properties were not
significantly related to occupancy differences across land-
use when influential studies were present in final models,
but the identified realized niche effects remain qualitatively
identical (Supplementary material Appendix 1 Table A2).
Furthermore, our main results were not very sensitive to the
exclusion of 34% of species with fewer than 100 range loca-
tions used to quantify realized niche and geographic range
properties (Supplementary material Appendix 1 Table A3,
Fig. A8).

Investigating ~ potential ~ context-dependency  effects
within studies revealed that 4 out of 8 case studies sup-
ported significant range property—environment interactions
(Supplementary material Appendix 1 Table A4). However,
the particular range property—environment interaction that
was most important often varied amongst studies. Two case
studies supported realized niche—environment interactions

actions. Niche—environment interactions were frequently
in the directions expected from the microclimatic changes
across land-use gradients: agroecosystems benefit species with
warmer—warm limits, cooler—cool limits, drier affinities and
broader realized niches; in addition, species with larger ranges
were favoured in agroecosystems (Supplementary material
Appendix 1 Table A4). Any terms that appeared contradic-
tory to our initial hypothesis were highly correlated with
better fitting terms that did match our hypothesis, so were
probably picking up the signal of strong correlations rather
than being true contradictions (Supplementary material
Appendix 1 Table A4).

Analysing species’ range properties independently revealed
that summer thermal maximum (T, ) and precipitation
minima in the dry season (P , ) are the most likely single
realized niche axes to drive our analysis of principal compo-
nents (Supplementary material Appendix 1 Fig. A9, Table A5,
AG6). Species with warmer summer limits (high T, . ) rela-
tive to other species in the community, and species living in
environments with low minimum precipitation (low P ;. ),
had higher occupancy in agroecosystems compared to mature
forests. Analysed in this way, geographic range metrics were
never significant in predicting occurrence across land-uses.
Sensitivity analysis revealed that three studies were strongly
influential and, in excluding these studies, only minimum
precipitation (P, ) significantly affected species’ occupancy,
with higher occurrence of dry-affinity species in agroecosys-
tems compared to mature forests — largely concurrent with
our main results (Supplementary material Appendix 1 Table
A5, AG6). Investigating case-studies independently for each
metric showed qualitatively similar results to investigating
the case studies of principal components of realized niche
and geographic range properties (Supplementary material
Appendix 1 Table A7).
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Figure 2. Fitted relationship showing how species’ occurrence in different land-uses depends on species’ realized niche and geographic range
properties. The presented interactions between realized niche and range properties with land-use showed a significant reduction in log-
likelihood when removed from the full model (Table 2), p-values indicate significance of terms describing realized niche and geographic
range properties interactions with land-use, y? statistics presented with 1-degree of freedom. Effects shown are marginal effects, holding all
other variables in the models at their mean values. Shaded regions are 95% confidence intervals.

Discussion

A wide-ranged ‘winners versus narrow-ranged ‘losers’ pattern
is emerging as a consistent response of local assemblages to
habitat change (Cleary and Mooers 2006, Scott et al. 2006,
Cofre et al. 2007, Nowakowski et al. 2017, Newbold et al.
2018), but does not explain the mechanism whereby the win-
ners winand loserslose (Staude etal. 2020). Our results suggest
that species’ realized niches are at least part of the answer: real-
ized niches more strongly predict species’ presence—absences
across land-use classes than do their geographic ranges. This
suggest that the explanatory power of geographic ranges in
other studies may arise from the correlation between larger
geographic range size and the wider environmental limits and
wider physiological tolerances that influence range formation
(Slatyer et al. 2013, Kambach et al. 2019) — a pattern sup-
ported in insects (Calosi et al. 2010, Diamond and Chick

2018). We expect physiological limits to constrain species’
performance within the different microclimatic environments
of agricultural and forested locations; therefore, the realized
niches quantified here crudely approximate this physiological
signal but in doing so provide a quantifiable mechanistic link
to land-use sensitivity (Nowakowski et al. 2018b, Williams
and Newbold 2019). Our detectable fingerprint of realized
niches is also supported in vertebrate taxa, where researchers
have a much clearer idea of geographic ranges size of char-
ismatic species (Frishkoff et al. 2015, Williams et al. 2019).
Our study suggests understanding the factors contributing
to geographic range sizes is key to unlock why species with
smaller ranges are more sensitive to land use (Staude et al.
2020). Although for many groups behavioural flexibility or
diet breadth may also be important, realized niches should
always be considered as a potential factor given the strong
microclimate shifts with land-use change.



We interpret the significant realized niche—environment
interactions as a signal of environmental filtering: overall,
the microclimatic filtering of warm, dry affinity species may
be a general principle in assemblage responses to change
from forested to non-forested land-uses (Andersen 2018,
Nowakowski et al. 2018b, Williams and Newbold 2019).
Here we establish this environmental filtering only indirectly
and site microclimates are assumed to change but remain
unmeasured. Supporting this micro-environmental filtering
hypothesis, however, is the finding that amongst populations
of insects, particular life-history traits are fitter in warmer and
drier agricultural landscapes (Rigal et al. 2018) suggesting
strong selective pressure from microclimatic land-use change
(Karlsson and Wiklund 2005).

The local niche filtering inferred here has consequences for
how land use affects local richness and community composi-
tion in agroecosystems (Staude et al. 2020). For example, the
overall biodiversity differences between local assemblages (in
different land uses) depend on environmental responses avail-
able within the source pool of species (i.e. response diver-
sity; Elmqyvist et al. 2003). Whilst the role of regional niche
diversity in facilitating or moderating shifts of biodiversity
and ecosystem function may be generally underappreciated
(Dee et al. 2016, Garcia et al. 2018), the traits and niches of
regional native species pools help determine the ‘winners’ and
‘losers’ of biodiversity change (Tabarelli et al. 2012, McCune
and Vellend 2013, Staude et al. 2020). For example, if the
regional species pool is a mix of warm- and cool-tolerant spe-
cies, then local richness will be maintained by the local turn-
over of species identity with land-use change. Alternatively,
if there is little thermal diversity in the regional pool then
cool-affinity species cannot be replaced by warm-afhnity spe-
cies and richness is lost with land-use change (i.e. ecological
or biogeographic constraints limit community re-assembly,
Bertrand et al. 2016). Regional thermal response diversity
may facilitate assemblage change; for example, high topo-
graphic heterogeneity (linked to thermal heterogeneity that
harbours response diversity) correlated with stronger assem-
blage re-organisation after an extreme drought event in UK
butterfly assemblages (De Palma et al. 2017). Spatial man-
agement of topographically complex regions is recognised as
a tool in mitigating the ecological impacts of climate warm-
ing (Heller and Zavaleta 2009); assemblage reorganisation
to land-use changes that modify microclimates may there-
fore depend on topographic complexity (Borges et al. 2000,
Oliver et al. 2010, Lenoir et al. 2013, Katayama et al. 2014)
and open space management (Smith et al. 2007).

Morphological and life-history traits mediate individuals’
interactions with abiotic environments, however, the impor-
tant traits in determining sensitivity to land use change often
varies among taxonomic groups. This variation greatly reduces
the prospect of finding general traits that predict species-level
responses to environmental change. However, similarities in
the biochemistry of life — demand for water, thermodynam-
ics of protein functioning, thermal constraints to metabolic
rates — mean that environmental tolerances, often mediated

by physiology, are likely to strongly influence the limits of
species’ realized niches (Corkrey et al. 2012, Sunday et al.
2012, Lee-Yaw et al. 2016). The properties of realized niche
limits may therefore provide a predictive factor — one that
is generalisable amongst a wide variety of taxa — explaining
species-level response to environmental change. Realized
niches simplify the complex issue of cross-taxon trait com-
parisons (Verberk et al. 2013, Wong et al. 2018), but some
of the niche context-dependencies identified here amongst
case-studies suggests that a major challenge remains in under-
standing which of many axes of species’ multi-dimensional
niche are most relevant (Rozen-Rechels et al. 2019).

We demonstrate that the effects of realized niche limits
on species responses to land-use change can be context-
dependent. Among our case studies, effects of thermal and
precipitation realized niches and geographic ranges are all
supported. However, in our ‘global’ model of realized niche
and range principal components, context-dependency may
have been relegated to the model’s random effect terms by
forcing a globally consistent response to land-use change (i.e.
no random slopes amongst studies or taxonomic groups).
Multiple unidentified factors may underlie these context-
dependencies even though we study a well-established direc-
tional microclimatic change. First, even if species respond
only to their abiotic environment, local temperature, water
availability and humidity change simultaneously, leading to
complex environmental changes during a land-use transition.
Second, responses can interact amongst abiotic stressors; for
example, the thermal tolerance of individual organisms can
depend on the variability in precipitation and temperature
experienced by the source population (Clusella-Trullas et al.
2011, Kellermann et al. 2012). Finally, species abiotic
responses may affect other species through interactions such
as competition or predation. Niche context-dependency is
also apparent in field studies of different insect groups; for
example, temperature is important for ants (Menke et al.
2011, Kaspari et al. 2015) but humidity and desiccation tol-
erance may be more important for other groups (Borges et al.
2006; e.g. termites Woon et al. 2019). In general, whilst taxo-
nomic groups and study regions here varied in the important
range factors underpinning responses to land-use change,
when effects were present, we found support consistent with
our hypothesised direction of effect. Therefore, future work
should attempt to identify the nature of context-dependent
effects to better ascertain when and why certain niche dimen-
sions are important.

Two strong caveats must be acknowledged in interpreting
our results. First, we quantify realized niches without consid-
ering their mechanistic basis and simply correlate occurrence
to environmental variables. Second, there is a substantial
difference in spatial scale between niche limits defined from
large-scale climate gradients with the small-scale microen-
vironments that insects experience. A single leaf can have
a larger thermal gradient than average climates spanning
hundreds of kilometres of latitude (Pincebourde and Woods
2012, Pincebourde et al. 2016). Sources of microclimate



variation are an important driver of ecological processes,
facilitating behavioural thermoregulation, space-use and
thermal niche partitioning (Kaspari et al. 2015). Given that
we find correlative power in our simple niche metrics, the
potential for microclimate variation, and the extremes of this
variation, appears to be constrained by the broader climate
within which a habitat is nested (Graae et al. 2012) — individ-
uals and populations often move within and experience this
larger scale climate variability as a whole (Sears et al. 2011,
2016). As such, the use of climate gradients to estimate spe-
cies’ realized niches can still be predictive — but incorporat-
ing finer-scale variation defining realized niche limits may
improve predictions.

In addition, the decision to bundle multiple agriculcural
practices into a single agroecosystem class may add to the
heterogeneous picture presented here, but was necessary
to simplify models. Niche effects may be less important to
explain assemblage differences between mature and second-
ary forest as these involve less extreme microclimatic differ-
ences (Senior et al. 2017, 2018). By necessity our results are
biased towards relatively common species that have available
occurrence data. Distribution metrics may be less predictive
in rare species for which range limits may be strongly limited
by processes such as dispersal limitation, interspecific interac-
tions and fundamental-niche availability.

Simple predictive metrics of species’ sensitivity to
environmental change are needed, given the data pau-
city researchers face for the vast majority of biodiversity
(Ballesteros-Mejia et al. 2013, Faith et al. 2013, Amano et al.
2016). Realized niches have the benefit of estimating niche
properties for assemblages of species, which remains a con-
siderable challenge for direct thermal tolerances measures
(but see Bates et al. 2010). Large-scale distribution data are
undoubtedly far from perfect (Meyer et al. 2015), but this
analysis demonstrates their utility in helping predict the
response of biodiversity to land-use change. This work sug-
gests niche and range properties derived from species’ distri-
butions appear to be a simple but relatively predictive tool
that could be estimated for many thousands of species from
open-access biodiversity repositories (e.g. GBIF).

Data availability statement

Data and corresponding scripts for analyses available from
the Zenodo Digital Repository: <http://dx.doi.org/10.5281/
zenodo.3605507> (Waldock et al. 2020).

Acknowledgements — We are grateful to the hundreds of researchers
who contributed their data to the PREDICTS project. This work
has benefited from helpful discussions with Amanda E. Bates, Tim
Newbold, Jessica Williams and the Purvis Lab group. Tim Newbold
provided access to GBIF occurrence records from the data in
Newbold et al. (2018).

Funding — CW and ADP were supported by the Natural
Environmental Research Council (grants no. NE/L002531/1 and
NE/MO014533/1, respectively).

10

References

Amano, T. et al. 2016. Spatial gaps in global biodiversity informa-
tion and the role of citizen science. — Bioscience 66: 393-400.

Andersen, A. N. 2018. Responses of ant communities to distur-
bance: five principles for understanding the disturbance dynam-
ics of a globally dominant faunal group. — J. Anim. Ecol. 88:
350-362.

Ballesteros-Mejia, L. et al. 2013. Mapping the biodiversity of trop-
ical insects: species richness and inventory completeness of Afri-
can sphingid moths. — Global Ecol. Biogeogr. 22: 586-595.

Barnagaud, J. Y. et al. 2013. Species’ thermal preferences affect for-
est bird communities along landscape and local scale habitat
gradients. — Ecography 36: 1218-1226.

Bartomeus, I. et al. 2013. Historical changes in northeastern US
bee pollinators related to shared ecological traits. — Proc. Natl
Acad. Sci. USA 110: 4656-4660.

Bates, A. E. et al. 2010. Deep-sea hydrothermal vent animals seek
cool fluids in a highly variable thermal environment. — Nat.
Commun. 1: 14.

Bates, D. etal. 2015. Ime4: linear mixed-effects models using Eigen
and S4. — R package ver. 1, pp. 1-48.

Baur, B. et al. 2006. Effects of abandonment of subalpine hay
meadows on plant and invertebrate diversity in Transylvania,
Romania. — Biol. Conserv. 132: 261-273.

Bertrand, R. etal. 2016. Ecological constraints increase the climatic
debt in forests. — Nat. Commun. 7: 12643.

Borges, P. A. V. etal. 2006. Invasibility and species richness of island
endemic arthropods: a general model of endemic vs. exotic spe-
cies. — J. Biogeogr. 33: 169-187.

Bowler, D. and Bohning-Gaese, K. 2017. Improving the commu-
nity—temperature index as a climate change indicator. — PLoS
One 12: e0184275.

Brooks, M. E. et al. 2017. glmmTMB balances speed and flexibil-
ity among packages for zero-inflated generalized linear mixed
modeling. — R J. 9: 378-400.

Cabra-Garcfa, J. et al. 2012. Cross-taxon congruence of o and f
diversity among five leaf litter arthropod groups in Colombia.
— Biodivers. Conserv. 21: 1493-1508.

Calosi, P et al. 2010. What determines a species’ geographical
range? Thermal biology and latitudinal range size relationships
in European diving beetles (Coleoptera: Dytiscidae). — J. Anim.
Ecol. 79: 194-204.

Cardoso, P. et al. 2011. Adapting the IUCN Red List criteria for
invertebrates. — Biol. Conserv. 144: 2432-2440.

Chen, J. et al. 1999. Microclimate in forest ecosystem and land-
scape ecology: variations in local climate can be used to moni-
tor and compare the effects of different management regimes.
— Bioscience 49: 288-297.

Cleary, D. E R. and Mooers, A. ©. 2006. Burning and logging
differentially affect endemic vs. widely distributed butterfly spe-
cies in Borneo. — Divers. Distrib. 12: 409-416.

Clusella-Trullas, S. et al. 2011. Climatic predictors of temperature
performance curve parameters in ectotherms imply complex
responses to climate change. — Am. Nat. 177: 738-751.

Cofre, H. L. et al. 2007. Rarity in Chilean forest birds: which eco-
logical and life-history traits matter? — Divers. Distrib. 13:
203-212.

Corkrey, R. et al. 2012. Universality of thermodynamic constants
governing biological growth rates. — PLoS One 7: €32003.

De Frenne, P. et al. 2019. Global buffering of temperatures under
forest canopies. — Nat. Ecol. Evol. 3: 744-749.



De Palma, A. et al. 2017. Large reorganizations in butterfly com-
munities during an extreme weather event. — Ecography 40:
577-585.

Dee, L. E. et al. 2016. Functional diversity of catch mitigates neg-
ative effects of temperature variability on fisheries yields. — Proc.
R. Soc. B 283: 20161435.

Diamond, S. E. and Chick, L. D. 2018. Thermal specialist ant
species have restricted, equatorial geographic ranges: implica-
tions for climate change vulnerability and risk of extinction.
— Ecography 41: 1507-1509.

Dolia, J. et al. 2008. Adult butterfly communities in coffee planta-
tions around a protected area in the Western Ghats, India.
— Anim. Conserv. 11: 26-34.

Elmgqpvist, T. et al. 2003. Response diversity, ecosystem change and
resilience. — Front. Ecol. Environ. 1: 488-492.

Faith, D. etal. 2013. Bridging biodiversity data gaps: recommenda-
tions to meet users data needs. — Biodivers. Inform. 8: 41-58.

Feeley, K. J. and Silman, M. R. 2011. Keep collecting: accurate
distribution modelling requires more collections than previ-
ously thought. — Divers. Distrib. 17: 1132-1140.

Fick, S. and Hijmans, R. 2017. Worldclim 2: new 1-km spatial
resolution climate surfaces for global land areas. — Int. J. Cli-
matol. 37: 4302-4315.

Frishkoff, L. O. et al. 2015. Thermal niche predicts tolerance to
habitat conversion in tropical amphibians and reptiles. — Global
Change Biol. 21: 3901-3916.

Funk, J. L. et al. 2017. Revisiting the Holy Grail: using plant func-
tional traits to understand ecological processes. — Biol. Rev. 92:
1156-1173.

Garcia, F etal. 2018. Changes in temperature alter the relationship
between biodiversity and ecosystem functioning. — Proc. Natl
Acad. Sci. USA 115: 10989-10994.

Gaston, K. J. and Fuller, R. A. 2009. The sizes of species’ geographic
ranges. — J. Appl. Ecol. 46: 1-9.

Graae, B. J. et al. 2012. On the use of weather data in ecological
studies along altitudinal and latitudinal gradients. — Oikos 121:
3-19.

Hallmann, C. A. et al. 2017. More than 75 percent decline over
27 years in total flying insect biomass in protected areas. — PLoS
One 12: ¢0185809.

Hardwick, S. R. et al. 2015. The relationship between leaf area
index and microclimate in tropical forest and oil palm planta-
tion: forest disturbance drives changes in microclimate. — Agric.
For. Meteorol. 201: 187-195.

Harvey, J. A. et al. 2020. International scientists formulate a road-
map for insect conservation and recovery. — Nat. Ecol. Evol. 4:
174-176.

Heller, N. E. and Zavaleta, E. S. 2009. Biodiversity management
in the face of climate change: a review of 22 years of recom-
mendations. — Biol. Conserv. 142: 14-32.

Hudson, L. N. et al. 2017. The database of the PREDICTS (Pro-
jecting Responses of Ecological Diversity In Changing Terres-
trial Systems) project. — Ecol. Evol. 7: 145-188.

Imdadullah, M. et al. 2016. mctest: an R package for detection of
collinearity among regressors. — R J. 8: 495.

Jamil, T. et al. 2013. Selecting traits that explain species—environ-
ment relationships: a generalized linear mixed model approach.
—J. Veg. Sci. 24: 988-1000.

Kambach, S. et al. 2019. Of niches and distributions: range size
increases with niche breadth both globally and regionally but
regional estimates poorly relate to global estimates. — Ecography

42: 467-477.

Karlsson, B. and Wiklund, C. 2005. Butterfly life history and tem-
perature adaptations; dry open habitats select for increased
fecundity and longevity. — J. Anim. Ecol. 74: 99-104.

Kaspari, M. et al. 2015. Thermal adaptation generates a diversity
of thermal limits in a rainforest ant community. — Global
Change Biol. 21: 1092-1102.

Katayama, N. et al. 2014. Landscape heterogeneity—biodiversity
relationship: effect of range size. — PLoS One 9: €93359.

Kellermann, V. et al. 2012. Upper thermal limits of Drosophila are
linked to species distributions and strongly constrained phylo-
genetically. — Proc. Natl Acad. Sci. USA 109: 16228-16233.

Klink, R. van et al.2020. Meta-analysis reveals declines in terrestrial but
increases in freshwater insect abundances. — Science 368: 417-420.

Latimer, C. E. and Zuckerberg, B. 2017. Forest fragmentation
alters winter microclimates and microrefugia in human-modi-
fied landscapes. — Ecography 40: 158-170.

Laube, I. et al. 2013. Towards a more mechanistic understanding
of traits and range sizes. — Global Ecol. Biogeogr. 22: 233-241.

Lee-Yaw, J. A. et al. 2016. A synthesis of transplant experiments
and ecological niche models suggests that range limits are often
niche limits. — Ecol. Lett. 19: 710-722.

Leibold, M. et al. 2004. The metacommunity concept: a framework
for multi-scale community ecology. — Ecol. Lett. 7: 601-613.

Lenoir, J. et al. 2013. Local temperatures inferred from plant com-
munities suggest strong spatial buffering of climate warming
across northern Europe. — Global Change Biol. 19: 1470-1481.

MacArthur, R. H. 1958. Population ecology of some warblers of
northeastern coniferous forests. — Ecology 39: 599-619.

McCune, J. L. and Vellend, M. 2013. Gains in native species pro-
mote biotic homogenization over four decades in a human-
dominated landscape. — J. Ecol. 101: 1542-1551.

Meijer, S. S. et al. 2011. The effects of land-use change on arthro-
pod richness and abundance on Santa Maria Island (Azores):
unmanaged plantations favour endemic beetles. — J. Insect Con-
serv. 15: 505-522.

Menke, S. B. et al. 2011. Urban areas may serve as habitat and
corridors for dry-adapted, heat tolerant species; an example
from ants. — Urban Ecosyst. 14: 135-163.

Meyer, C. et al. 2015. Global priorities for an effective information
basis of biodiversity distributions. — Nat. Commun. 6: 8221.

Miller, J. E. D. et al. 2019. Functional traits and community com-
position: a comparison among community-weighted means,
weighted correlations and multilevel models. — Methods Ecol.
Evol. 10: 415-425.

Morrissey, M. B. and Ruxton, G. D. 2018. Multiple regression is not
multiple regressions: the meaning of multiple regression and the
non-problem of collinearity. — Phil. Theory Pract. Biol. 10: 2-24.

Newbold, T. et al. 2013. Ecological traits affect the response of
tropical forest bird species to land-use intensity. — Proc. R. Soc.
B 280: 20122131.

Newbold, T. et al. 2018. Widespread winners and narrow-ranged
losers: land use homogenizes biodiversity in local assemblages
worldwide. — PLoS Biol. 16: €2006841.

Nowakowski, A. J. et al. 2017. Amphibian sensitivity to habitat
modification is associated with population trends and species
traits. — Global Ecol. Biogeogr. 26: 700-712.

Nowakowski, A. J. etal. 2018a. Thermal biology mediates responses
of amphibians and reptiles to habitat modification. — Ecol. Lett.
21: 345-355.

Nowakowski, A. J. et al. 2018b. Changing thermal landscapes:
merging climate science and landscape ecology through thermal
biology. — Curr. Landscape Ecol. Rep. 3: 57-72.

11



Oliver, T. et al. 2010. Heterogeneous landscapes promote popula-
tion stability. — Ecol. Lett. 13: 473-484.

Peres-Neto, . R. et al. 2017. Linking trait variation to the environ-
ment: critical issues with community-weighted mean correla-
tion resolved by the fourth-corner approach. — Ecography 40:
806-816.

Piano, E. etal. 2017. Urbanization drives community shifts towards
thermophilic and dispersive species at local and landscape
scales. — Global Change Biol. 23: 2554-2564.

Pincebourde, S. and Woods, H. A. 2012. Climate uncertainty on
leaf surfaces: the biophysics of leaf microclimates and their con-
sequences for leaf-dwelling organisms. — Funct. Ecol. 26:
844-853.

Pincebourde, S. et al. 2016. Fine-scale microclimatic variation can
shape the responses of organisms to global change in both
natural and urban environments. — Integr. Comp. Biol. 56:
45-61.

Purvis, A. et al. 2018. Modelling and projecting the response of
local terrestrial biodiversity worldwide to land use and related
pressures: the PREDICTS project. — Adv. Ecol. Res. 58:
201-241.

Rader, R. et al. 2014. The winners and losers of land use intensifi-
cation: pollinator community disassembly is non-random and
alters functional diversity. — Divers. Distrib. 20: 908-917.

Rigal, E et al. 2018. Functional traits of indigenous and exotic
ground-dwelling arthropods show contrasting responses to
land-use change in an oceanic island, Terceira, Azores. — Divers.
Distrib. 24: 36-47.

Rozen-Rechels, D. et al. 2019. When water interacts with tem-
perature: ecological and evolutionary implications of thermo-
hydroregulation in terrestrial ectotherms. — Ecol. Evol. 9:
10029-10043.

Salguero-Gémez, R. et al. 2018. Delivering the promises of trait-
based approaches to the needs of demographic approaches, and
vice versa. — Funct. Ecol. 32: 1424-1435.

Scott, D. M. et al. 2006. The impacts of forest clearance on lizard,
small mammal and bird communities in the arid spiny forest,
southern Madagascar. — Biol. Conserv. 127: 72-87.

Sears, M. W. et al. 2011. The world is not flat: defining relevant
thermal landscapes in the context of climate change. — Integr.
Comp. Biol. 51: 666-675.

Sears, M. W. et al. 2016. Configuration of the thermal landscape
determines thermoregulatory performance of ectotherms.
— Proc. Natl Acad. Sci. USA 113: 10595-10600.

Seibold, S. et al. 2019. Arthropod decline in grasslands and forests
is associated with landscape-level drivers. — Nature 574:
671-674.

Senior, R. A. et al. 2017. A pantropical analysis of the impacts of
forest degradation and conversion on local temperature. — Ecol.
Evol. 7: 7897-7908.

Senior, R. A. et al. 2018. Tropical forests are thermally buffered
despite intensive selective logging. — Global Change Biol. 24:
1267-1278.

Serrano-Rodriguez, A. et al. 2018. Potential distribution and cli-
matic niche of seven species of Campylorhynchus (Aves, Troglo-
dytidae): conservation implications for C. yucatanicus. — Wilson
J. Ornithol. 130: 13-22.

Supplementary material (available online as Appendix ecog-

05162 at <www.ccography.org/appendix/ecog-05162>).
Appendix 1.

12

Slatyer, R. A. etal. 2013. Niche breadth predicts geographical range
size: a general ecological pattern. — Ecol. Lett. 16: 1104-1114.

Smith, G. E et al. 2007. Enhancing vegetation diversity in glades,
rides and roads in plantation forests. — Biol. Conserv. 136:
283-294.

Staude, 1. R. et al. 2020. Replacements of small- by large-ranged
species scale up to diversity loss in Europe’s temperate forest
biome. — Nat. Ecol. Evol. 4: 802-808.

Suggite, A. J. et al. 2011. Habitat microclimates drive fine-scale
variation in extreme temperatures. — Oikos 120: 1-8.

Sunday, J. M. et al. 2012. Thermal tolerance and the global redis-
tribution of animals. — Nat. Clim. Change 2: 686-690.

Tabarelli, M. et al. 2012. The ‘few winners and many losers™ para-
digm revisited: emerging prospects for tropical forest biodiver-
sity. — Biol. Conserv. 155: 136-140.

The Nature Conservancy 2009. Terrestrial ecoregions of the world.
— <http://maps.tnc.org/gisdata.html>.

Tilman, D. 1977. Resource competition between plankton algae:
an experimental and theoretical approach. — Ecology 58:
338-348.

Vanbergen, A. J. et al. 2005. Effect of land-use heterogeneity on
carabid communities at the landscape scale. — Ecography 28:
3-16.

Verberk, W. C. E. P. et al. 2013. Delivering on a promise: integrat-
ing species traits to transform descriptive community ecology
into a predictive science. — Freshwater Sci. 32: 531-547.

Vu, L. V. 2009. Diversity and similarity of butterfly communities
in five different habitat types at Tam Dao National Park, Viet-
nam. — J. Zool. 277: 15-22.

Waldock, C. A. et al. 2020. Data from: Insect occurrence in agri-
cultural land-uses depends on realized niche and geographic
range properties. — Zenodo Digital Repository, <http://dx.doi.
org/10.5281/zenodo.3605507>.

Webb, C. T. et al. 2010. A structured and dynamic framework to
advance traits-based theory and prediction in ecology. — Ecol.
Lett. 13: 267-283.

Williams, J. J. and Newbold, T. 2019. Local climatic changes affect
biodiversity responses to land use: a review. — Divers. Distrib.
26: 76-92.

Williams, J. J. et al. 2019. Human-dominated land uses favour spe-
cies affiliated with more extreme climates, especially in the trop-
ics. — Ecography 43: 391-405.

Wisz, M. S. et al. 2008. Effects of sample size on the performance
of species distribution models. — Divers. Distrib. 14: 763-773.

Wong, M. K. L. etal. 2018. Trait-based ecology of terrestrial arthro-
pods. — Biol. Rev. 94: 999-1022.

Woods, H. A. et al. 2015. The roles of microclimatic diversity and
of behavior in mediating the responses of ectotherms to climate
change. — J. Therm. Biol. 54: 86-97.

Woon, J. S. et al. 2019. Termite environmental tolerances are more
linked to desiccation than temperature in modified tropical
forests. — Insectes Soc. 66: 57-64.

Zizka, A. et al. 2019. CoordinateCleaner: standardized cleaning of
occurrence records from biological collection databases.
— Methods Ecol. Evol. 10: 744-751.

Zuur, A. F et al. 2009. Mixed effects models and extensions in
ecology with R. — Springer.



