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Global environmental impacts on biodiversity

There are probably between 5 to 11 million of eukaryotic species on earth
(Mora et al,, 2011; Cardinale et al., 2012; Costello et al., 2013) of which, ac-
cording to calculations of Mora et al. (2011), 86% of terrestrial species and
91% of marine species are yet to be discovered. This is challenging as it means
that at most we have a basic idea of what biodiversity really is, where it is and
how it interlinks to make ecosystems function.

Notwithstanding our lack of knowledge, we are certain that it is cur-
rently facing alarming declines (Hooper et al., 2012; Cardinale et al., 2012),
with for example ~20% of the known vertebrates, invertebrates and plants
classified as being threatened with extinction (Hoffmann et al.,, 2010; Brum-
mitt & Bachman, 2010; Collen et al.,, 2012). This is in addition to all species
that we still do not know, many of which we may never know before they go
extinct. Recent scenarios of expected species extinctions also point in the same
direction with high number of species committed to extinction in the near fu-
ture (Pereira et al., 2010). This is a dramatic trend, inevitably leading to loss of
genes, species, species traits, unique functions and ultimately whole systems
and with that our capacity to respond to future environmental changes (Bel-
lard et al., 2012; Cardinale et al., 2012).

Much of the research carried out in the field of ecology and biodiver-
sity conservation addresses the processes and impacts of biodiversity loss.
The focus ranges from identification of the main drivers of biodiversity loss
to how these drivers act and interact to limit the distribution of biodiversity
around the globe (e.g. Kennedy et al.,, 2013; Newbold et al., 2015). Some of
the main drivers that can force species to local or global extinction and cause
the modification of the original species distributions are habitat loss, habitat
fragmentation and changes in climatic conditions. These drivers can act alone
or in parallel, however when acting together they may have stronger and more
deleterious effects (Jetz et al., 2007; Fox et al., 2014). While biodiversity can
respond to the pressure of such drivers by for example adapting to the new
environmental conditions (requiring many generation cycles, hence this a slow
process), a more immediate response involves the colonization of new suit-
able areas resulting in shifts in their distributional ranges (Lenoir & Svenning,
2015). These geographic shifts in species distribution may in turn alter the
community structure and species interactions, e.g. through the arrival of spe-
cies previously absent from the area and migration of local species in order to
follow more suitable conditions (Lurgi et al., 2012), thereby disrupting the
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balance of ecosystems. As a result, ecosystems and their functioning may
change, as well as the services and goods we obtain from nature (e.g. timber,
protection against soil erosion, clean air and water, among others) (DeFries et
al, 2004).

As climatic and land use related drivers have been classified as main
factors for biodiversity loss and limiting species distributions around the
world, in the following sections I discuss their importance and some of the
mechanisms by which they drive biodiversity changes globally.

Climate effects on biodiversity

While climate changes cyclically, the rate at which it has changed during the
last 100 years has no precedent, with two main periods of fast warming dur-
ing the last century, 1910-1945 and from 1976 to the present (Walther et al.,
2002). Besides temperature increases, precipitation regimes have changed,
and extreme weather events have become more common.

Earth surface temperature has risen considerably during the last cen-
tury and is expected to continue to rise during the 21st century (Fig. 1). The
mean global surface temperature is expected to increase by atleast 1 °C and
the increases in average temperatures are expected to be stronger in the trop-
ics and subtropics than in mid latitude regions (Kirtman et al., 2013). These
changes are expected to cause more extreme heat waves, with an increase in
the number of warm days and nights. Consequently, decreases in the snow
cover and tinning of the arctic ice cover is also projected to occur in the near
future, having devastating effects not only for local but also for global biodiver-
sity in terrestrial and marine ecosystems (Post et al., 2013).

Changes in precipitation regimes are expected to vary across the globe
with increases in average precipitation expected at high and mid latitudes,
but with decreases expected in the tropics and subtropics (Fig. 2) (Kirtman
et al.,, 2013). Extreme precipitation events have already become more appar-
ent recently and are expected to continue increasing in number and intensity,
especially in North America and Europe (Kirtman et al., 2013). In central and
northern Europe substantial increases in winter precipitation are expected
during this century, meanwhile more extreme summer precipitation events
are expected in the northeastern regions accompanied with substantial de-
creases in precipitation events in the southern European areas (Beniston et al.,
2007). The effects of the observed and expected modifications in precipitation
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Seasonal mean air temperature change (RCP4.5: 2016-2035)
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Figure 1. CMIP5 multi-model ensemble mean of projected changes in December,
January and February and June, July and August surface air temperature for the
period 2016-2035 relative to 1986-2005 under RCP4.5 scenario (left panels).
The right panels show an estimate of the model-estimated internal variability (stan-
dard deviation of 20-year means). Hatching in left-hand panels indicates areas where
projected changes are small compared to the internal variability (i.e., smaller than one
standard deviation of estimated internal variability), and stippling indicates regions
where the multi-model mean projections deviate significantly from the simulated
1986-2005 period (by at least two standard deviations of internal variability) and
where at least 90% of the models agree on the sign of change. The number of models
considered in the analysis is listed in the top-right portion of the panels; from each
model one ensemble member is used. See Box 12.1 in Chapter 12 of the IPCC report
(Stocker et al., 2013) for further details and discussion. Technical details are in Annex I
(Stocker et al., 2013). Figure and legend taken from Stocker et al. (2013).

conditions on biodiversity are still largely unclear. However, modifications of
ecosystem services provision are expected across the globe (Huxman et al.,
2004), e.g. through the modification of the species composition in such ecosys-
tems (e.g. Hély et al.,, 2006; Martinho et al., 2007; Lindner et al., 2010).

Changes in the earth’s temperature and in the precipitation intensity
can have highly deleterious effects on biodiversity, forcing changes in the spe-
cies distributions globally and thus affecting ecosystem functioning (Knapp et
al., 2008; Wu et al., 2011). The recent rapid modifications in various climatic
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conditions raise important concerns about our ability to conserve natural
resources and points to the need for robust tools and frameworks that help
investigate how species will respond to future global environmental changes
and what our role is for mitigating such impacts on biodiversity.

Seasonal mean percentage precipitation change (RCP4.5: 2016-2035)

07 T T [ T [ (%)

50 40 -30 20 -10 0 10 20 30 40 50

Figure 2. CMIP5 multi-model ensemble mean of projected changes (%) in
precipitation for 2016-2035 relative to 1986-2005 under RCP4.5 for the four
seasons. The number of CMIP5 models used is indicated in the upper right corner.
Hatching and stippling as in Figure 1 (from Kirtman et al., 2013). DJF: December-Janu-
ary-February. MAM: March-April-May. JJA: June-July-August. SON: September-October-
November. Figure and legend taken from Stocker et al., (2013).

Land use effects on biodiversity

Human population growth has direct impacts on the surrounding environ-
ment as it increases the requirements for food and commodities, which in
turn put more pressure on natural resources (Foley et al., 2005). Therefore,
human population growth has been classified as the ultimate driver accelerat-
ing species extinctions (Pimm et al., 2014). This increasing pressure is glob-
ally reflected in more changes in land use (see Fig. 3 for an example on global
deforestation) (DeFries et al., 2004). Land-use changes often bring about the
loss of habitats and their fragmentation, i.e. the breaking apart of a habitat per
se (Fahrig, 2003). After habitat loss and fragmentation occur they often create
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Deforestation year

Fig. 3. The world deforestation across the years from 2000 to 2013. Different coloured pixels represent areas that have been deforested
along this 13 years period. Map modified from Hansen et al. (2013).




a new set of different landscape conditions to which local species are not
adapted, which may also leave local species in disadvantage against invasive
ones (Thuiller, 2007), often leading to their local extinction (Vellend et al.,
2006; Kuussaari et al., 2009). During the last century global biodiversity has
experienced alarming declines due to direct and indirect effects of these two
drivers of change (Krauss et al., 2010; Meyfroidt & Lambin, 2011). However,
not only global but also local biodiversity changes are of pivotal importance as
it is local biodiversity patterns that most ecosystems services rely on (New-
bold et al., 2015). This is of particular importance as landscape level land use
modifications have already caused high local species richness losses (above
20% loss) in many areas in the world, with the number of regions experienc-
ing this level of biodiversity loss expected to double by the year 2100 (New-
bold et al,, 2015).

The amount and quality of suitable habitat remaining after land use
changes are the major landscape characteristics limiting species distributions
atlocal as well as global scales (e.g. Gibbons et al., 2000; Mortelliti et al., 2010).
These landscape characteristics can delimit the potential distribution of spe-
cies across the landscape by, between others, modifying the resource availabil-
ity and the species mortality risks (Watling et al., 2011). Landscapes with high
amounts of natural areas are of particular importance for the maintenance of
biodiversity and their services (Thuiller, 2007; Kennedy et al., 2013). It has
been shown that landscapes with higher amount of natural habitat and in
general higher heterogeneity (of natural habitats) can maintain higher levels
of biodiversity than managed and more homogeneous landscapes (e.g. Benton
et al, 2003; Fischer et al., 2006). However, it is important to keep in mind that
in the context of species distributions not only the amount of suitable habitat
in the landscape is of importance for the presence and subsistence of a given
species, but also its dispersal capabilities and the interaction with other organ-
isms (Guisan & Thuiller, 2005). Consequently, the amount of suitable habitat in
the landscape is only one indication of the suitability of a given landscape for
the occurrence of a species.

Habitat fragmentation may also disrupt the arrival of new species and
their persistence in a landscape by modifying the microclimatic conditions,
resource availability and the arrangement of habitat patches in the surround-
ing landscape matrix (Ewers & Didham, 2006). Especially the area of suitable
habitat, the proximity of habitat patches and the amount of edges present in
the landscape after a fragmentation event are some of the main drivers of local
biodiversity (Fahrig, 2003). The area of remaining patches has been shown to
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limit the species distribution and persistence as bigger patches may maintain
higher biodiversity levels than smaller ones given the availability of resources
(Fahrig, 2003; Ewers & Didham, 2006). In this context the proximity of suit-
able habitat patches plays a major role, particularly when the surrounding
matrix is inhospitable: the closer these habitat patches are, the higher the
probability of inter-patch dispersal and thus of species survival. The fragmen-
tation in a given landscape invariably creates areas with higher amounts of
edges, which have been shown to produce negative effects on biodiversity by
mainly modifying the microclimatic condition and the vegetation structure
of a habitat patch in a given landscape (Fahrig, 2003). These modifications
may create a reshuffling of biodiversity in the edge regions favouring species
adapted to the new abiotic condition and thus bringing about possible new bi-
otic interactions in those regions and causing changes in the local community
structure (Kupfer et al., 2006). However, not all edges in a given area may have
negative effects on biodiversity (e.g. acting as functional barriers), for example,
those created between natural and managed systems, which may increase lo-
cal biodiversity by favouring the dispersal of organisms between the different
land use classes (Kuefler et al.,, 2010). The positive or negative impact of the
edge effects ultimately depends on the organism under consideration as edges
may have a positive impact on organism that depend on multiple habitat types
for survival but may negatively impact single habitat species that require more
stable habitat conditions (e.g. Fonderflick et al., 2013).

During the last century agricultural expansion has been a major cause
of habitat loss and fragmentation. The total amount of agricultural land around
the world increased from 34% in 1960 to almost 39% in 2011 (FAO, 2015),
and the forest area, which covered about 3.8 billion ha in the 1990 (30% of
total land area), has decreased by ~ 2% by the year 2005, meaning a loss of
66.4 million ha in a period of only 15 years (FAO et al., 2012). Given the rates
at which we are losing natural habitats, and in general biodiversity, and the
increasing amount of managed land around the world it is imperative to un-
derstand how species respond to these habitat modifications. We can do this
not only by investigating present species responses to the pressure of these
drivers, but also analysing their historical responses (Poschlod et al., 2005; e.g.
Hermy & Verheyen, 2007). Because historical data are lacking for most regions
and taxa, most studies analysing species responses to historical land use driv-
ers use the space for time substitution approach and compare current land-
scapes that vary in landscape features (e.g. Brosi et al., 2008; Uehara-Prado &
Freitas, 2009), mostly at small spatial scales (Benedick et al., 2006; Taki et al.,
2010). In this way it is assumed that the comparison of recent landscapes that
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differ in landscape characteristics represents the processes than have taken
place in a specific location across time, which may not be always the case pos-
sibly leading to wrong conclusions. Therefore, studies that use real historical
data are of pivotal importance mainly because recent observed species dis-
tributions may not be the result of recent environmental changes but of past
changes in these conditions.

Species Distribution Modelling as a tool to analyse historical-
to-present and forecast future impacts of climatic and land-
use changes on biodiversity

Species can respond to changes in environmental conditions by colonization
of more suitable habitats (Lenoir & Svenning, 2015). As a result of the recent
changes in climatic and land use condition across the globe we have already
observed patterns of species range modifications and species distributional
shifts (Parmesan & Yohe, 2003; Chen et al., 2011). Given the expected future
changes in environmental conditions it seems certain that biodiversity will
continue to adapt to these modifications by changing their distributional rang-
es (Pereira et al., 2010). Different sets of tools have been developed in order to
investigate recent and future species responses to these changes in environ-
mental conditions, making it also possible to analyse the modifications in the
species distributions by comparing their ranges across different time periods
(e.g. Guisan & Thuiller, 2005; Warren et al., 2010; Rangel et al., 2010).

Species Distribution Models (SDMs, Guisan & Thuiller, 2005), also
known as Ecological Niche Models (ENMs, Sober6n & Nakamura, 2009), are an
important tool for analysing species distributions. SDMs are correlative mod-
els that investigate the relationship between species occurrences and the un-
derlying environmental conditions in those locations, obtaining in this way an
insight into the geographical and ecological niche space in which the species
are distributed (Fig. 4) (Elith & Leathwick, 2009). The species-environment
relationship is then projected into the same or other study areas with the pres-
ent environmental conditions in order to analyse current species distributions.
These can also be forecasted to investigate, for example, the effects of future
climate and land-use change on the distribution of biodiversity (Thuiller et al.,
2005; e.g. Schweiger et al., 2012).
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Fig. 4. Schematization of the process and data needed for constructing species
distribution models. The main data needed are information on species presence
locations, environmental information of the condition where the species occur and
information of where the species does not occur, in case this is not available then
pseudo-absences can be generated. These data form then the input for the different
modelling algorithms, which in turn will develop the model predicting of habitat suit-
ability for the species in the projected geographic area.

Historical to present and future projections of species distributions are
used as a primary resource for biodiversity conservation planning (Guisan et
al., 2013), as for the selection of protected areas (Hannah et al., 2007; Marshall
et al., 2014), to investigate possible effects of invasive species on local biodi-
versity (Jiménez-Valverde et al., 2011; Buckland et al., 2014) and for the cre-
ation of biodiversity adaptation and mitigation plans, among others. However,
there are assumptions that have to be considered before drawing conclusions
for biodiversity conservation, as are the lack of species interaction and disper-
sal limitation information included during the modelling protocol (Guisan &
Thuiller, 2005; Franklin, 2010).

SDMs are often applied to model single species distributions; however,
they can also be used to model multiple species as to investigate the species
richness of a given location (Dubuis et al.,, 2011; Guisan & Rahbek, 2011). This
can be accomplished in different ways, however, the most common are first
modelling single species and stacking their projected distributions either as
binary (presence-absence) predictions, thus obtaining an indication of the
number (richness) and identity (composition) of the species present in a given
location (Dubuis et al., 2011; D’Amen et al., 2015); or by stacking their habitat
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suitability values. In this last option a threshold for setting a binary prediction
is not needed, in which case higher values for a pixel would point to (pos-
sible) higher species richness. However, with this method the species identity
information is lost (Dubuis et al., 2011). There are other possibilities as to
model species richness directly, or using macro ecological models, which need
a different data input and to comply with different model assumptions. More
insight into these techniques can be found in Calabrese et al. (2014) and Dis-
tler et al. (2015).

There is a plethora of algorithms and platforms for constructing SDMs,
each one of those with their specific formulations and features for selecting
environmental correlates and with different output criteria (Thuiller et al.,
2009). It has been shown that in some cases different algorithms may render
different modelling results, which can affect the conclusions that one can de-
rive from a given modelling exercise (Elith & Graham, 2009). Specifically, while
one model can predict high suitability for a species in a given location, in an
extreme case another may predict a medium or low suitability, making it dif-
ficult to extrapolate these predictions to other areas or time periods (Thuiller,
2004; Thuiller, 2014). Besides the between-algorithm variation also models
constructed for the same species and with the same algorithm but with differ-
ent sets of data can render different predictions (within-algorithm variation).
Because of this it has been suggested that the ensemble of different models
can be used as a viable and more robust option than the single model ap-
proach when modelling species distributions (Thuiller, 2014). However, there
is still not consensus on which algorithms may perform best depending on the
species data characteristics, e.g. the spatial distribution and amount of the spe-
cies data available. We tackle this question in Chapter 2 of this thesis.

SDMs are a powerful tool for biodiversity conservation and for predict-
ing future effects of climate and land-use changes on species distributions.
However, the accuracy and usability of SDM predictions will always depend on
the quality of the data (species and environmental) used when constructing
such models and on the specific assumptions of the modelling algorithm (Elith
& Graham, 2009). Thus one of the first steps to carry out when constructing
SDMs should be to define the objective of such model and analyse the quality
and accuracy of the data that will be used in the modelling protocol (Aratdjo &
Peterson, 2012). When analysing the final model, its assumptions should also
be discussed in light of the purpose for which it was created, e.g. were disper-
sal limitation and biotic interactions taken into account? The awareness of the
strengths and caveats of these models may help us understand better what we
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are modelling and the meaning of the results. Considering this will allow for
a more realistic inference of the impacts of present and future environmental
changes on biodiversity.

Thesis outline

In this thesis I investigate how global biodiversity change drivers, particularly
climate change and land use modifications, shape biodiversity distributions
over time. More specifically, in Chapter 2 [ analyse which species distribution
modelling algorithms render more robust predictions of habitat suitable for
the modelled species. Moreover, | investigate which of these algorithms are
more constant in their predictions across model repetitions and for which set
of spatial and environmental conditions. [ investigate the between and within
model variability when constructing SDMs for species with different num-
ber of record locations, from rare to common, and with a varied geographic
distribution (Aguirre-Gutiérrez et al., 2013). Based on these results a more
informed selection of the modelling algorithms for constructing SDMs can be
made, which may finally result on more robust model projections of species
distribution and their drivers. The results of this chapter form the basis of the
choices of modelling approaches for subsequent chapters.

In Chapter 3 [ apply the knowledge of the most robust and best per-
forming algorithms for fitting SDMs based in our results from Chapter 2
(Aguirre-Gutiérrez et al., 2015). In this chapter a SDM framework using one of
the best performing algorithms is applied in order to predict the distribution
and analyse the ecological niche similarities between closely related Mexi-
can white pine taxa, which range from southern United States to Mexico and
Central America. Closely related taxa may be difficult to differentiate even with
morphological and genetic analysis. Another technique that can be use in or-
der to obtain estimates of similarity between taxa is comparing their ecologi-
cal niches. Here we use SDMs to extract the species ecological niches to then
compare them.

In Chapter 4 I investigate whether the relative importance of climate
(temperature and precipitation) and land use (habitat composition, fragmen-
tation and spillover potential) as drivers of species distributions has changed
over time. Models of species distributions often assume that the importance of
such drivers in the present will be the same in the future, and current models
base their forecasting on this assumption in order to detect future impacts of
environmental changes. However, this may not be always the case as climate
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and land use are unlikely to change in parallel, suggesting that the importance
of such drivers for biodiversity distributions could be non-constant across
time. I use data for bees, butterflies and hoverflies collected between 1951 and
the present to address this question.

Functional traits can be described as species characteristics related
to their morphology, physiology, structure, phenology and behaviour, that are
relevant for the organism in order to respond to environmental modifications
(Diaz et al., 2013; Violle et al., 2007). Species can shift their distribution in
pursuit of favourable environments, however, these spatial modifications may
be determined by the species specific trait characteristics used as response to
the pressures of these drivers. In Chapter 5 I firstly investigate the areal range
changes, latitudinal and longitudinal shifts that bee, butterfly and hoverfly spe-
cies have experienced since the last half of this century and then investigate if
and to what extent these spatial modifications are related to specific species
trait characteristics.

In Chapter 6 [ investigate how past and present changes in landscape
characteristics, related to habitat composition and fragmentation, impact the
distribution and richness of biodiversity. [ do this by analysing a dataset of bee,
butterfly and hoverfly species richness changes recorded between the year
1900 and the present. Land use maps from different time periods are used to
extract the original conditions of the landscape before changes occurred and
also the changes that occurred in a given landscape across time.

The synthesis presented in Chapter 7 brings the results from the differ-
ent chapters together and relates these to the effects of environmental changes
on the distribution of biodiversity from a historical and present time perspec-
tive. Specifically, it is discussed how historical and present changes in environ-
mental conditions may determine the present species distributions and what
this means for the analysis of species response to future climatic and land use
changes. During the synthesis I focus on these aspects and analyse future pros-
pects of research within this realm.
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Abstract

Understanding species distributions and the factors limiting them is an impor-
tant topic in ecology and conservation, including in nature reserve selection
and predicting climate change impacts. While Species Distribution Models
(SDM) are the main tool used for these purposes, choosing the best SDM
algorithm is not straightforward as these are plentiful and can be applied in
many different ways. SDM are used mainly to gain insight in 1) overall species
distributions, 2) their past-present-future probability of occurrence and/or 3)
to understand their ecological niche limits (also referred to as ecological niche
modelling). The fact that these three aims may require different models and
outputs is, however, rarely considered and has not been evaluated consistently.
Here we use data from a systematically sampled set of species occurrences to
specifically test the performance of Species Distribution Models across several
commonly used algorithms. Species range in distribution patterns from rare to
common and from local to widespread. We compare overall model fit (repre-
senting species distribution), the accuracy of the predictions at multiple spa-
tial scales, and the consistency in selection of environmental correlations all
across multiple modelling runs. As expected, the choice of modelling algorithm
determines model outcome. However, model quality depends not only on the
algorithm, but also on the measure of model fit used and the scale at which it is
used. Although model fit was higher for the consensus approach and Maxent,
Maxent and GAM models were more consistent in estimating local occurrence,
while RF and GBM showed higher consistency in environmental variables se-
lection. Model outcomes diverged more for narrowly distributed species than
for widespread species. We suggest that matching study aims with modelling
approach is essential in Species Distribution Models, and provide suggestions
how to do this for different modelling aims and species’ data characteristics
(i.e. sample size, spatial distribution).
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Introduction

Understanding current and predicting future distributions of species is piv-
otal for ecology and for implementation of biodiversity conservation and
policy measures (e.g. International Union for Conservation of Nature -IUCN
Red Lists; reserve selection). One of the most common methods used to gain
insight in species distributions and environmental niches is Species Distribu-
tion Modelling (Guisan & Thuiller, 2005), which is also referred to as ecological
niche modelling (see discussions on terminology in (Elith & Leathwick, 2009;
Mclnerny & Etienne, 2012; Peterson & Soberén, 2012; Warren, 2012; Higgins
etal, 2012). SDM identifies locations with suitable (a)biotic conditions for
species occurrences, based on climatological, environmental and/or biotic cor-
relates (Soberdén & Nakamura, 2009). A broad range of algorithms (Franklin,
2009, Peterson et al.,, 2011) and platforms (i.e. BIOMOD, ModEco, OpenMod-
eller; Thuiller et al., 2009; Guo Q & Liu, 2010; Souza Mufioz et al., 2009) can
be used to fit the models, each with unique features, such as different variable
selecting techniques or methods for selecting (pseudo) absences (Elith et al.,
2006; Elith &Graham, 2009; Pearson et al., 2006; Segurado et al., 2006). Con-
sequently, the best fitted model depends not only on presence data available,
but also strongly on the modelling approach (Buisson et al., 2010; Barve et al.,
2011). SDMs are used mainly to (1) gain insight in species’ overall distribu-
tion (i.e. Bidinger et al., 2012; Machado-Machado, 2012), (2) obtain predicted
occurrences for specific locations (i.e. Raes et al., 2009; Rodriguez-Soto et al.,
2009) or (3) understand niche limits of species (i.e. Peterson & Soberoén, 2012;
Beale et al.,, 2008; Veloz et al., 2012; Saupe et al., 2012). Several studies point
to the need to evaluate and validate SDMs and perform in-depth analyses of
the impact of algorithm selection and within algorithm consistency of predic-
tions to generate more meaningful models (Elith & Leathwick, 2009; Aradjo &
Peterson, 2012). For example, using virtual species, Saupe et al. (2012) found
that the distribution of the species data used for model training with regard to
the environmental conditions available influences modelling results. Wisz et
al. (2008) showed that model accuracy (AUC values) depends on the algorithm
used, reinforcing the need to assess performance of different modelling tech-
niques (Aratjo & Guisan, 2006 ), including consensus methods (that integrate
the predictions of several algorithms) (Marmion et al., 2009 ). Lastly, Zimmer-
mann et al. (2010) showed how SDM can be tailored to satisfy different aims
and improve prediction accuracy. However, our screening of recent papers
using SDM (see Table S1 in Supplementary material) shows that studies mod-
elling a single species tend to use one algorithm, whereas studies modelling
multiple species tend to use multiple algorithms, generally without clear
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explanation of the reasons for algorithms selection criteria. The 19 algorithms
used in a set of 42 recent papers (Table S1) occur in both, single and multi-spe-
cies studies, with Maxent (Maximum entropy) and GLM (Generalized Linear
Models) being two of the most common ones. However, none of these studies
analyse the advantages/ disadvantages of selecting one or more algorithms,
being still unclear whether species-specific features such as level of rarity, geo-
graphic spread or a combination of both, affect model fit (but see Table S1).

Here we investigate which species distribution modelling algorithms
perform most consistently when: (1) evaluating overall model fit; (2) evaluat-
ing spatial predictions of species occurrence at patch, landscape and regional
scales; and (3) identifying environmental factors as important correlates of
species occurrence. We test these three aspects for a group of well-sampled
hoverfly species in the Netherlands, that are selected such that they include
rare to common and local to widespread species.

Methods
Species data and selection

We used presence-only records for Dutch hoverflies (Diptera: Syrphidae) in
the Netherlands from the European Invertebrate Survey (EIS, 2012) collected
during the last ten years (2000-2010). This database contains more than 400,
000 records of 328 species over a time span of 200 years for the entire country
(Fig. S1). For the species selection we first characterised all species in terms

of occupancy (rare to common, based on the number of 1 km2 cells occupied)
and spatial distribution (narrowly distributed to widespread). Spatial distri-
bution measure was calculated as the longest distance found within the 3d
quartile of distances between all recorded locations for that species. We chose
the 3th quartile distance as it may better represent the records distribution

in geographic space, avoiding any outlier present in the last quartile. We then
extracted a total of 16 species that clearly belonged to one of the following four
groups: narrowly distributed and rare (NR), narrowly distributed and common
(NC), widely distributed and rare (WR), and widely distributed and common
(WC). The selected species ranged in number of records from 6 to 2094 and in
spatial distribution from 3.2 to 238.4 Km 3rd quartile distance (Table S2).

Environmental data used for modelling

We obtained bioclimatic data from WorldClim (Hijmans et al., 2005), as its
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variables render biologically meaningful estimates representing annual trends
in seasonality and extreme/limiting factors. We did not include additional
environmental variables, as our objective was not an in-depth study of the
ecology of the hoverfly species but rather of the consistency of performance of
the different algorithms. The selected species covered most of the range in en-
vironmental space of the Netherlands (Fig. S2). To reduce co-linearity between
predictors (Guisan & Thuiller, 2005), we only retained variables with a Pear-
son’s pair-wise correlation coefficient <|0.7|. When two variables were highly
correlated we chose the one least correlated to others, leading to a total of
nine climatic and one topographic variables with a spatial resolution of 1 km2
selected for the construction of the species distribution models (Table S3).

Modelling algorithms

We fitted species distribution models (SDM) using six commonly used al-
gorithms (see Table S1): four machine learning methods, Artificial Neural
Networks (ANN; Ripley, 1996), Generalized Boosted Models (GBM; Ridgeway,
1999; Friedman, 2001), Random Forests (RF; Breiman, 2001) and Maximum
Entropy modelling (Maxent; Phillips et al., 2006); and two regression methods,
Generalized Additive Models (GAM; Hastie, 1990), Generalized Linear Models
(GLM; McCullagh, 1989). We did not use “true absence” data, using instead a
random or a given sample of background points as pseudo-absences. These
algorithms have been applied for modelling environmental relationships for a
wide range of species (Franklin, 2009; Thuiller et al., 2009; Elith et al., 2006;
Wisz et al., 2008; Phillips et al., 2006; Mateo et al., 2010). We used the BIO-
MOD package (Thuiller et al.,, 2009) (v. 1.1-7.00) for R (R Development Core
Team, 2011) for all selected algorithms, except Maxent, for which we used the
Maximum Entropy Modelling software MaxEnt (v3.3.3e, www.cs.princeton.
edu/~schapire/maxent/). We followed default settings recommended by
Thuiller . (2010) (for BIOMOD) and Phillips and Dudik (Phillips & Dudik,
2008) (MaxEnt) for fitting the models. As every run within the ANN algorithm
can render different results we selected the best weight decay and the number
of units in the hidden layer by carrying out five-fold cross-validation runs. The
GAM models were run with a spline function with three degrees of smoothing.
The GBM models were constructed by fitting 5000 trees and five cross-vali-
dations in order to identify the number of trees that produced most accurate
predictions. GLM’s were generated by using polynomial terms with the step
wise procedure and using the Akaike Information Criterion (AIC) for model
selection. For RF models 500 trees were used as the building criterion follow-
ing other studies that have implemented the algorithm successfully with these

29



settings (see Elith & Leathwick, 2009; Scarnati et al., 2009; Garzon et al., 2008;
Lawler et al., 2006). MaxEnt was run with the auto-features option and the lo-
gistic output format was used as this has proven to be the appropriate method
in an extensive multispecies study carried out by Phillips and Dudik (2008) .
Finally, a consensus ensemble approach (Aratjo & New, 2007), hereafter “Con-
sensus approach”, was applied using the BIOMOD platform models generated
by GLM, GAM, GBM, RF and ANN. The Consensus approach is thought to offer
more robust predictions for the potential and realized distribution of spe-

cies than single algorithms (Aradjo & New, 2007). Maxent is not integrated in
BIOMOD v1.1-7.00, and therefore it was not part of the Consensus approach.
The Consensus approach implementation consisted of the ensemble of the 10
model repetitions x 5 modelling algorithms = 50 output maps. We used the
Receiving Operating Characteristic (ROC) of the area under de curve mean
method (Hanley & McNeil, 1982) to create consensus maps (Thuiller et al.,
2009). In this method, after converting the outputs to binary predictions using
their correspondent thresholds that maximize the sensitivity and specificity of
the models (Jiménez-Valverde & Lobo, 2007), every cell for which more than
half of the models predicted a presence, was considered a presence, the other
cells were assigned as absence. All single modelling algorithms were run for
the 16 hoverfly species. For each species and algorithm ten replicate runs were
applied (two species had only 6 and 8 number of occurrence records and for
these respectively 6 and 8 replicate runs were conducted).

Modelling process

To generate the species distribution models, all modelling algorithms used in
this study required the input of (pseudo)absences (BIOMOD) or background
points (MaxEnt) (Mateo et al., 2010; Phillips et al., 2009; Barbet-Massin et al.,
2012). Pseudo-absences were randomly selected locations where the focal
species was not present but other hoverfly species had been found (more than
9000 Km2 cells conforming the total species modelled and available for gen-
eration of pseudo absences). This approach is more objective and realistic than
taking pseudo-absences from sites that have not been sampled at all, account-
ing for the possible sampling bias (Raes & ter Steege, 2007; Elith et al,, 2011)

, and likely providing more accurate results (Mateo et al., 2010; Phillips et al.,
2009). For every species, the presence records were randomly partitioned in
75% for training and 25% for testing and were the same for all algorithms but
Maxent, which was run in a separated platform. This random partitioning was
repeated ten times to obtain a robust estimate for the algorithm’s performance
(Franklin, 2009). We generated and compared a total of 1078 models for the
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16 selected species (16 species x 7 algorithms (incl. consensus) X 6-10 cross-
validation runs).

Evaluation of results across modelling algorithms

Comparing the quality and accuracy of SDMs is generally achieved by compar-
ing prediction success, however, this represents a limited view of the models
accuracy (Wiens, 1989). Therefore, we evaluate the SDMs in three different
ways: a) comparing the Area Under the Curve (AUC) values to assess differ-
ences in the general model fit, b) comparing the geographical consistency of
the maps produced by each of the algorithms to assess the spatial congruence
in presence and absence predictions; and c) comparing the contribution of the
various environmental variables to the different models to assess the consis-
tency of variable selection and contribution between runs within algorithm.
Together these assessments provide a more robust and better evaluation of
the performance of the different algorithms and insight into general model fit
(a), spatial congruence of the maps (b) and the species’ niche characterisation

().
Comparing model fit across algorithms: AUC

To obtain a measure of the accuracy of the constructed SDMs the AUC of the
ROC has been used. This measure is not only threshold independent but also
evaluates both the false-positive error rate and the true positive rate in order
to obtain a measure for the accuracy of the constructed model. AUC values
range from 0 to 1, with values below 0.5 representing a model that is not bet-
ter than random and values of 1 represent models that are highly accurate
(Scarnati et al., 2009). For our AUC evaluations, we obtained the AUC values
from each of the models created by the 10 repetitions for each species and per
algorithm, including the consensus approach. Although this metric has been
highly criticized in some recent studies (Raes et al,, 2009; Jiménez-Valverde,
2012), it is still the most applied measure of accuracy for SDMs and that is why
we considered it for our analysis. Moreover, one of the aims of this paper is to
show that other accuracy measures, such as consistency of spatial predictions
and of environmental variables selection may render different results com-
pared to AUC.

Geographical consistency of predicted distributions

Species occurrence maps are the end product of most SDM. However, models
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with similar AUC values do not necessarily predict occurrences in the same lo-
cations. To assess how consistent the spatially explicit predictions of presence
and absence are within and between algorithms, we calculated the similarity
of the maps produced in replicate runs and compared similarity across algo-
rithms. The SDM map similarity was assessed by creating the binary predic-
tions (presence/absence maps) for each run using the threshold that mini-
mizes the difference between sensitivity and specificity for each of the models
(Jiménez-Valverde & Lobo, 2007). Next, the 10 presence-absence maps were
compared pair-wise (45 comparisons) to obtain map similarity values per
algorithm per species.

Spatial accuracy can be evaluated at different scales (Borcard et al.,
2004; Kraft & Ackerly, 2010). Analyzing patterns at different spatial scales is
a common procedure, i.e. the ecological neighbour theory of Addicott et al.
(1987) or the work of Wiens (1989), and relevant to identify the ecological
process and spatial needs of the species. For example, the relationship be-
tween plant diversity and ecosystem functioning was found to be scale depen-
dent (Diaz & Cabido, 2001; de Bello et al., 2010).

We apply three different statistics incorporated in the Map Compari-
son Kit (Visser & de Nijs, 2006) to assess geographical patterns at different
scales from the binary SDM output maps. For evaluations at small scale (single
cell: Tkm2) we used Cohen’s Kappa statistic (Cohen, 1960). For medium scale
evaluations, we used the Improved Fuzzy Kappa (Hagen-Zanker, 2009), which
also takes values of surrounding cells into account (radius of neighbourhood of
4 cells). For large scale similarity we used the Fuzzy Global Matching (Hagen-
Zanker, 2006), which evaluates overlap in patches of cells by taking into ac-
count their area of intersection, area of disagreement and the size of the patch.
The latter two metrics make use of the fuzzy set theory to extract similarity
values (Hagen-Zanker, 2009).

Consistency in environmental variables used to predict distributions

To evaluate the consistency in the strength assigned to each of the environ-
mental variables in cross-validation SDM runs, we estimated the importance
values of each variable per algorithm per species, as described by Thuiller
etal. (2010). To obtain consistency values for each variable per model, spe-
cies and algorithm we calculated the absolute difference between each of the
importance values obtained for each of the 10 model runs and the average
variable importance (average of the 10 model runs). We refer to this as the
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“deviance from average variable contribution”. A high deviance indicates a high
variance in variable importance across runs. This analysis was not performed
for the consensus approach as it is composed of all BIOMOD algorithms and a
combined variable contribution value cannot be defined in a meaningful way
for an ensemble model.

Overall analysis of results

We used Linear Mixed Effects Models (LME) (Bolker et al., 2009) to investi-
gate the possible effect of algorithm, the number of records and their spatial
distribution on the attained AUC values, the geographic prediction similarity
(Kappa, Improved Fuzzy Kappa and Fuzzy Global Matching) and the environ-
mental variable contributions.

We fitted the LME in the R platform using the “nlme” package (Pinheiro
etal.,, 2012). To improve the normality of the data a logit transformation was
applied to the response variables AUC and Map similarity and a log transfor-
mation to the DFAC values. We used the number of records, spatial distribution
of the records (upper value of 3rd quartile distance) and the algorithm as the
fixed effects and the species as the random effect for the AUC and Map similar-
ity. To account for the non-independence of the predictions generated based
on the data from a given species, species identity was included as a random ef-
fect. Finally, we evaluated the consistency in variable contribution to the SDMs
with a LME that included the environmental variable and algorithm as fixed
effects and species as a random effect.

Results
Comparing model fit across algorithms: AUC

AUC values differed significantly between algorithms (Fig. S3) and significantly
declined with increasing number of records (Fig. 1). The Consensus approach
obtained the highest AUC values, independently of the number of records

and the spatial distribution. The next best models in terms of model fit were
Maxent and GAM, which had significantly higher AUC values than GLM, GBM,
RF, especially at low numbers of records, while ANN performed significantly
worse (Table 1). Spatial distribution did not significantly affect model fit (only
weakly for Maxent. Table 1, Table S4).
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Figure 1. Effect of records availability and spatial distribution on model fit. Effect
of records availability and spatial distribution on model fit based on the AUC evalu-
ation of the different algorithms. For the AUC evaluation, we present the back-trans-
formed mean values estimated using Linear Mixed Effect models for each algorithm.
The first column presents the results with relation to the number of records and the
second with relation to the records distribution.

Geographical consistency of predicted distributions

The spatial scale at which maps were compared strongly affected the spatial
congruence within algorithms. At the largest scale (Fuzzy global matching
comparison, “FGM”) all algorithms rendered high spatial congruence across
model runs, while spatial congruence was lower at medium scale (Improved
Fuzzy Kappa comparison, “IFK”) and again lower when individual (1km2)
cells were compared (Kappa comparison) (Fig. 2). This is expected, because
the first two methods buffer against small mismatches between maps (Hagen-
Zanker, 2009). For all algorithms except ANN, spatial congruence was not
significantly affected by number of records or spatial distribution of the data
(at small and medium scales, Table 1). ANN spatial congruence improved with
increasing number of records (small and medium scales) and wider distribu-
tion (all scales) of the data.

At small scale (i.e. using the Kappa statistic), Maxent and GAM pro-
duced the highest spatial consistency. RF, GBM, GLM and the Consensus ap-
proach performed similarly when number of records was high but significantly
worse at low number of records (Fig. 2, Kappa panel). ANN models produced
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the lowest spatial consistency at both small and medium spatial scale, at the
latter scale joined by a poorly performing Consensus approach. At medium
spatial scale, Maxent rendered the highest spatial consistency values, but as
above several other algorithms, GAM, GBM, GLM and RF, were not significantly
worse (Fig. 2, IFK panel, Table 1, Table S6). GBMs and RF performed bet-

ter than the other algorithms at large spatial scale (with all rendering high
map similarities; Fig. 2 FGM panel, Table 1, Table S7). This improvement may,
however, be due to overfitting as they mostly predict small presence patches
matching closely to the locations where the training records are found (ex-
ample for RF in Fig. S4).

Environmental consistency of predicted distributions

There were significant differences in how consistently algorithms assign
importance to environmental variables between different runs (Table 1, Table
S8). GBM and RF were the most consistent algorithms, followed by Maxent,
while ANN, GAM and GLM rendered significantly higher variability across runs
(Fig. 3). Variable assignment was often less consistent at small sample sizes
(for ANN, GAM, GLM and RF; Fig. S5). The spatial distribution of the data af-
fected the consistency in variable importance assignment for all algorithms for
at least one variable (Fig. S6).

Discussion

Species distribution modelling is currently the main method for predicting
species distributions, which in turn may guide conservation management ac-
tions. SDM can be implemented using a range of different algorithms, whose
performances are analysed in this study in three different but complementary
ways, by comparing model fit, consistency of spatial predictions and consisten-
cy of the selection of environmental variables. We show that depending on the
research objectives, number of records and spatial distribution of such records
the most suitable algorithm will vary.

The model fit

The decline of model fit (AUC) with increasing number of records is expected
when using pseudo-absences or background data because the maximum at-
tainable AUC value decreases with number of records (maximum AUC= (1-
area occupied)/2) (Phillips et al., 2006; Raes & ter Steege, 2007; Bean et al,,
2012). For comparisons of model fit between species the (bias corrected) null
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Table 1. Results of the Linear Mixed Effect models for the AUC, Kappa, IFK, FGM
and DFAC (deviance from average variable contribution). The significance of the
pairwise algorithms comparisons, their interaction with the number of records and
spatial distribution is presented. The positive and negative signs apply for the first
algorithm being compared against the second. For the first four measures the positive
sign points to algorithms that render higher values -better fits and maps similarities.
In the DFAC, the negative signs point to a more consistent algorithm as it renders
lower deviances than the second. Max= Maxent, Con= Consensus approach; ns= no
significant; na= not applicable. Signif. codes: 0 “*** 0.001 “** 0.01 *’ 0.05. Corrected
Tukey’s P values reported.

Algorithms AUC Kappa IFK FGM DFAC
Max vs ANN () HFE 0 (#) R () FEE () FEE ()
Max vs GAM ns ns ns ns (-) *¥**
Max vs GBM (+) ***  (#)*** ns (-) =% (#) ***
Max vs GLM (+) ***  (#)*** ns ns (-) ***
Max vs RF (+) *** ns ns (=) =% (4)
Max vs Con (-)* (+) ***  (+#)** ns na
ANN VS GAM [ I © TN © T © R I
ANN VS GBM [ I © T © T © R
ANN Vs GLM O R O R © B © Bt (N
ANN Vs RF (-)* (O R © R © R €
ANN vs Con ()*F () (e ()% na
GAM VS GBM (+) ¥** ns ns (-} *** (4) *Fx*
GAM Vs GLM (+)* ns ns ns (-) ***
GAM vs RF (+) *** ns ns (-} *** (#) **F
GAM vs Con (-)***  (+)* ns ns na
GBM VS GLM ns ns ns (#) F** ()
GBM VS RF ns ns ns () =* ()
GBM vs Con (-)*** ns ns (+) ***  na
GLM vs RF ns ns ns (-} **x () *FF
GLM vs Con (-) ***  ns ns ns na
RF vs Con () *F**  (#)* ns (+) *** na
Max vs Records (-)*** ns ns (-) ** na
ANN vs Records ns (+)* (+)* ns na
GAM vs Records (-)***  ns ns (-) ** na
GBM vs Records (-)* ns ns () ***  na
GLM vs Records (-) ** ns ns (-) ** na
RF vs Records (-)* ns ns (-) ***  na
Con vs Records (-) ¥** ns ns (-) *** na
Max vs Distribution (-)* ns ns () * na
ANN vs Distribution ns (+) #** () *¥ (+)* na
GAM vs Distribution ns ns ns (-) ** na
GBM vs Distribution ns ns ns ns na
GLM vs Distribution ns ns ns (-) * na
RF vs Distribution ns ns ns ns na
Con vs Distribution ns ns ns ns na
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model approach would be more appropriate (Raes & ter Steege, 2007), but
here we only compared model fit within species.

As in other studies (Marmion et al., 2009; Lomba et al., 2010), the
Consensus approach rendered the best overall model fit, probably because
presence predictions are strictly limited to cells for which the majority of the
models in the ensemble predict a presence. However, considering only AUC
scores as an evaluation method for model performance may not always be
the best approach (Wiens, 1989), as AUC is not indicative of geographical and
environmental consistency of a model (see below). Even though the Consensus
approach produced good general fits, its drawbacks become apparent when
using other performance measures (Table 2).

Maxent’s better performance in comparison to the other “single”
algorithms might be partly due to how the environmental variables and their
interactions are modelled, i.e. incorporating progressively more mathematical
complexity of the model when more data are available (Phillips et al., 2006;
Elith et al., 2011). It also seems that generative methods in general (Maxent,
but also RF and GBM) render better results with small sample sizes, maybe
due to faster convergence to their higher asymptotic error than discriminative
methods (Ng & Jordan, 2002). In comparison, discriminative methods such as
GLM and GAM improve their accuracy as the number of records increases and
may even surpass results offered by generative methods at large sample sizes
(see Fig. 1 at around 1700 records). However, for most taxa and regions, data
availability rarely reaches the point where advantages of discriminative meth-
ods can be benefitted from (Phillips et al., 2009; Ponder et al., 2010). Finally,
thanks to its regularization procedure, Maxent models are less likely to overfit
the data (Phillips et al., 2006; Elith et al., 2011), than RF and GBM models (as
shown in Fig. S4, and other recent studies, (Elith & Graham, 2009; Oliver et al.,
2012).

Figure 2. (next page) Effect of records availability and spatial distribution on
geographical consistency. Effect of records availability and spatial distribution on
geographical consistency of the different algorithms. For each spatial scale (small scale
-Kappa; medium scale - IFK; and large scale - FGM), we present the back-transformed
mean values estimated using Linear Mixed Effect models for each algorithm. The first
column presents the results with relation with the number of records and the second
with relation with the records distribution. For clarity of comparisons, ANN results are
presented separately whenever its values were much lower than those obtained for
other algorithms. See Tables 1 and S5 for further statistical information.

37



Kappa
060 065 070 075

055

050

GAM

6m

GBM

/

con

02 03 04 05

02 03 04 05

T

o

0.1

e

n
S |
8
3

T
500 1000

50000 100000 150000 200000

085

080

075

IFK

0.70

S T T T T

0 500 1000 1500 2000

0 50000 100000 150000 200000

1.00 | 0.65

FGM
0.90 095

085

080

/

@

=]

2

o

~

o

0

8 |

o T T T T T
0 500 1000 1500 2000

T T
0 500 1000

Number of records

T T
150000 200000

Records distribution (m)




Obtaining geographically consistent predicted distributions

Our results show that a high AUC value is not necessarily associated with a
high spatial accuracy of the models (e.g. for Consensus approach in our study).
However, algorithms with low AUC values produced very inconsistent spatial
predictions (see Figs. 1 and 3). Moreover, the accuracy of the occurrence pre-
dictions depended on the spatial scale used. Here we used scales that roughly
represent small (sub) populations (1km2 cell comparison), landscape level
patterns (several km2 area) or regional populations. If we focus on small and
medium scale geographic processes, Maxent, GAM and RF models attain the
best results predicting consistently the same geographic areas across repeti-
tions (Fig. 2, Kappa and IFK panels). This result suggests that these algorithms
are preferable when modelling species that are narrowly distributed and

from which not many record locations are available. However, at larger spatial
scales all algorithms produce highly accurate and largely similar results (with
the exception of ANN), RF and GBM obtaining only slightly better results (Fig.
2, FGM panel). This suggests that when focusing on processes occurring at re-
gional or country scale, RF and GBM algorithms might be preferable. However,
due to their tendency to overfit (Fig. S4), the usefulness of these algorithms for
temporal or spatial extrapolation is limited.

How consistent are SDM algorithms when selecting significant environ-
mental variables?

From the six algorithms, RF and GBM were the most consistent when selecting
the environmental factors that are considered to limit the species distributions
(Fig. 3). However, these algorithms tend to under-predict the species range
because of overfitting the models to the training data, which is apparent by the
poor predictions of the test data, as shown by the low AUC values (Fig. 1). In
such cases these algorithms only detect part of the realized niche of the spe-
cies and underestimate the areas that the species could potentially inhabit.

Figure 3. (next page) Consistency of the variables’ contribution to the model. Vari-
ability of the contribution of each environmental variable (i.e. deviance from
the average variable contribution to the model) for each algorithm. In the Y axis
higher deviance represents a lower consistency in the contribution values given by the
algorithm to the different variables across runs. The values for variable “B04” in the
ANN algorithm go to 80% and other variables present outliers going beyond the 40 %,
however, for plotting convenience we show only the deviance up to the 40%. See Table
1 and Tables S8 and S9 for further statistical information.
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Therefore, if we are only interested in the environmental niche of a species
these two algorithms provide better results in our evaluation. However, there
are other algorithms that performed almost as good in the consistent selection
of environmental variables, while not highly overfitting the data (e.g. Maxent,
see also AUC evaluation). These might be a good option for a more consistent
selection of the species’ important environmental variables.

Implications for species distribution modelling

Setting the aim of the SDM exercise beforehand is key for obtaining appropri-
ate SDMs (Aratjo & Peterson, 2012). SDM studies are performed with different
main aims in mind (e.g. estimating potential general distribution, obtaining
past, present or future spatial predictions, environmental niche characteriza-
tion, summarized in Table 2). Our study clearly shows that depending on the
objective of the study different algorithms should be selected for SDM. For
example, if a conservation practitioner needs to know what the likelihood is
of a species occurring in a small nature reserve then using a model with a high
spatial congruence and high fit is essential. On the other hand, if one wants

to understand the environmental conditions that most likely limit a species’
distribution, an algorithm with high consistency in variable strength assess-
ment is more important. If one would be interested in a balance between the
above then yet another algorithm might be preferred. In our analysis Maxent
obtained some of the best results across evaluation criteria and might thus

be a good starting point from among the readily available modelling options
(Table 2), whereas for specific questions several other algorithms give similar
quality results or might be preferred, e.g. RF for consistency in environmental
variable selection.

Our results are representative of the currently implemented versions
of the different algorithms and it is likely that future changes in coding the
algorithms may lead to performance improvements. Moreover, while these
results are only representative for the set of conditions present in the study
area (The Netherlands) and caution must be taken in extrapolating our find-
ings to areas that are substantially different, the extent and high quality of the
database here used (Netherlands hoverfly database, where pseudo-absences
selected for the models are likely closely related to real absences), allowed us
to select the species with variable distribution patterns following objective
criteria, thus making it possible to carry out algorithms comparisons with real
instead of virtual data. Further work is needed to corroborate our results for
areas with broader spatial and environmental range.
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fable 2. Summary of the algorithms’ performance across analyses

and the different aims for which they attain better results (for more details see

Figs. 1-3).
Algorithm  Model fit Binary Consistency in Observations
-AUC predictions Environmental
values similarity Variables
selection
Consensus High Low at fine NA* -Good for high model fit
approach scale for narrow, wide, small
Medium at and big sample sizes. It is
medium scale not the best option for
Medium at similarity in spatial
coarse scale distribution.
Maxent High High at fine Medium to high -High scores for narrow
scale and moderately wide
High at distribution of records,
medium scale also good for small and
Medium at moderately big sample
coarse scale sizes (up to around 1700
records).
GAM Medium Medium at Low -For narrow and
fine scale moderately wide
Medium at distribution of records,
medium scale also good for small and
Medium at moderately big sample
coarse scale sizes (around 1400
records).
GBM Low Low at fine High -Obtains higher scores
scale than others for common
Medium at and widespread records.
medium scale Obtains lower scores
High at coarse with small and narrow
scale records' distribution.
GLM Low Low at fine Low -Preferred for common
scale and widespread records
Medium at although not the best in
medium scale any comparison metric.
Medium at Obtains lower scores
coarse scale with small and narrow
records' distribution.
RF Low Medium at High -Good for common and
fine scale widespread record.
Medium at Obtains lower scores
medium scale with small and narrow
High at coarse records' distribution.
scale Similar to GBM
ANN Verylow  Very low at Low -Not better than other in
fine scale most of the
Very low at comparisons. It produces
medium scale low scores across
Very low at analysis.

coarse scale

*Not Available for this method.
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Conclusion

While species distribution modelling is commonly used to inform and guide
conservation actions, until now no extensive evaluation of the quality of the
many available methods was available (Elith & Leathwick, 2009; Aratjo &
Guisan, 2006). While current species distribution modelling studies commonly
select modelling algorithm haphazardly, mainly based on AUC accuracy, our
results show that performance is different between algorithms; no single algo-
rithm was performing best for all evaluation metrics (model fit, geographical
consistency and environmental niche). We show that a high model fit does not
necessarily translate into highly consistent spatial (i.e. consensus approach) or
environmental niche predictions, highlighting the need of a priori matching of
study aims with modelling approach. We designed a modelling workflow (Fig.
4), that one may follow to select the most suitable modelling algorithm(s) and/
or approaches for a given aim (e.g. determining the range of spatially restrict-
ed species, or identifying algorithms that produce more consistent models for
environmental variables selection, given more certainty during analysis of the
species’ ecological niche). Such framework is applicable to different species
datasets taking into account variation in several important characteristics of
species distributions (level of rarity and spatial extent).

@Models construction @ Evaluation of results across @ Overall analysis of results @S_elgc_t&n_o_f
Igoritt ) Mi P for: Igorithm(
Fine *AUC *Modelfit
scale \ results AUC
Kappa A n
\ Obtainsthe
Medium \ *Geographic «Spatic highest scores
; patial congruence
— sale ) consistencyof  mmmb gtthreescales m=b  peranalysis
Fuzzy Kappa / predictions and/or across
Landscape ',‘”‘ analyses
scale / . :
Fuzzy Global -Enw‘ronmenml -C07515tency of
Matching consistency of environmental
predictions variables selection

Figure 4. SDM’s analysis framework. Framework for analysing the algorithms
adequacy for modelling our species distribution by means of model fit, binary
predictions similarity and selection of variables importance. These results are
analysed across algorithms by means of Linear Mixed Effects models (LME), which will
aid in the selection of the most suitable algorithm for modelling our species distribu-
tions.
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Supplementary material

Table S1. (next page) Different approaches for producing SDMs are exemplified by
the large variety of algorithms used. In 42 publications from 2012 containing the
words “Species Distribution Models” in the title for 2012 (ISI Web of Knowledge, until
26/06/2012) the studies used 19 different algorithms. These studies focus on differ-
ent aspect of the modelling process (with the “*” symbol).
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Table S2. Description of the species data used for fitting the models.

Distance (Km)

Species Number of records
Brachyopa bicolor 19
Brachyopa scutellaris 81
Brachyopa testacea 22
Chalcosyrphus piger 21
Cheilosia chrysocoma 43
Cheilosia lenis 11
Chrysotoxum cautum 346
Eristalinus aeneus 127
Eupeodes corollae 1578
Helophilus trivittatus 2094
Lejogaster tarsata 100
Lejops vittata 8
Melanostoma scalare 1512
Microdon devius 6
Platycheirus immarginatus 10
Psilota atra 12

165.36
160.65
74.95
83.20
162.32
16.75
119.69
238.35
15.12
3.29
142.41
29.73
33.58
48.00
219.69
39.51

*Distance represents the 3™ quartile distance between the most
separated record locations for the focus species.

Table S3. Environmental variables used for fitting the SDM.

Name Description Unit Mean Range Std. Dev.
B02 Mean Diurnal Range °C 6.3 49-738 8.6
B0O4 Temperature Seasonality °C 5.4 5-5.7 0.1
BO8 Mean Temperature of Wettest Quarter °C 11.5 34-17.3 4.2
B09 Mean Temperature of Driest Quarter °C 6.9 3.4-11.2 2.8
B10 Mean Temperature of Warmest Quarter °C 16.3 15.3-17.3 0.6
B12 Annual Precipitation mm 824.7 723 -983 63.9
B13 Precipitation of Wettest Month mm 82.5 71-94 6.9
B14 Precipitation of Driest Month mm 55.5 40-71 9.2
B18 Precipitation of Warmest Quarter mm 231.6 194 - 272 22.2
Elevation Elevation range masl 109 -8 -300 72.6

The data has a resolution of =1 km’ (Hijmans et al
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Table S4. Statistical results of the Linear Mixed Effect models for the AUC values
between algorithms and their interaction with the number of records and spa-

tial distribution.

Algorithms Estimate zvalue Pr(>|z])
Max vs ANN 1.6890 10.6090 <0.01***
Max vs GAM 0.3988 2.5060 0.2087
Max vs GBM 1.0940 6.8710 <0.01***
Max vs GLM 0.9014 5.6630 <0.01%***
Max vs RF 1.1460 7.1990 <0.01***
Max vs con -0.4769  -2.9960 0.0596.
ANN VS GAM -1.2900 -8.1040 <0.01***
ANN Vs GBM -0.5950 -3.7380 <0.01**
ANN VS GLM -0.7873  -4.9460 <0.01***
ANN Vs RF -0.5428  -3.4100 0.0165*
ANN vs Con -2.1660 -13.6050 <0.01***
GAM Vs GBM 0.6948 4.3650 <0.01***
GAM Vs GLM 0.5026 3.1570 0.0366*
GAM vs RF 0.7471 4.6940 <0.01***
GAM vs Con -0.8757  -5.5020 <0.01***
GBM Vs GLM -0.1922  -1.2080 0.9555
GBM vs RF 0.0523 0.3280 1
GBM vs Con -1.5710 -9.8670 <0.01***
GLM vs RF 0.2445 1.5360 0.8299
GLM vs Con -1.3780  -8.6590 <0.01***
RE vs Con -1.6230 -10.1950 <0.01***
Max vs records -0.0012 -5.1640 <0.01***
ANN vs records -0.0003 -1.3120 0.9267
GAM vs records -0.0010 -4.3280 <0.01***
GBM vs records -0.0006 -2.4080 0.2579
GLM vs records -0.0008 -3.2080 0.0317*
RF vs records -0.0006 -2.4140 0.2537
con vs records -0.0012  -4.9600 <0.01***
Max vs distance 0.0000 -2.6830 0.1378
ANN vs distance 0.0000 -0.2010 1
GAM vs distance 0.0000 -1.8910 0.5998
GBM vs distance 0.0000 -0.1700 1
GLM vs distance 0.0000 -0.7300 0.999
RF vs distance 0.0000 0.0260 1
con vs distance 0.0000 -2.0140 0.51

Maxent,

The estimates are the values as obtained in the mixed model without being logit back-transformed. Max

Consensus approach; Signif. codes: 0 “*** 0.001 “** 0.01 “** 0.05. Corrected Tukey’s P values reported.

Con=
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Table S5. Statistical results of the Linear Mixed Effect models for the maps simi-
larity values at the finer scale (Kappa) between algorithms and their interaction
with the number of records and their spatial distribution.

Algorithms Estimate zvalue Pr(>|z|)

Max vs ANN 2.8590 20.0740 <0.01%***

Max vs GAM 0.3869 2.7170 0.127

Max vs GBM 0.6669  4.6830 <0.01*** ‘
Max vs GLM 0.6600 4.6350 <0.01*** £
Max vs RF 0.3995 2.8050 0.1013 gﬁ_
Max vs Con 0.8643 6.0690 <0.01*** L g
ANN VS GAM 24720 -17.3570 <0.01%** = &
ANN VS GBM -2.1920 -15.3920 <0.01*** o
ANN VS GLM -2.1990 -15.4390 <0.01%** gg
ANN Vs RF -2.4590 -17.2690 <0.01*** G o
ANN Vs Con -1.9950 -14.0050 <0.01*** S
GAM VS GBM 02799  1.9660 0.5448 ElE
GAM VS GLM 02731 1.9180 0.5798 =
GAM Vs RF 00126 0.0890 1 £3
GAM vs Con 0.4774  3.3520 0.0196* £ 5
GBM Vs GLM -0.0068 -0.0480 1 ;Lo"
GBM vs RF -0.2673 -1.8770 0.6096 ee
GBM vs Con 0.1974 1.3860 0.9001 ;é*g
GLM vs RF -0.2605 -1.8290 0.6443 S S
GLM vs Con 0.2043 1.4340 0.88 gt
RE vs Con 0.4648 3.2630 0.0268* Eg §
Max vs records -0.0001 -0.5660 0.9999 ES
ANN vs records 0.0006 2.9870 0.0627 E»ii
GAM vs records 0.0002 1.1230 0.9721 ;q% %
GBM vs records 0.0004 1.7810 0.6779 .5 S
GLM vs records 0.0003  1.6890 0.7397 k=g
RE vs records -0.0001 -0.7260 0.999 2 5
Con vs records 0.0004 1.7680 0.6867 igi‘:,
Max vs distance 0.0000 -0.7530 0.9987 S g
ANN vs distance  0.0000 3.8090 <0.01** % 5
GAM vs distance 0.0000 0.4760 1 & g
GBM vs distance 0.0000 0.5600 0.9999 g §
GLM vs distance 0.0000 0.8470 0.9964 EE
RF vs distance 0.0000 -0.7870 0.9981 g ‘.;.’
Con vs distance 0.0000 1.0070 0.9868 <3
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Table S6. Statistical results of the Linear Mixed Effect models for the maps simi-
larity values at the medium scale (Improved Fuzzy Kappa) between algorithms
and their interaction with the number of records and their spatial distribution.

Algorithms Estimate zvalue Pr(>|z])
Max vs ANN 3.0180 21.0680 <0.01***
Max vs GAM 0.2000 1.3960 0.8929
Max vs GBM 0.2337 1.6310 0.771
Max vs GLM 0.3915 2.7330 0.12
Max vs RF 0.1673 1.1680 0.9623
Max vs Con 0.5407 3.7750 <0.01%**
ANN VS GAM -2.8180 -19.6720 <0.01***
ANN VS GBM -2.7840 -19.4370 <0.01***
ANN Vs GLM -2.6260 -18.3350 <0.01***
ANN vs RF -2.8510 -19.9000 <0.01***
ANN vs Con -2.4770 -17.2940 <0.01%***
GAM vs GBM 0.0337 0.2350 1

GAM Vs GLM 0.1915 1.3370 0.9154
GAM vs RF -0.0327 -0.2280 1

GAM vs Con 0.3407 2.3780 0.2692
GBM vs GLM 0.1578 1.1020 0.9741
GBM vs RF -0.0664  -0.4630 1

GBM vs Con 0.3070 2.1430 0.4146
GLM vs RF -0.2242  -1.5650 0.8102
GLM vs Con 0.1492 1.0420 0.9823
RF vs Con 0.3734 2.6070 0.1643
Max vs records -0.0001 -0.4970 1

ANN vs records 0.0006 2.7130 0.1261
GAM vs records 0.0001 0.5110 1

GBM vs records 0.0002 0.8380 0.9964
GLM vs records 0.0002 0.9470 0.991
RF vs records -0.0002 -1.0330 0.9832
con vs records 0.0002 1.0780 0.9775
Max vs distance 0.0000 -0.7120 0.999
ANN vs distance 0.0000 3.4450 0.0138*
GAM vs distance 0.0000 -0.0940 1

GBM vs distance 0.0000 -0.3930 1

GLM vs distance 0.0000 0.0990 1

RF vs distance 0.0000 -0.6660 0.9995
con vs distance 0.0000 0.4240 1

Maxent,

The estimates are the values as obtained in the mixed model without being logit back-transformed. Max

Consensus approach; Signif. codes: 0 “*** 0.001 “** 0.01 “** 0.05. Corrected Tukey’s P values reported.

Con=
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Table S7. Statistical results of the Linear Mixed Effect models for the maps simi-
larity values at the coarser scale (Fuzzy Global Matching) between algorithms
and their interaction with the number of records and their spatial distribution.

Algorithms Estimate zvalue Pr(>|z])

Max vs ANN 1.4940 15.9990 <0.001%***

Max vs GAM -0.1440 -1.5420 0.81365

Max vs GBM -0.5910 -6.3300 <0.001***

Max vs GLM -0.0231  -0.2480 1 ‘5
Max vs RF -0.9389 -10.0560 <0.001*** ‘;‘U‘
Max vs Con -0.0857 -0.9180 0.99159 L g2
ANN VS GAM -1.6380 -17.5410 <0.001*** < £
ANN Vs GBM -2.0850 -22.3290 <0.001*** g
ANN VS GLM -1.5170 -16.2460 <0.001*** §7§
ANN Vs RF -2.4330 -26.0550 <0.001*** % &
ANN Vs Con -1.5790 -16.9170 <0.001*** 5 %,
GAM Vs GBM -0.4470  -4.7880 <0.001*** T3
GAM Vs GLM 0.1209  1.2940 0.92416 =g
GAM vs RF -0.7949 -8.5140 <0.001*** LEZ g
GAM vs Con 0.0582  0.6240 0.99959 £ 5
GBM VS GLM 0.5679  6.0820 <0.001*** :;LOO
GBM vs RF -0.3479  -3.7260 0.00486** 2 S
GBM vs Con 0.5053  5.4120 <0.001*** E ;
GLM vs RF -0.9158  -9.8090 <0.001*** &S
GLM vs Con -0.0626 -0.6710 0.99925 E
RE vs Con 0.8532  9.1380 <0.001*** T3
Max vs records -0.0007 -3.5260 0.00996** qg);:
ANN vs records -0.0003 -1.5410 0.8148 E»ii
GAM vs records -0.0007 -3.4830 0.01229* S
GBM vs records 00010 52310 <0.001*** £ 3
GLM vs records -0.0006 -3.3910 0.01626* -
RF vs records -0.0010 -5.5500 <0.001*** 2 &
Con vs records -0.0007 -3.9620 0.00215** & 7
Max vs distance 0.0000 -2.4560 0.22236 E“ §
ANN vs distance 0.0000  2.4970 0.20312 —5 %
GAM vs distance 0.0000 -3.0250 0.0523 =
GBM vs distance 0.0000 -2.1470 0.40086 g §
GLM vs distance 0.0000 -2.6080 0.15775 Es
RF vs distance 0.0000 -0.4670 0.99997 §‘.;.’
Con vs distance 0.0000 -1.8400 0.61951 £ 3
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Table S8. Statistical results of the Linear Mixed Effects models for the deviance
from the average environmental variable contribution values between algo-
rithms without separating by variable (environmental variable nested in spe-
cies).

Algorithms  Estimate  zvalue Pr(>|z])
Max vs ANN -0.4294 -16.0850 <l1e-07***
Max vS GAM -0.2503  -9.3770 <le-07***
Max vs GBM 0.1603 6.0040 <le-Q7***
Max vs GLM -0.4268 -15.9870 <le-07***
Max vs RF 0.3840 14.3870 <le-07***
ANN VS GAM 0.1791 6.7080 <le-Q7***
ANN Vs GBM 0.5897 22.0890 <le-Q7***
ANN Vs GLM 0.0026 0.0990 1

ANN Vs RF 0.8134  30.4720 <1le-Q7***
GAM VS GBM 0.4106  15.3810 <le-Q7***
GAM Vs GLM -0.1764  -6.6090 <le-07***
GAM Vs RF 0.6344  23.7640 <le-Q7***
GBM vs GLM -0.5870 -21.9910 <le-07***
GBM Vs RF 0.2238 8.3830 <le-Q7***
GLM vs RF 0.8108 30.3730 <le-Q7***

A significant P value points to a significance difference between the deviance values
presented by each algorithm. Higher estimates mean a higher deviance an thus a less
consistent modelling algorithm. The estimates are the values as obtained in the mixed
model without being log back-transformed. Max= Maxent; Signif. codes: 0 *** 0.001
“**0.01 ¥ 0.05. Corrected Tukey’s P values reported. See Table S9 for a per variable
comparison results between algorithms.

Table S9. Statistical results of the Linear Mixed Effect models results for the
deviance from the average environmental variable contribution values between
algorithms for the same variable.

Algorithm  Env. Variable Estimate zvalue Pr(>|z])
ANN-Max  BO2 0.0308 0.3470 0.9993
ANN-Max BO4 1.4344 16.1480 <0.001%***
ANN-Max  BO8 0.1548 1.7430 0.5033
ANN-Max B0O9 0.5731 6.4520 <0.001***
ANN-Max  B10 0.1873 2.1090 0.2825
ANN-Max B12 0.6494 7.3110 <0.001***
ANN-Max  B13 0.3506 3.9460 0.0011**
ANN-Max B14 -0.1361 -1.5320 0.6435
ANN-Max  B18 0.8251 9.2880 <0.001***
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Algorithm  Env. Variable Estimate zvalue Pr(>]z])
GAM-ANN  Elevation 0.0226 0.2540 0.9999
GAM-Max  BO02 -0.1685  -1.8970 0.4039
GAM-Max B04 0.3135 3.5290 0.00558**
GAM-Max  BOS8 -0.0750  -0.8440 0.9593
GAM-Max  B09 0.2196 2.4720 0.1322
GAM-Max  B10 -0.2076  -2.3370 0.1794
GAM-Max  B12 0.5548 6.2450 <0.001%***
GAM-Max  B13 0.2332 2.6250 0.09128.
GAM-Max Bl4 0.7881 8.8720 <0.001***
GAM-Max B18 0.5982 6.7340 <0.001***
GAM-Max  Elevation 0.2469 2.7800 0.0609
GBM-ANN  BO2 -0.6102  -6.8700 <0.001***
GBM-ANN B0O4 -1.2910 -14.5330 <0.001***
GBM-ANN  BOS8 -0.3318  -3.7350 0.0025%**
GBM-ANN  BO09 -0.4538 -5.1090 <0.001***
GBM-ANN  B10 -0.7768  -8.7440 <0.001%***
GBM-ANN  B12 -0.4163 -4.6860 <0.001***
GBM-ANN  B13 -0.4310  -4.8520 <0.001%***
GBM-ANN Bl14 -0.4282 -4.8210 <0.001%***
GBM-ANN  B18 -0.7059  -7.9460 <0.001***
GBM-ANN  Elevation -0.4516 -5.0830 <0.001***
GBM-GAM  B02 -0.4109  -4.6260 <0.001***
GBM-GAM  B04 -0.1700  -1.9130 0.3939
GBM-GAM BO08 -0.1020 -1.1480 0.8610
GBM-GAM  B09 -0.1003  -1.1290 0.8693
GBM-GAM B10 -0.3819 -4.2990 <0.001***
GBM-GAM  B12 -0.3216  -3.6210 0.0039**
GBM-GAM  B13 -0.3136  -3.5300 0.0056**
GBM-GAM B14 -1.3525 -15.2250 <0.001***
GBM-GAM B18 -0.4790 -5.3920 <0.001***
GBM-GAM Elevation -0.4741 -5.3370 <0.001***
GBM-Max  BO02 -0.5794  -6.5230 <0.001***
GBM-Max B0O4 0.1435 1.6150 0.5884
GBM-Max  BOS8 -0.1770  -1.9920 0.3467
GBM-Max  B09 0.1193 1.3430 0.7608
GBM-Max B10 -0.5894  -6.6360 <0.001***
GBM-Max B12 0.2331 2.6240 0.09152.
GBM-Max  B13 -0.0804  -0.9050 0.9453

Table S9 - continued



Algorithm  Env. Variable Estimate zvalue Pr(>|z|)
GBM-Max Bl14 -0.5643 -6.3530 <0.001***
GBM-Max B18 0.1192 1.3420 0.7610
GBM-Max  Elevation -0.2272  -2.5580 0.1079
GLM-ANN  B02 0.0720 0.8110 0.9657
GLM-ANN BO4 -0.8617 -9.7010 <0.001***
GLM-ANN  BOS8 -0.2798  -3.1500 0.0202*
GLM-ANN BO9 0.1219 1.3720 0.7439
GLM-ANN  B10 -0.1539  -1.7330 0.5099
GLM-ANN B12 0.1946 2.1910 0.2420
GLM-ANN  B13 0.0350 0.3940 0.9988
GLM-ANN B14 0.5900 6.6420 <0.001%**
GLM-ANN  B18 0.1287 1.4490 0.6970
GLM-ANN Elevation 0.1269 1.4290 0.7095
GLM-GAM  B02 0.2714 3.0550 0.0273*
GLM-GAM  B04 0.2593 2.9180 0.0409*
GLM-GAM  BO0S8 -0.0500 -0.5630 0.9933
GLM-GAM  B09 0.4754 5.3510 <0.001%**
GLM-GAM  B10 0.2410 2.7130 0.0728.
GLM-GAM  B12 0.2893 3.2560 0.0142*
GLM-GAM  B13 0.1524 1.7160 0.5212
GLM-GAM  Bl14 -0.3342 -3.7620 0.0024**
GLM-GAM B18 0.3556 4.0030 <0.001***
GLM-GAM  Elevation 0.1044 1.1750 0.8490
GLM-GBM  B02 0.6823 7.6800 <0.001***
GLM-GBM  B04 0.4292 4.8320 <0.001***
GLM-GBM  B0S8 0.0520 0.5850 0.9920
GLM-GBM  B09 0.5757 6.4810 <0.001***
GLM-GBM  B10 0.6229 7.0120 <0.001***
GLM-GBM  B12 0.6109 6.8770 <0.001***
GLM-GBM  B13 0.4660 5.2460 <0.001***
GLM-GBM B14 1.0183 11.4630 <0.001***
GLM-GBM  B18 0.8345 9.3950 <0.001%***
GLM-GBM  Elevation 0.5785 6.5120 <0.001***
GLM-Max  B02 0.1028 1.1580 0.8569
GLM-Max BO4 0.5727 6.4470 <0.001***
GLM-Max BO8 -0.1250 -1.4070 0.7228
GLM-Max  B09 0.6950 7.8240 <0.001***
GLM-Max  B10 0.0334 0.3760 0.9990

Table S9 - continued
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Algorithm  Env. Variable Estimate zvalue Pr(>|z])
GLM-Max B12 0.8440 9.5010 <0.001%**
GLM-Max  B13 0.3856 4.3400 <0.001***
GLM-Max B14 0.4540 5.1100 <0.001***
GLM-Max  B18 0.9538 10.7370 <0.001***
GLM-Max  Elevation 0.3513 3.9540 0.0010**
RF-ANN BO2 -0.7983  -8.9860 <0.001***
RF-ANN BO4 -1.7411 -19.6000 <0.001***
RF-ANN BOS8 -0.7283  -8.1990 <0.001***
RF-ANN BO9 -0.7105 -7.9980 <0.001***
RF-ANN B10 -0.6778 -7.6310 <0.001***
RF-ANN B12 -0.8074  -9.0890 <0.001***
RF-ANN B13 -0.6479 -7.2930 <0.001***
RF-ANN B14 -0.3920  -4.4130 <0.001%***
RF-ANN B18 -0.7494 -8.4360 <0.001***
RF-ANN Elevation -0.8816  -9.9240 <0.001%***
RF-GAM BO2 -0.5990  -6.7430 <0.001***
RF-GAM B0O4 -0.6201  -6.9800 <0.001***
RF-GAM BO8 -0.4985 -5.6120 <0.001***
RF-GAM B0O9 -0.3570  -4.0190 <0.001%***
RF-GAM B10 -0.2829 -3.1850 0.0181*

RF-GAM B12 -0.7128  -8.0240 <0.001***
RF-GAM B13 -0.5305 -5.9720 <0.001***
RF-GAM B14 -1.3162 -14.8170 <0.001***
RF-GAM B18 -0.5226 -5.8830 <0.001***
RF-GAM Elevation -0.9041 -10.1780 <0.001***
RF-GBM B02 -0.1880 -2.1170 0.2784

RF-GBM B0O4 -0.4501  -5.0670 <0.001***
RF-GBM BO8 -0.3965 -4.4630 <0.001***
RF-GBM BO9 -0.2567  -2.8900 0.0445*

RF-GBM B10 0.0990 1.1140 0.8759

RF-GBM B12 -0.3911 -4.4030 <0.001***
RF-GBM B13 -0.2169  -2.4420 0.1421

RF-GBM B14 0.0363 0.4080 0.9986

RF-GBM B18 -0.0436  -0.4910 0.9970

RF-GBM Elevation -0.4300 -4.8410 <0.001***
RF-GLM BO2 -0.8703  -9.7970 <0.001***
RF-GLM BO4 -0.8793 -9.8990 <0.001***
RF-GLM BO8 -0.4485 -5.0490 <0.001***

Table S9 - continued



Algorithm  Env. Variable Estimate zvalue Pr(>|z|)
RF-GLM B0O9 -0.8324  -9.3700 <0.001***
RF-GLM B10 -0.5239  -5.8980 <0.001%***
RF-GLM B12 -1.0020 -11.2800 <0.001%**
RF-GLM B13 -0.6829  -7.6870 <0.001***
RF-GLM B14 -0.9820 -11.0550 <0.001***
RF-GLM B18 -0.8781  -9.8850 <0.001***
RF-GLM Elevation -1.0085 -11.3530 <0.001***
RF-Max BO2 -0.7675  -8.6400 <0.001%***
RF-Max BO4 -0.3066 -3.4520 0.0073**
RF-Max BOS8 -0.5735  -6.4560 <0.001%***
RF-Max B0O9 -0.1374 -1.5460 0.6341

RF-Max B10 -0.4905  -5.5220 <0.001%***
RF-Max B12 -0.1580 -1.7790 0.4795

RF-Max B13 -0.2973  -3.3470 0.0105*

RF-Max B14 -0.5281 -5.9450 <0.001***
RF-Max B18 0.0757 0.8520 0.9580

RF-Max Elevation -0.6572 -7.3980 <0.001***

A significant P-value points to a significance difference between the deviance values

Table S9 - continued

with higher values meaning a higher deviance and thus a less consistent modelling
algorithm. The estimates are the values as obtained in the mixed model without being
log back-transformed. Max= Maxent; Signif. codes: 0 “*** 0.001 “** 0.01 ** 0.05. Cor-

rected Tukey’s P values reported.

Note 1:

*For questions about specific models and/or algorithms formula please con-
tact the author for correspondence.

*More information about the species database can be obtained contacting

directly the European Invertebrate Survey - The Netherlands, PO Box 9517,

2300 RA Leiden, The Netherlands; http://www.eis-nederland.nl.
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Abstract

In the face of global environmental change, identifying the factors that shape
the ecological niches of species and understanding the mechanisms behind
them can help draft effective conservation plans. The differences in the
ecological factors that shape species distributions may then help to highlight
differences between closely-related taxa. We investigate the applicability of
ecological niche modelling and the comparison of species distributions in
ecological niche space to detect areas with priority for biodiversity
conservation, and to analyse differences in the ecological niche spaces used by
closely-related taxa. As location we use the United States of America, Mexico
and Central America. We apply ordination and ecological niche modelling
techniques to assess the main environmental drivers of the distribution of
Mexican white pines (Pinus: Pinaceae). Furthermore, we assess the
similarities and differences of the ecological niches occupied by closely related
taxa. We analyse whether Mexican white pines occupy similar or equivalent
ecological niches. We found that all the studied taxa presented different
responses to the environmental factors, resulting in a unique combination of
niche conditions. Our stacked habitat suitability maps highlighted regions in
southern Mexico and northern Central America as highly suitable for most
species and thus with high conservation value. By quantitatively assessing the
niche overlap, similarity and equivalency of Mexican white pines, our results
prove that the distribution of one species cannot be implied by the
distribution of another, even if these taxa are considered closely related. The
fact that each Mexican white pine is constrained by a unique set of
environmental conditions, and thus their non-equivalence of ecological niches,
has direct implications for conservation as this highlights the inadequacy of

one-fits all type of conservation measure.
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Introduction

The conservatism of ecological niches (sensu Grinnell, 1917) has become an
issue of concern given the expected impacts of climate change on biodiversity
(Thomas et al, 2004; Chen et al,, 2011; Aratjo et al, 2013). This has prompted
the development of new tools to assess how the ecological niche of species can
shrink/contract, expand or persist, in environmental and geographic space,
anticipating the effects of global climate change (Warren et al, 2010; Peterson,
2011; Broennimann et al,, 2012). Understanding how the ecological niche of
species will change can be used to implement or guide conservation actions,

especially in biodiversity-rich areas (Guisan et al, 2013).

Species groups that are highly diverse and present a varied set of
ecological adaptations along an environmental gradient may be of importance
for understanding ecological niche differences and to prepare mitigation
actions against global change impacts. The plant family Pinaceae (Farjon,
2008) includes 11 genera and 228 species around the world, and has a centre
of diversity in North and Central America. The genus Pinus has its centre of
diversity in Mexico with 49 of the 120 recognized species inhabiting habitats
from alpine tree line elevations to lowland sea level (Gernandt & Pérez-de la
Rosa, 2014). Particularly the taxa in the subgenus Strobus, commonly known
as the Mexican white pines, are highly important on a global scale because the
ecological processes in which they are involved (e.g., carbon sequestration,
soil nutrient retention and cycling, ecosystem structure) and because of their
provision of ecosystem services in the form of wood, resin and pulp
(Richardson, 1998). Moreover, this subgenus contains taxa that have been
classified as ‘closely related’ (Bruederle et al, 2001). There is no general
agreement on the taxonomic status of some Mexican white pines, even after
recent morphological and phylogenetic studies (Price et al, 1998; Castro-Félix
et al, 2008; Tomback & Achuff, 2010). For instance, Pinus strobiformis and P.
ayacahuite were formerly classified as the same species (Perry, 1991; Farjon
& Styles, 1997; Bruederle et al, 2001). This highlights the ongoing problems
with cryptic species, problems that are not unique to taxonomy but also to
biogeography and conservation studies (Bickford et al, 2007; Pfenninger &
Schwenk, 2007).

The development of ecological niche models (ENMs; Sober6n &
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Nakamura, 2009), also referred to as species distribution models (Guisan &
Thuiller, 2005; Aratjo & Peterson, 2012), has facilitated the extraction of
ecological niche characteristics that can assist taxonomic delineations and

biodiversity conservation (Raxworthy et al, 2007; Blair et al, 2013).

In this study we analyse how the species-specific responses to
environmental factors and the differences between distributions in ecological
niche space can aid future species conservation plans and in the ongoing
debate on differentiation between closely related taxa of the subgenus
Strobus. To this end we use ENM and ordination techniques to characterize
the ecological niches of Mexican white pine taxa and to quantify similarities
between them. First, we identify the main environmental variables that
constraint their distributions. We then use the information on their
environmental constraints to generate a ‘global’ habitat suitability map for
Mexican white pines to highlight hotspots of habitat suitability to inform
conservation planning. We also, assess whether different Mexican white pine
taxa share the same ecological niche space. Finally, we discuss how differences
in the distribution of ecological niche spaces and the species-specific
responses to environmental factors may inform conservation plans. Following
the niche conservatisms assumption (e.g., Kozak & Wiens, 2006; Rodder &
Lotters, 2009), we would expect more genetically closely-related species to
share more of their environmental niche space, resulting in high ecological
niche space overlap, high similarity and high spatial overlap. Meanwhile with
niche divergence as a speciation mechanism, we would expect the ecological
niches of closely related species to differ significantly (Rice et al, 2003; Jakob
et al, 2010). Due to the similarities in morphological and physiological
characteristics between the Mexican white pines, we expect their ecological
niches to be similar. However, due to the different adaptations to different

environments we expect ecological niches to be non-equivalent.
Methods

Study area and species data

The study area includes the native distribution of Mexican white pines,
extending from the southern United States of America (USA) into Central

America (Perry, 1991), and covers approximately 15 million km2, comprising
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a wide variety of biomes, with an elevation gradient ranging from sea level to

more than 5450 masl.

We selected five Mexican white pine taxa (genus Pinus, subgenus
Strobus, section Strobus, subsection Strobi. Little and Critchfield, 1969): P.
strobiformis Engelm, P. ayacahuite Ehrenb. ex Schltdl., P. ayacahuite var.
veitchii (Roezl) Shaw, P. lambertiana Dougl., P. strobus var. chiapensis
(Martinez). We were not able to include P. flexilis var. reflexa Engelm because
of the low number of available sample locations (<5). Except for P.
lambertiana, all white pine taxa in our study have their main geographic
distribution in Mexico. The current distributions of P. strobiformis and P.
lambertiana extend further north into the USA, while P. strobus var. chiapensis
and P. ayacahuite extend further south into Central America. We obtained
species presence data from the University of Guadalajara Herbarium (IBUG,
2013), the National Commission for the Knowledge and Use of Biodiversity
(CONABIO, 2013), the Global Biodiversity Information Facility (GBIF, 2013)
and the Conifers database (Farjon, 2013a) collected during the last 30 years.
After removing duplicates and screening for incomplete meta-information we

obtained a total of 593 presence records for the five pine taxa (Table 1).

Table 1. Ecological niche models evaluation by their AUC and null model results.

Pinus species n  AUC  Null model AUC Niche breadth  Area predicted suitable (1000 km’)®
P. ayacahuite 239 085 0.72 0.0382 193
P. ayacahuite var. veitchii 18 0.95 0.87 0.0194 61
P. strobiformis 144 093 0.77 0.0671 362
P. strobus var. chiapensis 88 0.88 0.79 0.0673 543
P. lambertiana 103 098 0.79 0.0590 439

n= number of sample locations used for modelling the species distributions
*All models have a significantly higher AUC value when compared to their null distribution (P<{.01) based on 99 repetitions {(only the
highest null model score presented).

§ The area predicted as suitable corresponds to the ENMs projections of habitat suitability in geographic extent for each of the species
after converting to presence/absence binary maps.

Environmental data

We selected environmental data related to different eco-physiological

constraints of the pine taxa. We obtained annual trends in extreme limiting
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conditions related to precipitation and temperature from WorldClim (Hijmans
et al, 2005). The selected variables presented Pearson’s correlation < 0.70
(Dormann et al, 2013) and had a resolution of 1 km2 (Table 2). We included
the mean temperature of coldest quarter (°C) and isothermality (the quotient
of mean diurnal and annual temperature ranges), given the reported different
preferences in temperature of the taxa in the genus Pinus (Perry, 1991; Farjon
& Styles, 1997). These climatic variables relate to temperature extremes,
which are one of the main constraints to the distribution of vegetation (van
Zonneveld et al, 2009; Linares & Tiscar, 2010). We included the annual
precipitation (mm) and precipitation seasonality (mm) as these variables
have been shown to directly influence the development and survival of pine
taxa (Sdenz-Romero et al, 2006; Sanchez-Salguero et al, 2012). We also
included topographic and soil characteristics, namely elevation (masl), slope
(degrees), soil pH and percentage carbon content (% weight) (FAO et al,
2012; INEGI, 2014). The soil characteristics may facilitate or limit the growth
of different pine taxa (Galindo-Jaimes et al, 2002). Elevation was included as
different pine taxa tend to be found at different elevation ranges (Gernandt &
Pérez-de la Rosa, 2014). We also included solar radiation (kW/m2) (CCAFS,
2014), and the Normalized Difference Vegetation Index (NDVI) as an average
for the 1980-2010 period (IRI, 2013) which has been shown to increase the
accuracy of model predictions for vegetation mapping (Papes et al,, 2012;
Rocchini, 2013). In our study, NDVI is used to help in the delimitation of the

actual distribution of vegetation.
Ecological Niche Modelling

To analyse the spatial distribution of Mexican white pines and identify key
environmental variables that constrain the species distributions we used
ENMs. Based on a previous study (Aguirre-Gutiérrez et al, 2013), we selected
maximum entropy modelling as implemented in MaxEnt (Phillips et al, 2006).
We used the auto-features settings and the logistic output format in MaxEnt
because these options have proven to be appropriate for extensive multi-
species studies (Phillips & Dudik, 2008). We used the target group approach,
as suggested by Mateo et al. (2010) and Elith et al. (2011), when extracting
background points for MaxEnt as it has performed with higher accuracy than
other methods (i.e., random selection). In this approach the collection

localities where other Mexican white pine species have been found but where
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the species being modelled was not present where used as background
locations. As suggested by Elith et al. (2011) this approach provides also the
advantage of accounting for possible records selection biases. We used the
null model approach of Raes and ter Steege (2007) to test the significance of
our model predictions. The null model approach tests the area under the
curve (AUC) value of the receiver-operating characteristic of the species niche
model against a null distribution of 99 repetitions. The null distribution was
generated from the sample localities of the target group. Added advantage of
testing against a null-model is that all collection localities can be used for

model calibration.

Table 2. Percentage of variable contribution to the model construction, derived
from the permutation importance analysis from MaxEnt. Top three ranking
variables printed in bold. The results represented the drop in AUC after the values
from the focus variable are permuted and the model is re-evaluated and compared to
the original model. This drop is standardized and converted to percentage
contribution. For each Pinus taxon, the three variables with the highest contributions
are presented in bold.

Variable P. ayacahuite  P. ayacahuite var. veitchii  P. strobiformis  P. strobus var. chiapensis  P. lambertiana
Isothermality 393 13 48 282 169
Mean temperature of coldest quarter 22 04 24 163 70
Annual precipitation 72 0.1 25 210 0.5
Precipitation seasonality 8.1 66.2 39 13.6 285
Elevation 358 28.1 49.0 133 22
NDVI 29 28 6.7 25 08
Slope 0.6 02 28 23 Ll
Solar radiation 03 0.0 M8 L1 400
Soil total organic carbon 15 02 03 14 17
Soil pH 19 08 29 03 13

The models of Mexican white pines were projected on the study area to
identify suitable habitats for their distribution and conservation. To assess the
importance of the different environmental variables in our models, we used
the permutation importance values rendered by MaxEnt and their ecological
response curves (Phillips & Dudik, 2008).

Calculating niche characteristics: breadth, overlap, equivalency and

similarity

We calculated ecological niche characteristics to assess the degree of shared

environmental niche space between Mexican white pines. We obtained the
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niche breadth of each species (i.e., the amount of ecological niche space
available to the different pine species) by applying the Levins’ inverse
concentration metric (Levins, 1968). The niche breadth ranges from 0, when
all but one grid cell has non-zero suitability, to 1 when all the grid cells in the
study area are equally suitable (Mandle et al,, 2010). Therefore, species with a

wider environmental distribution render higher niche breadth values.

The assessment of niche overlap allows quantifying the niche shared by
the Mexican white pines. In this study, niche overlap between pairs of Mexican
white pines was computed by means of the Schoener’s D statistic directly from
ecological niche space (Schoener, 1968; Warren et al,, 2008). The value of D
ranges between 0, when two species have no overlap in the environmental

space, and 1 when two species share the same environmental space.

We used the niche equivalence test to assess whether the ecological
niches of pairs of Mexican white pines are significantly different from each
other and if the two niche spaces are interchangeable. We performed the
niche equivalence test by comparing the niche overlap values (D) of pairs of
Mexican white pines to a null distribution of 100 overlap values. We
determined non-equivalence of ecological niches if the niche overlap value of
the species being compared was significantly lower than the overlap values

from the null distribution (P < 0.05).

The test for niche equivalence is conservative as it only assesses if the
two species are identical in their niche space by using their exact locations and
does not consider the surrounding space. Therefore, we also performed a
niche similarity test, which assesses if the ecological niches of any pair of
species are more different than expected by chance, accounting for the
differences in the surrounding environmental conditions in the geographic
areas where both species are distributed (Warren et al. 2010). A significant
difference from the niche similarity test would not only indicate differences in
the environmental niche space the two species occupy, but also that these
differences are not due to the environmental conditions that are

geographically available.

To extract the ecological niche space occupied by each Mexican white
pine species and to quantify niche overlap, equivalence and similarity we used

an ordination technique that applies kernel smoothers to the species
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presences in environmental space for the selection, combination and
weighting of environmental variables (Broennimann et al, 2012). We
specified a division of the environmental space into a grid of 100 x 100 cells, in
which each cell corresponds to a unique vector of the available environmental
conditions in the study area. The number of occurrences per species can be
bias and not represent the total distribution of the species in environmental
space; this might result in an underestimation of their density in some of the
cells and overestimation in others. Because of this possibility of over- and
under-estimations, a kernel density function is applied for the smoothing
density of occurrences for each of the cells in environmental space, thus
obtaining a better indication of the environmental conditions suitable for each
species. Further details about the kernel density estimator and its parameters
can be found in Broennimann et al. (2012). We implemented this approach by
means of a principal component analysis that is calibrated on the entire
environmental space present in the study area (hereafter referred to as “PCA-
ent”). All analyses were performed in the R platform (R Development Core
Team, 2014).

Results

Responses to environmental gradients

The distributions of Mexican white pines are underpinned by their different
responses to the environment (Fig. 1; Table 2). The distributions of all
Mexican white pines were mainly constrained by a combination of
isothermality, precipitation seasonality, elevation and solar radiation. Highly
suitable areas for P. ayacahuite were found at high elevations (*2000 m) and
high isothermality (=0.95), both of these variables being the most important
predictors of its distribution. For P. ayacahuite var. veitchii the suitability
increased along with both, precipitation seasonality and elevation. The
distribution of P. strobiformis was mainly constrained by elevation and, to a
lesser extent by solar radiation (Table 3). P. strobiformis showed an optimum
suitability at altitudes between 2500 and 3000 meters and at radiation of
around 15 kW/m2. Isothermality was an important environmental factor
constraining the distribution of P. strobus var. chiapensis, with highest
suitability at values of #0.90. Annual precipitation was also a main constraint

for the distribution of P. strobus var. chiapensis, with suitability sharply
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increasing at initial increments of precipitation. Finally, P. lambertiana was
mainly constrained by the solar radiation and precipitation seasonality, areas
with radiation around 13-14 kW /m2 and with a variation in precipitation of =
60 mm showing highest suitability. Unlike expected, none of the Mexican
white pines were strongly constrained by soil factors. Most of the pine taxa
had responses to soil variables that rarely overpassed suitability estimates of
0.5.

White pines distribution and hotspots

We developed ecological niche models for each of the five Mexican white pine
taxa (Fig. 2). Although, P. aycahuite var. veitchii was modelled using only 18
presence records, the null-model protocol we applied suggests that our results
are significantly better than expected by a random model. In fact, all our ENMs
performed significantly better than expected by chance alone (P<0.01; Table
1).‘Stacking’ of the five distribution models resulted in a map model with
centres of high environmental suitability for Mexican white pines (Fig. 2a).
Centres of high suitability were located on the Mexican trans-volcanic belt and
on the mountain chain connecting southern Mexico and Guatemala. Additional
hotspots were found on the Mexican occidental and south-eastern mountain
chains, and on the central-southern areas of Mexico, with only a narrow area

in northern Mexico highlighted as highly suitable for most taxa (Fig. 2a).
Ecological niche properties

The analysis of ecological niche properties rendered a PCA-ent with the first
axis mainly loaded by isothermality, solar radiation and average temperature
of coldest quarter, explaining 32.3% of the total variation in environmental
conditions for the taxa in the study area (Fig. 3). The second axis explained
about 28% of the variation and was loaded by soil pH, annual precipitation,

elevation and NDVI variables.
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Figure 1. The ecological response curves for each of Mexican white pine. The
response curves are based on the ENMs. Response curves show the ranges in
environmental conditions that are more favourable for the distribution of the species.
The x-axis of the variables represents their ranges for the complete study area, while
the y-axis represents the predicted suitability of the focus variable when all of the
other variables are set to their average. In Table 2, we highlight the three most
relevant variables for each species.
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Niche breadth and overlap

The results from the niche breadth assessment showed a high variation in
environmental suitability for Mexican white pines (Table1). The highest niche
breadth we found was 0.0673 for P. strobus var. chiapensis, which also
presented the broadest distribution of suitable habitat (see “Area predicted
suitable” in Table 1). The niche breadth for P. strobiformis was also similarly
high (0.0671), however this species had a narrower distribution of suitable
habitat than P. strobus var. chiapensis. P. lambertiana presented a niche
breadth smaller than that of P. strobus var. chiapensis, while, the niche breadth
of P. ayacahuite was almost half of that of P. strobiformis (Table 1). P.
ayacahuite var. veitchii, exhibited both the narrowest distribution of suitable
habitat and the lowest niche breadth—three times smaller than that of the P.

strobus var. chiapensis (Table 1).

Niche overlap results suggest a great variability in the environmental
space inhabited by the different Mexican white pines (Table 3; Fig. 3). Some
species, such as P. ayacahuite and P. lambertiana, occupy considerably
different environmental niches. Even closely-related taxa such as P. ayacahuite
and its variety P. ayacahuite var. veitchii, also differed in their occupied niche

space (Fig. 3; Table 3). All niche overlap values are presented in Table 3.
Niche equivalency and similarity

For all possible pairwise comparisons between Mexican white pines the null
hypothesis of the niche equivalency test was rejected (Table 3). On the other
hand, in our analysis of niche similarity the null hypothesis held for all pairs of
Mexican white pines (‘Niche similarity’ in Table 3). For some pairs of Mexican
white pines the niche similarities were higher than expected by chance, e.g., P.
ayacahuite with P. strobus var. chiapensis, and P. ayacahuite var. veitchii with P.
strobiformis. The environmental niches of P. ayacahuite and P. strobus var.
chiapensis were not statistically different (P>0.05), exhibiting 55% of
geographic overlap (Table 3). Other pairs of pine taxa shared niche spaces that
were more similar than expected by chance, but only in one direction, e.g., P.
strobiformis with P. ayacahuite, and P. strobiformis with P. strobus var.
chiapensis. This suggests that the ecological niche of P. strobiformis was more
similar than expected by chance to the one of P. ayacahuite but not vice-versa.

The same is true for P. strobiformis, whose ecological niche was more similar
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to the one of P. strobus var. chiapensis but not vice-versa. Combined with our
results from niche equivalency, our findings highlight how the ecological

niches of the Mexican white pine species although similar, are not identical.

Table 3. Ecological niche comparisons for the Mexican white pines. Niche
overlap values are presented for the comparisons of niche similarity and
equivalency of species a with species b. All of the comparisons between the
Mexican white pines highlight the non-equivalency of their ecological niches.

Pinus species Niche overlap Niche similarity
Niche equivalency
[t b (D) a?b b?a
P.ayacahuite P. ayacahuite var. veitchii 0.124 ns ns *different
P. strobiformis 0.353 ns *similar *different
F. strobus var. chiapensis 0.554 *similar *similar *different
P. lambertiana 0.022 ns ns *different
P_ayacahuite var. veitchii - P. strobiformis 0.429 *gimilar *gimilar *different
P. strobus var. chiapensis 0.058 ns ns *different
P. lambertiana 0.045 ns ns *different
P._strobiformis P. strobus var. chiapensis 0.248 *similar ns *different
P. lambertiana 0.167 ns ns *different
P. Strobus var. chiapensis  P. lambertiana 0.035 ns ns *different

#: the ecological niches are significantly (P<0.05) more similar or different than expected by random.
ns= not significantly different.
For the niche similarity test none of the pairwise comparison rendered species that differed significantly.

Discussion

We have identified the environmental constraints for the distribution of
Mexican white pines by applying state-of-the-art ecological niche modelling
and ordination techniques. The identification of the main environmental
constrains of the present distribution of species is key for current
conservation actions and when investigating the impacts of future climate
change on biodiversity. The wide distribution of Mexican white pines in the
American continent underlines the variety of environmental conditions to
which they are adapted and also may reflect on the physiological differences
between them. This is particularly important as the physiology of pine trees
may limit their distribution across environmental gradients, however, more
physiologically oriented models (see Prentice et al, 1992; Pearson & Dawson,

2003) should be applied in order to test this for the Mexican white pines.
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Moreover, we observed that the variables reflecting climate-extreme
characteristics play an important role when investigating current species
distributions, as found in our variable importance analysis, and may also
render insights when investigating future species distributions responses to

climate change and future conservation actions (Zimmermann et al, 2009).
The environment shaping the distribution of Mexican white pines

The environmental factors shaping the distribution of the Mexican white pines
varied considerably. The two more northerly-distributed pine species, P.
strobiformis and P. lambertiana, were highly constrained by solar radiation
and temperature (Table 3). This is as expected, for these species as they
inhabit the northernmost regions of the distribution of Mexican white pines,
where low-temperatures winters last long and where access to light and heat
are some of the main constrains for the survival and distribution of plant
species (Maravilla et al,, 2004; Weiss et al, 2004).

Isothermality is the quotient of the differences between the daily and
annual temperature ranges. Presence at high values of isothermality may
indicate that the species prefers areas where the differences in daily
temperature across the day and night are greater than those across the year.
The importance of isothermality for the distribution of different Mexican
white pines shown in our models is supported by the great variation in daily
and seasonal temperatures found across their distributional range (e.g., the
mountain range in the state of Chihuahua Mexico in comparison to central and
southern Mexico). In the northern areas, where P. strobiformis and part of P.
lambertiana have their main distribution, the daily temperatures fluctuations
appear to be smaller than the great variation in temperature observed across
the year, meanwhile southern Mexico and Central America regions (where P.
ayacahuite and P. strobus var. chiapensis are mainly distributed) present
higher daily temperature variation in comparison to that found across the
year (Maravilla et al, 2004; Weiss et al, 2004).

The potential distribution of Mexican white pines obtained from our
ENMs, are in accordance with previously outlined ranges (Perry et al, 1998),
rendering the added value of been spatial explicit models and of delineating
the differences in ecological niche space conditions that shape the species

distribution. Our results build upon previous knowledge, improving the
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differentiation of the ecological niche ranges and highlighting the different
habitats for each Mexican white pine. Specifically, areas where P. ayacahuite
(Fig. 2b) and P. strobus var. chiapensis (Fig. 2d) are both found are of
particular importance as the latter is considered endangered under the I[UCN
(International Union for Conservation of Nature) Red List categories and the
populations of the former are declining (Thomas & Farjon, 2013). We have
shown a wider environmental niche space for P. strobus var. chiapensis than
for other species (Fig. 3). The populations of P. strobus var. chiapensis have
decreased in the past years (Thomas & Farjon, 2013). Some of the main
threats identified for P. strobus var. chiapensis are high deforestation rates,
land conversion to agriculture, the introduction of exotic species (e.g.,
Casuarina equisetifolia L. and Cupressus lusitanica Miller ), and the
fragmentation of populations (del Castillo et al, 2009; Thomas & Farjon,
2013). Our results highlight opportunities for the re-introduction and
implementation of new management plans for P. strobus var. chiapensis in
areas with high habitat suitability (Fig. 2d). The ENM of P. strobiformis
indicates a centre of distribution in north-western Mexico and south-west of
the USA and highlight areas from which not presence records have been
collected (Fig. 2c). These areas present opportunities to cross-reference our

assessments on ecological niche modelling for this species.

Pine species with wide spatial distribution and large niche breadth, such
as P. strobiformis and P. strobus var. chiapensis (Table 1; Figs. 2c and 2d), may
better endure some effects from climatic changes (Thomas, 2011). However,
although they are widely distributed this might not safeguard them from
direct anthropogenic impacts as deforestation (e.g., Barsimantov & Navia
Antezana, 2012; Vidal et al,, 2014). Our projections of habitat suitability for P.
strobiformis showed a geographical overlap with P. ayacahuite var. veitchii in
the trans-volcanic belt of central Mexico (Figs. 2c and 2e). This is not
surprising as this region has been classified as a centre of diversity of the
genus in Mexico and is where the major geographic divisions between the P.
ayacahuite, its variety veitchii and P. strobiformis occur (Perry, 1991; Gernandt
& Pérez-de la Rosa, 2014). This highlights the importance of the trans-volcanic

belt as an area of high potential for biodiversity conservation (Fig. 2).

The only white pine species whose range did not overlap with other

white pines was P. lambertiana, (Fig. 2f). For P. lambertiana, suitable habitat
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was also projected in small locations where it has not been previously
recorded in southern USA (Fig. 2f). For P. lambertiana, these areas might not
yet been populated because of the long distance to the main distributional
range in California (Kinloch Jr & Dulitz, 1990), or given any restricting
biological interactions and environmental or anthropogenic barriers (Pearson
& Dawson, 2003; Keith et al, 2011).

The highlighted suitability hotspots areas (Fig. 2a) are of singular
importance as it has been shown that most species of the genus Pinus in
Mexico are not adequately protected by the currently proposed network of
natural protected areas (Aguirre-Gutiérrez & Duivenvoorden, 2010). This is
corroborated by our results that show that from a total area of 985568 km2
predicted as suitable at least for one white pine species only 12% is inside
declared/official protected areas (Fig. 4). Furthermore, from the 49717 km?2
predicted as highly suitable for most Mexican white pine species only 10966
km?2 are currently under protection (Fig. 4). The highlighted hotspots regions
are crucial to delimitate networks of protected areas and safeguard the centre

of diversity of the Mexican white pines.

Fig. 4. (next page) Location of the suitable areas for Mexican white pines. We focus
on Mexico and Central America because most of the suitable areas are found in
this region. Blue areas represent areas that are suitable for at least one or two of the
Mexican white pine species. In purple we present the areas suitable for three or more
of Mexican white pine species. The areas delineated with black lines represent the
official network of protected areas (IUCN and UNEP-WCMC 2014).
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The niche overlap, equivalency and similarity

Given the wide variation in environmental conditions where white pines
species occur, it is perhaps not surprising that niche overlap between Mexican
white pines was low. The low niche overlap values between P. ayacahuite and
P. lambertiana, and between the latter and P. strobus var. chiapensis, are also
reflected on their different environmental constrains (Farjon et al, 1997;
Richardson, 1998)

In our analysis we show how the ecological niches of Mexican white
pines are not interchangeable: our assessment of niche equivalency rejected
the null hypothesis that the ecological niches of all species pairs are
equivalent. This shows why it is not accurate to imply niche characteristics for
one species based on the niche of another—even for these considered ‘closely
related’ pine species. The niche similarity results suggest that Mexican white
pines share more characteristics of their environmental niche spaces than
randomly expected. Together, the findings above are not contradictory but
suggest a tight link between these pine species, which share environmental
niche spaces, thus corroborating they are closely related but still different
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taxa. The observed similarities in ecological niche space between Mexican
white pines suggest that they have similar environmental constrains but that a
different set of variables within this environmental niche space restrict their
distribution. Further taxonomic analyses that take information on ecological
niche similarity and equivalency into account, as well as morphological and
molecular information, are needed to generate a comprehensive classification

scheme for the Mexican white pines.
Implications for a broader context

The differences in environmental constrains shown in our study offers
insights on the ecological niches of Mexican white pines as well as on
individual impacts that on-going changes in climatic conditions may likely
have on them. This is an important issue as an increase in temperature from
1.8 to 4.0 °C, and a reduction in precipitation up to 20% are expected in the
“worst case” climate change scenario for the regions of Central America to
northern Mexico (Solomon et al, 2007). Changes in climatic conditions will
have a direct effect on the distribution of the Mexican white pines whose
ranges are strongly constrained by temperature and precipitation (Gomez-
Mendoza & Arriaga, 2007; Chen et al, 2011). Nonetheless, to comprehensively
assess the impacts of climate change, ENMs need to consider not only climatic
information of the future conditions but also integrate the species dispersal

mechanisms, crucial biological interactions and barriers for dispersion.

Information on niche breadth has direct implications in planning
conservation actions, as widely distributed species might be less vulnerable to
localized anthropogenic exploitation (Bellard et al, 2012; Mantyka-pringle et
al, 2012). Conservation actions for the Mexican white pines can include
protection of current forest stands, reintroduction of species in
deforested/disturbed areas and increasing the connectivity between forested
patches of pine populations. Furthermore, considering the effects of habitat
fragmentation and land-use change on forest biodiversity is pivotal as these
pressures can have delayed and long-term negative impacts (extinction debt,
Tilman et al, 1994) that need to be accounted for if conservation plans are to
be successful (Gonzalez, 2013). Particularly, the narrow distribution of P.
ayacahuite var. veitchii is likely at risk given logging actions and the intense

urban activities that are expanding into the trans-volcanic belt area (Farjon,
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2013b). There are few protected areas along or close to the Mexican trans-
volcanic belt, though most of them are small and scattered (Fig. 4). Some of
the main protected areas are the “Zempoala - La Bufa" national park, the
“Sierra de Manantlan” and the “Monarch butterfly” reserve. These reserves
represent important areas that can act as reservoirs of pines diversity,
however, even in the Monarch butterfly reserve that has high protection
status, current logging actions and land conversion continue their negative
impact on biodiversity (Navarrete et al, 2011). Still, protected areas and social
awareness seem to be a main asset for the conservation of biodiversity and

particularly of the Mexican white pines.
Conclusions

The significant differences in ecological niche spaces we have shown also
reflect the reported taxonomic divisions among Mexican white pines (Syring
etal, 2007; del Castillo et al, 2009). Differences in environmental constrains
of the different Mexican white pine species are also reflected on the niche
similarity, overlap and equivalency results. Based on these differences our
results support the taxonomic division between the P. ayacahuite-P.

strobiformis complex.

Several drivers of declines of pine species around the world have been
discussed in recent work (Richardson et al,, 2007), and Mexican white pines
are among the most threatened of pine taxa. Deforestation for agriculture and
wood extraction are key drivers of the alarming decline of taxa in this group
(i.e., Richardson et al, 2007; Navarrete et al,, 2011; Vidal et al,, 2014) and thus
of their unique genetic diversity (Farjon et al. 1997). Reduced genetic
diversity will reduce the ability of these pines to respond to changing
environmental conditions, making it imperative to protect remaining
populations. Current and future conservation actions, not only for the Mexican
white pines but also for other taxa, could benefit from insights derived from
knowledge of the role of environmental variables in shaping the ecological
niche of focus species. In this context, effective conservation actions must take
into account intrinsic requirements of different species and the main
environmental drivers that shape their distributions. Different conservation
interventions may be required even for closely-related taxa (e.g., P. ayacahuite

and the veitchii variety). Insights from this study should be useful for
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improving the on-going conservation actions to mitigate the declining trends
in the populations of Mexican white pines by directing re-introductions and

guiding the establishment of effective networks of protected areas.
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Abstract

Climate and land use changes are two main drivers of biodiversity change, and
predicting their impact on species distributions is key to manage ongoing and
future global change. However, methods such as species distribution models
that are commonly used to forecast such changes assume that the importance
of abiotic factors in delimiting species distributions remains constant over
time. Here, we use spatially-explicit historical data on climate, land use and
species occurrences to test whether the importance of different climatic and
land use drivers for setting species geographic range limits has changed over a
period of more than 60 years (1951-2014). We modelled the distribution of a
total of 470 pollinator species (bees, butterflies and hoverflies) in three
different time periods (1951-1970, 1971-1990, 1998-2014) across the
Netherlands. We then assessed the importance of several climate
(precipitation, temperature) and land use variables (landscape composition,
habitat fragmentation, and spillover potential) in setting species geographic
range limits over time. Results suggest that land use variables, especially
landscape composition, had a constantly high importance in limiting
geographic distributions of all pollinator species across time. In contrast,
importance values of climatic factors tended to be generally lower than those
of land use variables across all pollinator groups. However, the importance of
temperature in setting range limits of bees and hoverflies has significantly
increased in recent times. Given the projected increases in temperature over
the next decades, our results suggest that predictions of future species range
changes may underestimate the role of climate in setting range limits. This
might be particularly true in regions where —similarly to the Netherlands—
large-scale land-use changes have mostly ceased, but temperature change

remains rapid.
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Introduction

Recent rapid changes in climatic conditions (e.g. temperature and
precipitation; McCain and Colwell 2011) have raised considerable concerns
over their effect on biodiversity (e.g. Thomas et al. 2004). For instance,
changes in temperature (Sala et al. 2000, Dawson et al. 2011) and the increase
of extreme weather events (Hansen et al. 2012) can lead to important changes
in biodiversity around the globe. Moreover, during the last century
biodiversity has experienced alarming declines and functional shifts due to
the effects of land-use changes such as habitat loss (Meyfroidt and Lambin
2011), habitat fragmentation (Krauss et al. 2010), and land use intensification
(Tscharntke et al. 2005). Climate and land use are therefore considered key
drivers of biodiversity loss today, and particularly when combined, they can
reduce suitable habitats for species and disrupt ecological interactions,

potentially driving species to extinction (Hegland et al. 2009, Fox et al. 2014).

Climate and land-use changes are unlikely to change in parallel (Fox et
al. 2014). For example, the rate of temperature rise increased in recent
decades (Hansen et al. 2012), while for several highly industrialized countries
major habitat changes were more intense in the past (Fuchs et al. 2014).
Consequently, the importance of such drivers for biodiversity dynamics may
vary over time. However, many tools (e.g. species distribution models, SDMs;
Thuiller 2004) used to analyse the effects of climate and land use on
biodiversity and to forecast species range shifts under potential future global
change are based on projections of present-day species responses to different
climatic and land use drivers. Such projections assume that species
distributions are in equilibrium with current environmental conditions and
that relationships between abiotic factors and species occurrences remain
constant over time (Dormann 2007). This assumption is likely to affect the
performance and reliability of SDMs, especially under non-equilibrium
conditions (Eskildsen et al. 2013). It is therefore crucial to evaluate whether
the importance of global change drivers and their effects on species
distributions remain constant over time. A key limitation for such evaluations
is that future empirical data are not available against which projections can be
validated. However, the availability of historical information on biodiversity

and environmental factors across the same spatial domain allows exploring
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the dynamics of such relationships.

Here, we use a unique set of spatially-explicit species occurrence
records of several groups of flower visitors (bees, hoverflies, and butterflies),
in the following referred to as “pollinators”, and environmental data from the
Netherlands since 1951 to the present to investigate whether the importance
of climate (temperature and precipitation) and land use (landscape
composition, habitat fragmentation and spillover potential) as drivers of
species distributions has changed over time. Pollinator’s accessibility to
feeding and nesting resources greatly depend on landscape patterns (Winfree
etal. 2011, Oliver et al. 2012). Therefore, we expect landscape composition
and habitat fragmentation to pose a generally high influence on species
distributions. Given that most large-scale land-use changes in the studied
region have occurred before the 1990s (Harms et al. 1987, EEA -European
Environment Agency 2010), and that pronounced changes in precipitation
regimes and temperature have been recorded in recent time (Klein Tank
2004, Ligtvoet et al. 2013), we expect that climate might have become more

relevant to species distributions in recent decades.
Methods

Study region and time periods

The Netherlands has been intensely sampled for biodiversity since the early
19t century, with high-quality species distribution data being available at the
country level across several decades. Moreover, in the last century the
Netherlands has experienced major changes in climate (KNMI, 2014) and land
use conditions (Knol et al. 2004, Hazeu et al. 2010). The fact that major
changes in both of these conditions have occurred in the study area over the
last century makes this region particularly suitable for analysing the impacts
of these drivers on biodiversity distributions. All three aspects (biodiversity,
climate and land use) are well documented with spatially explicit data across
more than 50 years. After the Second World War (i.e. during 1950-1970), the
Netherlands has suffered rapid habitat loss and pronounced agricultural
intensification with an associated increase in pesticide use (Harms et al.
1987). After 1990, there was an increasing investment in conservation

measures and agro-environmental schemes, especially since the turn of the
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millennium (Kleijn and Sutherland 2003). The Netherlands has also
experienced important changes in climate, including important increases in
average temperature over the last century (~1.7°C; Ligtvoet et al. 2013),
which may greatly affect the distribution of pollinators (Kjghl et al. 2011),
with the most rapid warming been experienced during the last 20 years (Klein
Tank 2004). This increase in temperature is twice the global average (Van
Oldenborgh et al. 2009), and increases of up to 5°C are expected during the
forthcoming century (Ligtvoet et al. 2013). Moreover, important changes in
the temporal distribution and amount of precipitation have been observed in
the Netherlands, with the average annual winter precipitation increasing by
ca. 20% (Klein Tank 2004, Ligtvoet et al. 2013). Furthermore, although the
Netherlands covers a relatively small spatial extent, it shows strong variation
in climatic conditions along its latitudinal and longitudinal gradients. For
instance, the first warm day (above 20°C) occurs up to 20 days earlier in the
southeaster part than in the northwest. There is also less precipitation and
higher evapotranspiration in the coastal zone, resulting in higher probabilities
of drought in these areas in comparison to inland eastern locations (Ligtvoet
et al. 2013). Based on these observed changes in climate and land use we
binned the occurrence records (see below) into three distinct time periods
(TP1:1951-1970, TP2: 1971-1990, TP3: 1998-2014) and analysed whether
the responses of species distributions to environmental conditions have

changed over time.
Species distribution data

We included three key pollinator taxa in our study: bees (Hymenoptera:
Apoidea), hoverflies (Diptera: Syrphidae) and butterflies (Lepidoptera:
Papilionoidea and Hesperioidea). Presence records for each species across the
three time periods were obtained for bees and hoverflies from the European
Invertebrate Survey (EIS-Nederland, www.eis-nederland.nl) and for
butterflies from the Dutch National Database of Flora and Fauna (NDFF,
www.ndff.nl). Experts from the EIS and the NDFF have extensively assessed
the quality of species identification and location accuracy of all species’
presence records that we included in our study. More details about the quality

evaluation can be found in www.ndff.nl/validatie.

All species occurrence records were compiled at a resolution of 5 x 5 km
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grid cells to accommodate the higher uncertainty in geographic coordinates of
the older records relative to the higher location accuracy of the more recent
records. Accurate distribution models can be obtained with small sample sizes
depending on the species prevalence in the study area (van Proosdij et al. In
press). In our study we included all species that were present in at least five 5
x 5 km grid cells and only those that were represented in each of the three
time periods. This allowed us to analyse a total of 470 pollinator species,
including 207 bee species, 61 butterfly species, and 202 species of hoverflies
(see Table S1). From a total of 1820 landscapes (5 x 5 km grid cells) in the
Netherlands, 914 had records for bees in TP1, 894 for butterflies, and 1094 for
hoverflies. In TP2, bees were present in 972 landscapes, butterflies in 1484,
and hoverflies in 1376. In TP3, bees were sampled in 1346 landscapes,
butterflies in 1655, and hoverflies in 1592 landscapes (see Fig. S1 for the

spatial distribution of the sampled landscapes across time).
Climatic data

We obtained climate data for the Netherlands on maximum, minimum and
average values of temperature and precipitation from the project “ClimateEU:
historical and projected climate data for Europe” (Wang et al. 2012). Climatic
data were obtained at the same resolution as the land use and species
distribution data (5 x 5 km grid cells). These data were then used to calculate
the 19 bioclimatic variables described in Hijmans et al. (2005). To avoid
colinearity, when two variables were highly correlated (Pearson’s correlation
> [0.75]), we only selected the variable that was thought to delimit strongly
the distribution of insects, e.g. those that capture extreme conditions during
the year (e.g. temperature of warmest quarter of the year instead of mean
annual temperature). These variables have, as supported by other studies (e.g.
Kjghl et al. 2011), important impacts on the distribution and persistence of
pollinators (see Table 1).

Land use data

Land use data were obtained from the geo-information department of
Wageningen University (www.wageningenur.nl) with an original resolution of
25 x 25 m pixels. The land use map for the oldest time period (TP1) is based
on topographic cartography and the newer maps (TP2-TP3) are based on

remote sensing imagery, all of them with high land use classification accuracy
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ranging from 85-98% (Knol et al. 2004, Hazeu et al. 2010). The land use maps
were obtained for the years 1960 (representing TP1), 1980 (TP2) and 2008
(TP3), which represent central points in time for each of the time periods for
which the species data was obtained (see above). As land use data from more
recent time periods had more detailed information on land use classes than
data from older time periods, the land use maps were reclassified to derive
eight consistent land use types that were representative for all three time
periods: agriculture, grassland, forest, moors/peat, sandy soils, swamps,
urban and water. Based on these reclassified land use maps, for each 5 x 5 km
grid cell (Table 1) and for each time period, we then calculated a total of
twelve land use metrics. These land use metrics have previously been shown
to impact species richness of pollinators (see Aguirre-Gutiérrez et al. In press).
The calculated metrics characterize three major aspects of landscape and
habitat structure (Tscharntke et al. 2012): landscape composition (nine
metrics), habitat fragmentation (two metrics) and spillover potential (one

metric) (see below).

Table 1. Variables used in species distribution models and their grouping for
subsequent analyses in linear mixed models. For the ‘general model’,
environmental variables were grouped into either climate or land use. For the ‘specific
model’, variables were grouped into five finer divisions of climate (temperature and
precipitation) or land use (landscape composition, habitat fragmentation and
spillover).

Vanable specifications

Vanable names General model Specific model s
Climate variables

Annual precipitation Climate Precipitation Millimetres {mm)
Precipitation of wettest month Climate Precipitation Millimetres (mm)
Precipitation of driest month Climate Precipitation Millimetres (mm)
Precipitation of warmest quarter Climate Precipitation Millimetres (mm)
Mean diurnal range imean of monthly (max temp - min temp)) Climate Temperature Celsius degrees (“C)
Temperature seasonality Climate Temperature Celsius degrees (“C)
Mean temp. of wettest quarter Climate Temperature Celsiug degrees (°C)
Mean temp. of driest quarter Climate Temperature Celsius degrees (“C)
Mean temp. of warmest quarter Climate Temperature Celsius degrees (*C)

Land use variables

%o of each land use class {eight classes) Land use Landscape composition Percentage (%)

Number of land use classes Land use Landscape compositien Count

Total edge density Land use Habitat fragmentation  Meters per hectare {my/'ha)
Average patch area of suitable habitat Land use Habitat fragmentation  Hectares

Edge density Man-Nat Land use Spillovereffects Meters per hectare (m'ha)
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For landscape composition, the nine metrics reflected the percentage
of each land use type per grid cell (eight metrics) as well as the total number
of land use classes per grid cell (one metric). The latter was included as a
proxy of spatial heterogeneity, which can influence the turnover of pollinator
species assemblages (Tscharntke et al. 2012). Habitat fragmentation was
represented by two metrics: the average area of suitable habitat patches and
total edge density. Following the evaluation of habitat suitability for
pollinators from Vogiatzakis et al. (2015), we classified the land use classes,
grassland, moors/peat, forest and sandy soils as ‘suitable habitat’, and
agriculture, urban, water and swamps as ‘non-suitable habitat’. For total edge
density, we calculated the density of edges between all land use types in a grid
cell. Finally, we used one metric to characterize species spillover potential, i.e.
the potential for movements of organisms across managed and natural
systems (Rand et al. 2006). Here, the proximity and existence of edges
between managed and (semi-) natural systems plays a key role. We therefore
calculated the edge density between managed and (semi-) natural systems.
We considered the land use types grassland and agriculture as (intensively-)
managed and moors/peat, forest, swamps and sandy soils as (semi-) natural

systems. Urban and water were not taken into account in this calculation.

All calculations of land use metrics were carried out in R (Development

Core Team, http://cran.r-project.org) with the “SDMTools” package.
Changes in climatic and land use conditions over time

We quantified the changes in abiotic conditions that took place in the
Netherlands between consecutive time periods (TP1-TP2, TP2-TP3). We also
analysed the overall changes that occurred between the first and last period
(TP1-TP3). The changes were calculated as the post-period minus the pre-
period value (e.g. TP3-TP1) for each climatic and land use variable. After
obtaining the change values we used a student’s t-test (Box 1987) to
investigate if significant changes in climatic and land use conditions indeed

occurred.
Species distribution models

For each bee, butterfly and hoverfly species in each time period (TP1, TP2 and
TP3), we fitted SDMs using the maximum entropy modelling approach with
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MaxEnt (Phillips et al. 2006). MaxEnt is a machine learning technique that has
been extensively used for modelling large data sets of species in locations with
varied sets of environmental conditions, rendering high model accuracy (Elith
and Leathwick 2009, Marshall et al. In press). We selected MaxEnt after an in-
depth comparison with other algorithms for a wide range of species with
different sample sizes and spatial distribution of their recording locations in
our study area (Aguirre-Gutiérrez et al. 2013). This comparison showed that
MaxEnt was one of the best performing algorithms with high model sensitivity
and specificity. We therefore use MaxEnt as the model algorithm here. In
MaxEnt, we allowed to fit more complicated models (use of different features
types) depending on the number of records available as described in Phillips
and Dudik (2008) and Elith et al. (2011). In MaxEnt the term “features” refers
to a set of transformations applied to the original variables, depending on the
number of records included in the model (Elith et al. 2011). Following Phillips
and Dudick (2008), we fitted only linear features for species with less than 10
available presence records; linear and quadratic features for species with the
number of available records between 10 and 14 records; and linear, quadratic
and hinge features (i.e. functions for piecewise linear splines) for species with
15 to 79 records. For species with more than 80 records the product (of all
pair-wise combinations of covariates) and threshold features (involving a
simple step fitted function) were added. More in-depth explanations of the

MaxEnt modelling and feature types can be found in Elith et al. (2011).

As species sampling collections are usually geographically biased (e.g.
Merow et al. 2013), this can also generate environmental gradient selection
bias. We accounted for this, as suggested by Phillips et al. (2009) and Mateo et
al. (2010), by only extracting background information from those collection
localities where species from the same pollinator group had been sampled.
This method, called “target group”, has proven to considerably increase model
performance (Phillips and Dudik, 2008). Moreover, this approach aids to
account for possible sampling and environmental selection biases because the
modelled data contains the same collection bias as the data used for the
background selection (Elith et al. 2011). To account for the within algorithm
model variation, we computed SDMs for each species using ten repetitions
with a bootstrap approach where 80% of the data was used for training and

20% for model testing. We then used the area under the curve (AUC) value of
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the receiver-operating characteristic to summarize model performance
(Hanley and McNeil 1982). However, AUC values are constrained by the
fraction of the geographic area covered by the species, and are often low for
species with large sample sizes and increase as the number of sampling
records decreases (Phillips et al. 2006, van Proosdij et al. In press). To account
for between-model variability and to avoid basing our model selection on AUC
values alone, we obtained an ensemble model for each species by averaging
the suitability scores across the ten model repetitions and used this average

value in subsequent analysis.

In order to investigate the importance of the different environmental
drivers for delimiting species distributions, we obtained two different
evaluation metrics: the “permutation importance” and the “percentage
contribution” (Phillips 2006). These metrics have been successfully applied in
other studies (e.g. Sobek-Swant et al. 2012, Telleria et al. 2012, Gallardo and
Aldridge 2013, Quillfeldt et al. 2013). For the “permutation importance”, the
values of the focus variable are randomly permuted on the training presence
and background data. The model is then re-evaluated on the permuted data
and the change in the model’s AUC is calculated. Large changes in AUC value
indicate that the model is highly dependent on the specific variable and thus
has a higher importance for defining the final model. For the “percentage
contribution”, the importance value of each variable depends on the specific
path taken by the algorithm to obtain the optimal model. During each model
iteration MaxEnt identifies which environmental variables contribute for the
model fitting process by detecting the change in model gain after modifying
the coefficient for a single feature (Phillips 2006). MaxEnt then assigns the
change in model gain to the environmental variable that the feature depended
on in order to obtain its final contribution. For the final values for each of the
two evaluation metrics (permutation importance and percentage
contribution) we averaged the results of the ten model repetitions. The
obtained importance values were used as a measure of how strongly a species
distribution is limited by a specific environmental driver and then applied to
assess if and how the importance of such drivers varied between the three

time periods analysed (see below).
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Environmental drivers limiting pollinator distributions across time

We used a linear mixed effects model (Zuur et al. 2009) to test whether
climatic and land use variables (Table 1) had similar importance in limiting
species distributions in different time periods. We performed two analyses. In
the first mixed model (‘general model’), we aggregated the various SDM
predictor variables into two general classes: climate or land use (Table 1). The
importance values were then used as response variable and the type of
environmental variable (climate or land use), pollinator group and time
period as well as their interaction as explanatory variables. In the second
mixed model (‘specific model’), we evaluated in more detail which of the
climate or land use variables were important for each pollinator group. Hence,
we repeated the mixed model analysis, but used a finer subgrouping of
environmental variables by aggregating them into five groups: precipitation,
temperature, landscape composition, habitat fragmentation and spillover
potential (Table 1). This allowed us to assess which specific types of climate
and land use variables have the strongest effects on limiting pollinator
distributions. In both mixed models we used species identity as a random

effect.

Several of the importance values of environmental variables were
equal to zero. To deal with the high number of zeros, we applied a zero-
inflated model approach which combines a Binomial and Gaussian model (see
Carvalheiro et al. 2014). First, we compared the probability of the
environmental variables to have an effect on species distribution using a
Binomial model (variable equal 0: no importance; 1: importance >0%).
Second, we compared the strength of the effect of those environmental
variables that had an effect (i.e. with importance values >0) using a Gaussian
model. For the Gaussian model the importance values were loge-transformed
to normalize the residuals. In both, the Gaussian and the Binomial models, we
used mixed models with species identity as a random effect. We also tested for
significant differences between pollinator groups and time periods by
performing post-hoc pairwise comparison tests (TukeyHSD). The analyses
were repeated for both the permutation importance and the percentage

contribution variable importance values from MaxEnt.

All mixed models were implemented using the “Ime4” package and the
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multiple comparison tests using the “multcomp” package with the “glht”

function in the R platform (http://cran.r-project.org).
Results

Changes in abiotic conditions over time

All climatic variables showed significant changes between the first (1951-
1970) and the last (1998-2014) time period (Fig. 1; Table S2). While annual
precipitation increased (<20 mm on average), all other precipitation-related
variables showed negative changes (Fig. 1). All temperature-related variables,
with the exception of temperature seasonality, showed increases between 0.2

(mean diurnal range) to 3.8 °C (mean temperature of driest quarter) (Fig. 1).

Concerning land use composition, all land use classes (except sandy
soils and water) showed significant changes in their amount between the first
and last time period (Fig. 1; see Table S2). Forest, swamps and urban classes
increased in their percentage in the landscape whereas agriculture, grasslands
and moors/peat decreased (Fig. 1). As for variables related to fragmentation,
the average patch area of suitable habitats in the landscape also presented
significant declines of up to 90 ha on average (Fig. 1). The total amount of
edges in the landscape and the edges between natural and managed systems
also increased significantly, and the number of land use classes in the

landscape increased by 1.5 on average over this time period (Fig. 1; Table S2).
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Figure 1. Changes in climatic and land use conditions in the

Netherlands between the first (TP1, 1951-1970) and the last (TP3, 1998-2014)
time period. The asterisk above the bars represents whether a significant change has
occurred or not. Significance levels: ***P < 0.001; **P < 0.01; *P < 0.05; ns: not
significant. For statistical details see Table S2.
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Absolute importance of climate and land use in limiting pollinator

distributions across time

The analyses with the permutation variable importance (Fig. 2; Tables S5-S8)
and the percentage variable contribution gave similar results (see Fig. S2 and
Tables S3-S4, for the results using the “percentage contribution” evaluation
for the strength of the effect). The only exception was for precipitation for
which a slight decrease in importance over time was detected using the
percentage contribution and an increase over time with the permutation
importance. The different results for the precipitation variables may be
caused by a higher correlation within this group of variables, to which the
percentage contribution metrics is known to be susceptible. Given the overall
similarity of the result, we only present the analysis from the Gaussian model
for the permutation importance in the main text, as it analyses the “strength”
each environmental variable has in limiting species distributions, and the

results from all other analyses in the supplementary material.

In all time periods, climate was an important and statistically significant
factor limiting the distributions of pollinators (Fig. 2a; Tables S5-S6). This was
true for both precipitation (Fig. 2b) and temperature (Fig. 2¢) although
temperature tended to have higher importance values than precipitation
(Supplementary material, Tables S7-S8). Compared to climate, the overall
effect of land use for limiting species distributions was higher (Fig 2d vs. Fig.
2a). Among the specific land use variables, landscape composition was the
strongest variable and spillover the weakest, with habitat fragmentation
showing intermediate effects (Fig. 2e-g; Tables S7-S8). These effects were

largely consistent across pollinator groups (Fig. 2).

Figure 2. (next page) Absolute importance of climate (a-c) and land use (d-g) for
limiting species distributions of different pollinator groups (bees, butterflies
and hoverflies) across time (periods: TP1, 1951-1970; TP2, 1971-1990; TP3,
1998-2014). Values illustrate the average importance values + 95% confidence
intervals of variables that have an influence on species distributions of each pollinator
group (“strength” of environmental variables, Gaussian model). For both climate and
land use we present the overall effect (‘general model’) and the effect of the more
detailed classes of environmental variables (‘specific model’) (compare Table 1). For
statistical details see Tables S6 and S8.
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Relative changes in the importance of climate and land use

Overall, importance of climate (Fig. 2a) in setting range limits increased
through time for bees and hoverflies (Fig. 3; Fig. S3 and Table S6). For these
two pollinator groups, this overall shift in the importance of climate was
mostly due to the effect of temperature (Fig. 3). Precipitation showed a
significant increase in importance between T1 and T3 for bees (Fig. 3)
whereas for hoverflies this only occurred between T1 and T2 (Fig. 2b). This
effect was not found for precipitation with the “percentage contribution”
evaluation (Fig. S2). Butterflies did not show such trends in the importance of
climate (Fig. 2a-c). In contrast to climate, the overall importance of land use
did not significantly change across pollinator groups and land use variables in
most cases (Fig. 3). The importance of habitat fragmentation and spillover
potential presented overall decreases and increases respectively, however,
these were not significant (Fig. 3). Land use, especially landscape composition
and habitat fragmentation, remained of constantly high importance through
time (Fig. 2d-f).

Figure 3. Relative changes in the importance of climatic and land use drivers for
bee, butterfly and hoverfly distributions between the first (TP1, 1951-1970)
and the last (TP3, 1998-
2014) time period. The
different climatic variables
(left of dotted line) and land

g use variables (right of
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Discussion

Using spatially-explicit historical data (1951-2014) of climate, land use and
species occurrences, we investigated if the importance of climatic and land use
drivers for limiting species distributions has changed over time. Our results
show that the importance of land use variables such as landscape composition
and habitat fragmentation has been constantly high whereas climatic factors
tended to have lower importance in setting species geographic range limits.
However, climatic drivers, especially temperature, became significantly more
important over time, and temperature became even as important as habitat

composition during recent decades.

The non-constant importance of climatic variables (especially
temperature) for limiting species distributions of Dutch bees and hoverflies
over the last >60 years could be related to the observed recent increase in
temperature in the study area (Fig. 1; KNMI 2014). Given the current
projections of future climate change (Diez et al. 2012), these findings suggest
that climate may play an even larger role for limiting species distributions in
the future. For butterflies, the importance of climate was constantly high
which could be explained by interactions between small-scale changes in
habitat condition and climate. Many butterfly species depend on warm
microclimatic conditions for larval development (WallisDeVries and Van
Swaay 2006). Increases in temperature lead to milder winters, which could
enhance opportunities for the development of butterflies. However, when
associated with the high nitrogen deposition, such mild winters increase plant
productivity, which reduces opportunities for developing caterpillars to
absorb solar heat (WallisDeVries and Van Swaay 2006). Hence, the interplay
between changes in climatic conditions and land use may result in counter-

intuitive changes in local habitat conditions.

Within temperate regions such as the Netherlands, rapid changes in
temperature and precipitation as well as increases in extreme weather events
may have strong effects on population dynamics of pollinators (WallisDeVries
etal. 2011, Rasmont et al. 2015). Since SDM methods assume that currently
observed occurrence-climate relationships persist in the future, the variable
importance of climatic variables here detected can have important

implications for the interpretation of species range projections based on
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SDMs. Thus, future species range projections based on SDMs alone may
severely underestimate the role that climate plays in setting future species
range limits. Other more trait-based or mechanistic approaches might then be
appropriate for analysing future species responses to climate changes (Pacifici
etal. 2015).

The relative importance of climate and land use can depend on spatial
scale, i.e. extent and grain size. For instance, climate measured at coarse grid
cell resolutions might mostly describe the countrywide trends in climatic
conditions (Ligtvoet et al. 2013) and thus its probable impact on species
distributions at broad spatial scale can be analysed. Measures of the
microclimatic conditions at the patch level (fine-scale) may render further
insights into the local distribution patterns of species (Suggitt et al. 2011), and
thus of the climate change impacts at fine-scale, however, these measures are
not readily available at the country or global levels, making it difficult to
include them in large scale analysis. Landscape characteristics might,
however, mostly modify species distributions locally. Our result that climatic
conditions, especially temperature-related variables, become increasingly
important drivers of species distributions in the study area agree with the
observed physical changes in these drivers across time (Klein Tank 2004,
Ligtvoet et al. 2013). We detected significant changes in the importance of
climatic conditions for driving the species distributions of pollinators across
the last >60 years, even at the spatial extent of the Netherlands. We expect
that such effects might even be more pronounced across larger regions with
stronger variation in these conditions (e.g. countries/regions that cover a
broader spatial extent). However, further research is needed to test whether
the temporal change in the importance of climate and land use as range-

limiting factors varies at different spatial extents and grain sizes.

Like in other highly industrialized countries the major land-use
changes in the Netherlands have occurred in earlier time periods (~1950).
However, small changes in land use conditions have still occurred in the
Netherlands during the last half-century (Fig. 1). Nevertheless, land use,
especially landscape composition, remains of high importance for limiting
species distributions even in recent times. This result reflects the high
importance of habitat availability (here represented by landscape

composition) and accessibility (here represented by habitat fragmentation
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and spillover) for pollinators. Indeed, climatically suitable areas might not be
occupied by species if habitat conditions remain unsuitable (Oliver et al.
2012). Hence, the high importance of habitat fragmentation (i.e. habitat patch
area and edge density) in our study is most likely linked to the impact that
fragmentation has on pollinator’s access to feeding and nesting resources,
including indirect effects on microclimatic conditions in the surrounding
landscape (Steffan-Dewenter 2003, Ries et al. 2004).

The effects of habitat spillover were weaker than those of landscape
composition and habitat fragmentation, but they represent also accentuated
changes in importance values across time periods (bees and hoverflies; Fig. 2
and Fig. 3). Highly homogeneous areas (e.g. intensive agricultural lands) are
among the most common habitats in the study region. Hence, an increasing
amount of edges between managed and natural systems (surrogate of
spillover potential) may be becoming a major driver for the exchange of
organism in the landscape between different land use classes. These findings
on spillover effects are highly relevant for conservation and management of
ecosystem services worldwide because landscapes dominated by large
extensions of agricultural fields have become the rule in most industrialized
countries (Foley et al. 2005, EEA -European Environment Agency 2010). In
high-biodiversity countries with expanding agriculture/economy, the future
impacts of land-use changes on biodiversity may even be more pronounced
than in highly industrialized countries were major land-use changes have

already ceased decades ago (Sala et al. 2000).

Our historical analysis supports the view that land use drivers
(especially landscape composition and habitat fragmentation) have been most
important in limiting pollinator distributions across time (Oliver et al. 2012,
Warren et al. 2001). However, we also show that climate drivers, particularly
temperature, have currently reached a similar importance than landscape
composition in limiting species distributions (see Fig. 2 and Fig. 3). This
suggests that ongoing and future climate change could overpass the impacts of
land use modifications on biodiversity (Leadley et al. 2010). This change in the
importance of drivers is likely related to the fact that in our study region most
major land-use changes have already ceased several decades ago (e.g. Bouma
etal. 1998, Knol et al. 2004). In contrast, changes in climatic conditions such

as increases in annual temperatures and a higher frequency of extreme
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weather events have occurred during recent decades (Hansen et al. 2012).
Hence, our results are most likely transferable to other highly industrialized

countries in temperate regions.
Concluding remarks

Projections of the potential future impacts of climate and land-use changes on
biodiversity often assume that the importance of drivers for limiting species
distributions remains constant over time (Dormann 2007). However, our
historical analysis shows that the importance of environmental drivers can
vary substantially. More specifically, we show that the importance of
temperature has strongly increased in recent time periods, which raises
concerns over the use of SDMs fitted with current environmental predictors to
project future species distributions under climate change. Given the current
and projected rapid changes in temperature and other climate conditions in
the near future (Rogelj et al. 2012), the effect of climate is likely to equal or
overpass the effects of changes in land use conditions (see Leadley et al.
2010), especially in regions where large-scale land-use changes have mostly
ceased. A more in depth exploration of the (non-)constancy of climate versus
land use for limiting species distributions requires further testing, e.g. with
historical data for other taxa or in other areas such as tropical and arctic
regions. This would help to disentangle whether and to what extent the
results found in this study can be extended to other taxonomic and functional

groups and biomes.
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Figure S1. The distribution of the 5 x 5km landscapes (each cell in the map) in
the Netherlands. Grey cells represent landscapes where no species were collected.
Coloured cells represent landscapes where species were collected. The information is
given for each of the three time periods analysed (TP1: 1951-1970, TP2: 1971-1990,
TP3:1998-2014) and for the three pollinator groups.
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Abstract

Changes in climate and land use can have important impacts on population
persistence. Species respond to such environmental modifications by adapting
to new conditions or by shifting their geographic distribution towards more
suitable areas. However, the latter might be constrained by species’ functional
traits, that influence their ability to colonize or thrive in a habitat and to
persist in the face of environmental changes. This study aims to test whether
functional traits related to dispersal, reproduction, habitat use, and feeding
can help predict how pollinator species respond to environmental changes
and we use the Netherlands as our test site. We modelled species distributions
from 470 pollinator species (bees, butterflies and hoverflies) using climate
and land use data and analysed whether species traits (flight period,
voltinism, habitat specialization, and larval food preference) of pollinators can
explain areal range changes as well as latitudinal and longitudinal shifts over a
period of more than 60 (1951-1970 vs. 1998-2014). Our results show that
functional traits can help predict the extent (i.e. areal range changes) as well
as the direction of pollinator range shifts (i.e. latitudinal or/and longitudinal)
driven by environmental changes. However, taxonomic groups (e.g. bees and
butterflies) may respond in contrasting manners given these environmental
pressures and depending on their functional trait characteristics (e.g.
dispersal, reproduction, habitat use, and feeding). For example while bees
with greater habitat specialisation expanded more than generalists, for
butterflies habitat generalists showed higher range expansions than habitat
specialists. The majority of species (77-88%) expanded their ranges and
shifted towards northern latitudes (22 + 34 km for bees; 17.5 + 25 km for
butterflies; 19 + 34 km for hoverflies), most bees shifted towards the west and
butterflies towards the east. Bees mostly presented westwards shifts (14 + 30
km) while butterflies showed predominant eastwards shifts (11 + 21 km).
Hoverflies did not show pronounced longitudinal shifts, and larval food
preferences were key to explain their geographic range changes.
Generalisations of species responses to climate and land use changes should
not be made, responses greatly varying across and within taxa. Accounting for
the species response traits when investigating future impacts of climate and
land use changes on biodiversity can help predict biodiversity changes. Such

information can improve biodiversity conservation and management
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measures in face of global environmental changes.
Introduction

Changes in climate and land use can have severe effects on species
distributions, which ultimately may also affect humanity by disrupting the
supply of ecosystem services (e.g. pollination, carbon storage, clean water
supplies, pest control, Lawler et al., 2014; Mace et al., 2012) . Around the
world, changes in climate have intensified over the last decades with
significant changes in precipitation patterns and increases in the occurrence
of extreme weather events (Dawson et al,, 2011; Hansen et al,, 2012; IPCC,
2014) . Moreover, major and rapid land use changes have taken place during
the first half of the century (~1950), e.g. in north-western (NW) Europe where
habitat loss, agricultural expansion, and increases in the use of pesticides have
been pronounced (Harms et al., 1987). In more recent decades, most large-
scale land-use changes have ceased in such regions (Harms et al., 1987;
European Environmental Agency, 2011), but highly modified landscapes and
increases in nitrogen deposition levels remain key challenges for managing
and conserving biodiversity (Sala et al., 2000; Xiankai et al., 2008; Steffen et
al, 2015).

Changes in climate and land use conditions have resulted in
observable shifts of species geographic ranges, including range contractions
or range expansions and major changes in their north-south and east-west
distributional extents (Lenoir & Svenning, 2015), and substantial biodiversity
declines (Krauss et al., 2010; Meyfroidt & Lambin, 2011; Fox et al., 2014) . For
conservation programmes to be effective, an in-depth understanding of how
different drivers affect biodiversity is needed. However, it largely remains
unclear how these drivers impinge on functional aspects of biodiversity, e.g.
whether and how functional groups respond differently in the face of global

environmental change (Thuiller et al, 2006; Eskildsen et al., 2015) .

Species have different functional traits, i.e. morphological,
physiological, phenological, or behavioural characteristics that constrain their
response to the environment (‘response traits’) and/or their effects on
ecosystem properties (‘effect traits’) (Diaz & Cabido, 1997; Diaz et al., 2013;
Mori et al, 2013) . Hence, the ability of species to modify their geographic
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distributions in response to changes in the surrounding environment may be
limited or constrained by their functional traits (Flynn et al., 2009; Bellard et
al,2012; Diaz et al,, 2013) , leading to changes in functional diversity within a
community (Thuiller et al.,, 2006). This can in turn affect ecosystem
functioning by the modifications in species richness or the species identity
(Lavorel, 2013). Establishing the relationship between species distributional
changes and functional traits is therefore of primary importance for ecologist
and conservation biologists in the face of ongoing and expected future global
change. To date, however, the importance of multiple functional traits for the
long-term changes in species richness and population persistence remains

underexplored.

Insect pollinators are key for ecosystem functioning, 60-80% of wild
plants benefiting from animal pollination (Kremen et al, 2007) . Moreover,
they are especially sensitive to climate and land use modifications, which have
been recognised as two of the main drivers of biodiversity homogenisation
and pollinator loss around the world (Potts et al.,, 2010; Giannini et al., 2012;
Carvalheiro et al, 2013) . In Europe, only after 1990 more environmentally
friendly policies have been implemented in order to counteract the effects
these drivers of change on biodiversity (Kleijn & Sutherland, 2003) . These
policies have been directed to increase (semi-) natural habitats (e.g.
grasslands and forest) and also, in the case of agri-environmental schemes, to
increase the feeding and nesting resources for insect biodiversity in
agricultural landscapes (Kleijn et al, 2001) . These policies may ameliorate
the negative effects of climate and land use changes on insect pollinators,
potentially explaining in part the slowing down of pollinator diversity declines
detected in NW-Europe (Carvalheiro et al., 2013) . However, it is still not clear
if some species benefit more than others, and how functional traits determine
the response of these pollinators to climate land-use change over longer

periods of time.

Here, we investigate how response traits of flower-visiting insects (i.e. bees,
butterflies and hoverflies; in the following referred to as ‘pollinators’) relate to
changes in species distributions over a period of more than 60 years in the
Netherlands. Habitat loss and fragmentation have been shown to be main
determinants of pollinator distributions (Potts et al., 2010; Gonzalez-Varo et

al, 2013). Therefore, given that major land-use changes already ceased
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decades ago, and the increased investment in biodiversity friendly practices,
we expect that pollinator species have expanded their ranges over the studied
period. In particular, species habitat use (i.e. degree of habitat specialisation)
and feeding habits (i.e. larval food preferences) might be key determinants of
population persistence in a landscape given their relation with nesting and
feeding resource availability (e.g. Clavel et al, 2010; Weiner et al., 2014) .
Hence, we expect that these functional traits determine the extent of species
range changes. More specifically, we predict that habitat generalists and
species that do not depend on a few rare feeding resources have increased
their distributional extent more than other more specialised species. Finally,
owing to the increases in temperature and precipitation change during the last
half-century (van Oldenborgh & Van Ulden, 2003; Klein Tank, 2004) , we
expect that observed range shifts along latitude and longitude might be
related with traits that enable species to reach faster any suitable areas in
more distant locations over time More specifically we expect that range shifts
are more accentuated for large-bodied species, with longer flight periods and

more generations per year.
Methods

Study region and time periods

Our study region, the Netherlands, is located in NW-Europe, and has a
temperate climate with cold winters (average minimum temperature of -1°C)
and warm summers (average maximum temperature of 24°C) (KNMI, 2014).
The most prominent land use systems are agriculture, which occupies almost
half of the national territory, plus urban areas (Hazeu et al., 2010).
Biodiversity in the Netherlands has been intensely sampled since the early
19t century. The area has experienced major changes in climate (KNMI,
2014), and land use has been registered for more than 100 years (Hazeu et al,
2010; Knol et al, 2004). Moreover, strong modifications of biogeochemical
flows have occurred in the last century, including major changes in
phosphorus and nitrogen cycling (Steffen et al, 2015). We grouped all data
into two main time periods based on the observed changes in climate
conditions given the increases in temperature and extreme weather events
along the last half-century. Moreover TP1 was centred in the 1960 given the

observed changes in land use conditions that occurred around that time
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period with high habitat fragmentation levels and land use changes to more
anthropogenic habitats, as agriculture and urban areas (Hazeu et al., 2010;
Knol et al., 2004). These two periods correspond to years for which land use
data of high accuracy were available (see the land use data section below).
These two time periods were centred on the years for which the land use data
were available (1960, 2008), and encompassed a 10 years before and after for
the species distribution data in period 1 (1951-1970) and a 10 years and 7
after for period 2 (1998-2014). We used these two time periods to analyse

spatial changes in pollinator species distributions from the past to the present.
Species distribution data

Three important flower visitor taxa (in the following referred to as
‘pollinators’) were considered in our study: bees (Hymenoptera: Apoidea),
butterflies (Lepidoptera: Papilionoidea and Hesperioidea), and hoverflies
(Diptera: Syrphidae). The occurrence records for each species were obtained
for bees and hoverflies from the European Invertebrate Survey (EIS-
Nederland, www.eis-nederland.nl) and for butterflies from the Dutch National
Database of Flora and Fauna (NDFF, www.ndff.nl). The quality of species
identification and the location accuracy of occurrence records has been
assessed by the EIS and the NDFF (see www.ndff.nl/validatie). Since older
species occurrence records have usually a higher uncertainty in their
geographic location than newer records, we accounted for this uncertainty by
compiling all occurrence records at a relatively coarse resolution of 5 x 5 km
grid cells. We included only species that were present (1) in at least five 5 x 5
km grid cells, (2) in each of the two time periods, and (3) in the gap period
(1971-1997). The latter was done to represent all species that have been
present in the study area since the 1950s. This guarantees robust species-
environment responses in the modelling process (see below) and allowed
analysing the distribution patterns of a total of 207 bee species, 61 butterfly
species, and 202 species of hoverflies (Table S1).

Species distribution modelling

For constructing species distribution models (SDMs) we obtained various
climate and land use data that can have an impact on the survival and
distribution of pollinators. For climate, maximum, minimum and average

values of temperature and precipitation per grid cell were obtained from the
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project “ClimateEU: historical and projected climate data for Europe” (Wang et
al, 2012). Climatic data were extracted at the same resolution as the species
distribution data (5 x 5 km grid cells) and then used to calculate the 19
bioclimatic variables as described in Hijmans et al, (2005). After correlation
analyses of all bioclimatic variables we selected four precipitation-related
variables (all in mm) and five temperature related-variables (all in °C): annual
precipitation, precipitation of wettest month, precipitation of driest month,
precipitation of warmest quarter, mean diurnal temperature range,
temperature seasonality, mean temperature of wettest quarter, mean
temperature of driest quarter and mean temperature of warmest quarter.
These climate variables showed low to intermediate correlation coefficients

(Pearson’s correlation < |0.75]) among each other.

Land use data were obtained from the geo-information department of
Wageningen University (www.wageningenur.nl) for both time periods at an
original resolution of 25 x 25 m. Both land use maps for period 1 and 2 had a
high land use classification accuracy (~95% and 85% respectively) (Hazeu et
al, 2010; Knol et al., 2004). The land use maps were obtained for the years
1960 (representing period1) and 2008 (period 2), which both are the central
points in each time period for which the species data were aggregated. The
newer land use map had a higher thematic resolution than the older land use
map. Hence, both maps were reclassified to make land use types consistent
between time periods. Eight land use types were extracted: agriculture,
grassland, forest, moors/peat, sandy soils, swamps, urban and water. Based on
these reclassified land use maps for each 5 x 5 km grid cell and time period we
calculated a total of twelve land use metrics that have been shown to impact
the distribution and richness of pollinators (see Aguirre-Gutiérrez et al, In
press): % of each land use class (eight classes), number of land use classes,
total edge density (m/ha), average patch area of suitable habitat (ha) and the
edge density between managed and natural systems (m/ha). These metrics
characterized three major aspects of landscape and habitat structure
(Tscharntke et al.,, 2012): landscape composition (nine metrics), habitat

fragmentation (two metrics) and spillover potential (one metric) (see below).

For landscape composition, the calculated metrics reflected the
percentage of each land use type per grid cell (eight land use types) as well as

the total number of land use classes per grid cell (one metric). The total
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number of land use classes was included as a proxy of spatial heterogeneity,
which can influence the turnover of pollinator species assemblages
(Tscharntke et al, 2012). We represented habitat fragmentation with two
metrics: the average area of suitable habitat patches and total edge density
(total length of edges per hectare). For the former, we classified the land use
classes grassland, moors/peat, forest and sandy soils as suitable habitat, and
agriculture, urban, water and swamps as non-suitable habitat (Vogiatzakis et
al, 2015). For the latter, we calculated the density of edges between all land
use types in a grid cell. We used one additional metric to characterize species
spillover potential, i.e. the potential for movements of organisms across
managed and natural systems (Rand et al., 2006). For this, we considered the
land use types grassland and agriculture as (intensively-) managed, and the
land use types moors/peat, forest, swamps and sandy soils as (semi-)natural
systems. We then calculated the edge density between these two systems.
Urban and water were not taken into account in this calculation. All
calculations of land use metrics were carried out in R (Development Core

Team, http://cran.r-project.org) with the “SDMTools” package.

With the data on species occurrences, climate and land use we
constructed SDMs for each bee, butterfly and hoverfly species for both period
1 and 2 using MaxEnt (Phillips et al., 2006). MaxEnt is a machine learning
modelling technique with high model accuracy that has been extensively used
for modelling large sets of species in locations with contrasting environmental
conditions (Elith & Graham, 2009). We selected MaxEnt after comparing it
with other SDM algorithms (generalized boosting models, generalized linear
models, random forest, artificial neural networks) for modelling a range of
species with different sample sizes and different geographic distributions
within the same study area, as it was one of the best performing algorithms
with high model sensitivity and specificity (see Aguirre-Gutiérrez et al., 2013).
In MaxEnt, we allowed more complicated models (use of different features
types) depending on the number of records available as described in Phillips
& Dudik (2008) and Elith et al,, (2011). As species sampling collections are
often geographically biased, this can also create bias in the environmental
gradient selection. To account for this, we followed Phillips et al, (2009) and
Mateo et al, (2010) and only extracted background information for the SDMs

from those collection localities where species from the same pollinator group
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had been sampled. This procedure has been shown to greatly increase model
performance (“target group approach”) (Phillips et al.,, 2009; Mateo et al.,
2010)It aids to account for possible sampling and environmental selection
biases because the modelled data contains the same collection bias as the data
used for the background selection (Elith et al,, 2011). In order to account for
within algorithm model variation, we computed SDMs for each species using
ten repetitions with a bootstrap approach where 80% of the data was used for
training and 20% for model testing. Model performance per species was
summarized with the area under the curve (AUC) values of the receiver-
operating characteristic (Hanley & McNeil, 1982). AUC is a common measure
of SDM performance and values range from 0 to 1, with higher scores often
though to refer to higher model accuracy(but see Raes & ter Steege, 2007).
However, recently it has been shown that these values are constrained by the
fraction of the geographic area covered by each species, often with low AUC
values for species with big sample sizes and hence a decrease in AUC values as
the number of sampling records increases, which could influence the selection
of models based only on AUC values (Phillips et al., 2006; Raes & ter Steege,
2007). Given this and to avoid basing the model selection on AUC values alone
we obtained an ensemble model for each species by averaging the suitability
scores across ten model repetitions and used this ensemble model in
subsequent analysis. We applied the MaxEnt logistic output format (Phillips &
Dudik, 2008) to convert the ensemble suitability maps into binary maps
(presence-absence) using the threshold that maximises the sensitivity and
specificity of the model (Jiménez-Valverde & Lobo, 2007). These binary
distribution maps were then used to analyse the spatial changes in pollinator

distributions (see below).
Spatial changes in pollinator species distributions

We quantified three different aspects of spatial range changes based on
modelled species distributions between the two time periods: (1) areal range
changes (contractions and expansions), (2) latitudinal range shifts, and (3)

longitudinal range shifts.

Areal range changes were calculated between time periods as the
percentage gain or the percentage loss in geographic range size of each

species using the “biomod2” R package (http://cran.r-project.org). We used
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linear models with Gaussian error structure to test if areal range changes of
pollinator groups differed significantly from zero and between time periods.
Using the pollinator group (bees, butterflies and hoverflies) as explanatory
variable. To normalize residuals, we used the natural log of the ratio of areal
range change as response variable. We then used a post-hoc pairwise
comparison test (TukeyHSD) to assess whether the three pollinator groups

differed significantly in areal range changes between the two time periods.

To assess latitudinal and longitudinal range shifts (north-south, east-
west) for each species of the three pollinator groups, we used the centroids of
the predicted (binary) species distribution maps for period 1 and 2 and
calculated the difference in latitudinal and longitudinal location (in
kilometres). This was done using the directional distribution tool in ArcGIS
(v10.1 ESRI Redlands, CA). Values of zero reflect no change in the latitudinal
or longitudinal midpoint of a species geographic range between periods,
values above zero indicate range shifts towards northern or eastern locations,
and values below zero represent range shifts towards southern or western
locations. We applied Students t-tests for each pollinator group to quantify
whether differences in latitudinal or longitudinal midpoints differed

significantly between the two time periods.
Species traits and geographic distributions

To analyse if pollinator species traits can explain changes in species
distributions, we compiled information on traits related to the pollinators
susceptibility to climatic and land-use changes. The traits can therefore be
considered as response traits sensu Diaz et al. (2013). For each pollinator
group, a total of five functional traits were considered (Table 1). Traits related
to species responses to land use change were habitat specialization
(specialists or generalists) and food larval preference (bees: lectic status;
butterflies: larval host plant specialization and Ellenberg nitrogen value of
host plant; hoverflies: larval food type, animals or others). For traits related to
species responses to climate change we considered flying period (number of
weeks of flight) and voltinism (number of generations per year). We also
considered body size, a trait that influences dispersal ability and hence may
affect how species respond to both land use and climate changes. These traits

were selected to capture several key aspects of species’ life histories
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(dispersal, reproduction, habitat use and feeding habits). Traits were obtained
for bees from S. P. Roberts from the “ALARM” project (www.alarmproject.net),
for butterflies from Bink (1992), WallisDeVires (2014) and van Swaay et al,
(2006), and for hoverflies from the “Syrph the Net” database (Speight et al,
2000) and Reemer et al, (2009). For the Ellenberg nitrogen value of host
plants for butterflies we gathered information on the larval host plant use
published in the North European literature on butterflies (Geraedts, 1986;
Heath & Emmet, 1989; Eliasson et al., 2005). Based on this information and
the Ellenberg nitrogen indicator values, describing the soil fertility conditions
and nitrogen preferences of larval host plants (Ellenberg et al., 1991; Fujita et
al,, 2013), we calculated an average Ellenberg nitrogen indicator value of host
plants used by each butterfly species (Table 1).

Table 1. Functional traits of pollinators (bees, butterflies, hoverflies) and their

relation to global change drivers. The related global change driver refers to either
climate and/or land use which is expected to have a stronger relation with the given

trait that mediates the response of the species.

=Pollinator

group
All groups

All groups

All groups

All groups

All groups

Butterflies

Trait
Flight period

Trait category
Dispersal

Body size Dispersal

Voltinism

Reproduction

Habitat
specialisation

Habitat use

Larval food
preference

Feeding

Larval food
preference

Feeding

Type
Continuous

Continuous

Categorical

Categorical

Categorical

Continuous

Related
driver
Climate

Climate /
Land use

Climate

Land use

Land use

Land use

Units
Count

Millimetres

Univoltine or
multivoltine

Specialist or generalist

Non-polyphagous or
polyphagous for bees.
For butterflies the
values range from 1 to
4; animals vs. other for
hoverflies

Ellenberg nitrogen
value

Description
Number of flying weeks per year

The specific measure of body size varies per pollinator
group and we hereafter referred toit as ‘body size’.
Measured as the intertegular distance for bees, wing
size for butterflies, and body length for hoverflies.

Number of generations per year. The number of life
cycles that a species completes duringa year.
Univoltine species have one generation per year
whereas multivoltine specieshave two or more
generations per year.

For bees, specialist species have only one habitat type
and generalists more than one. The butterfly
classification was made by distinguishing between
anthropogenic (agricultural and urban) and (semi-
)natural habitats shown on the biotope classification of
European butterflies according to CORINE habitats.
Generalist butterflies are species predominantly
associated with anthropogenic habitats and specialists
with (semi-)natural habitats. For hoverflies, habitat
specialisation refers to the macro-habitats (CORINE
land use) where the adult hoverflies are found, as
specified in Speight et al. (2000).

For bees, their lectic preference is used, which is related
to pollen and nectar resources. Non-polyphagous bees
correspond to mono and oligolectic species. For
butterflies, smaller values represent species that feed
one or few plant species and species with higher value
feed on a varied range of plant species. For hoverflies,
larval food is categorised according to whether they
feed on living animals or other, which refers to plants
and/or organic matter.

Nitrogen value of host plants.

The values are based on information obtained for the
larval host plantuse and the Ellenberg nitrogen
indicator values, describing the soil fertility conditions
and nitrogen preferences oflarval host plants.

*1: S.P.M. Roberts. Compilation of trait data of European bees from published sources(see www.alarmprojectnet); 2: Bink (1992); 3: WallisDe Vires (2014); 4:
Speight et al., (2000); 5: Reemer et al, (2009); 6: Van Swaay et al, (2006); 7: Geraerdts (1986); 8: Heath and Emmet (1989); 9: Eliasson et al., (2005); 10:

Ellenberg et al., (1991); 11: Fujita et al., (2013).
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To analyse if and to what extent functional traits can explain the species
areal range changes and latitudinal and longitudinal shifts we applied
multivariate linear models with a Gaussian error structure. As range changes
and latitudinal and longitudinal shifts may depend on the initial range size
(number of occupied 5 x 5 km cells) of a species (i.e. in period 1), we included
this as a control explanatory variable in all models. We further tested for all
two-way interactions between predictor variables because combinations of
functional traits may be involved in species responses to climate and land use
modifications. To normalize residuals, we used the natural log of the ratio of
areal range change, and the latitudinal as well as the longitudinal centroid
shifts as response variables. All continuous explanatory variables were
standardized and centred before analysis. We selected the most parsimonious
model based on the Bayesian Information Criteria (smallest BIC) using the R
package “MuMIn” (Barton, 2014). For comparison, we also kept all candidate
models with BIC A< 2.Where relevant, we also show the results of the second
best model (see results section). Model selection based on the BIC criteria was
chosen because the number of degrees of freedom was very high and, in
comparison to AIC, this method penalizes more complex models by excluding
terms that only explain very reduced amounts of data variability (Johnson &
Omland, 2004; Aho et al.,, 2014).

Results

SDM performance

The implemented SDMs mostly showed fair to good AUC values. Overall, AUC
values in period 1 (1951-1970, see Table S1) ranged from 0.62 to 0.98
(average of 0.82+0.08 SD) across all species. AUC values for period 2 (1998-
2014) had a similar average of 0.80 (+0.11 SD), but a slightly wider range from
0.5 (three widely distributed butterfly species) to 0.99. AUC values are
generally dependent on the number of records and hence the lowest values
were commonly obtained for species with large sample sizes. AUC values also
increased with a decreasing number of records decreased (Pearson’s
coefficient -0.73 for period 1 and -0.82 for period 2). Thus, lower AUC values
did not point towards less well performing models, which were also
supported by visual inspection of the species distribution maps and the

species record locations.
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Spatial changes in pollinator species distributions

Initial range sizes of all species covered <25% of the study area. Most species
expanded their distributional range from period 1 (1951-1970) to period 2
(1998-2014) (Fig. 1a). For bees, about 83% of the species showed range
expansions, 16% range contractions, and 1% no change. For butterflies, 77%
of the species expanded their ranges and 23% showed range contractions. For
hoverflies, 87.5% of the species showed range expansions and 12.5% range
contractions. Overall, range size changes of hoverflies were significantly more
accentuated than those of the two other pollinator groups (Fig. 1a; statistical
details in Table S2).

Beyond areal range changes, the three pollinator groups also showed
substantial latitudinal and longitudinal range shifts (Fig. 1b and Fig. 1c). From
period 1 to period 2, all three pollinator groups shifted significantly
northwards (Fig. 1b, Table S3), with an average of 22 + 34 km for bees (mean
+SD), 17.5 £ 25 km for butterflies, and 19 * 34 km for hoverflies. Longitudinal
range shifts were less pronounced than latitudinal ones (Fig. 1c). However,
bees shifted significantly westwards (on average 14 + 30 km; Table S3) and
butterflies significantly eastwards (on average 11 + 21 km). Hoverflies

showed, on average, no statistically significant longitudinal shifts (Table S3).
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Figure 1. Spatial changes in species distributions of pollinators (bees,
butterflies, hoverflies) between period 1 (1951-1970) and period 2 (1998-

2014). Three aspects of species distributional changes are captured. (a) Areal range
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changes (% change in geographic range size between period 1 and 2); (b) latitudinal
range shifts (latitudinal change of the range centroid between periods, with positive
values representing northward shifts and negative values southwards shifts, in km);
(c) longitudinal range shifts (longitudinal change of the range centroid between
periods, with positive values representing eastward shifts and negative values
westward shifts, in km). For all spatial range changes, the mean * 95% confidence
interval across all species within a pollinator group is presented. Statistical tests of

differences among pollinator groups and time periods are given in Table S2-S3.
Species traits and geographic distributions

Areal range changes were mostly explained by traits related to habitat
specialisation, larval feeding habits, body size and flight period (Fig. 2, Table 2
and Table S4). Habitat specialization influenced species distributional changes
of all three pollinator groups (Figs. 2a-c). However, the direction of the effect
differed among groups. While for butterflies, more specialised species showed
range contractions whereas generalists showed range expansions (Fig. 2b),
bees with greater habitat specialisation expanded more than generalists (Fig.
2a). For hoverflies, areal range changes depended on species’ initial range
sizes: specialists expanded slightly more than generalists but only if species
had small initial range sizes (Fig. 2c; Fig. S2; Table 2 and Table S4). For species
with large initial ranges no differences were found between generalists and
specialists. Larval feeding habits only affected the patterns of change for
hoverflies. For this group, species with larvae feeding on animals presented
greater areal range expansions than species feeding on other resources such
as plants and organic matter (Fig. 2d). This effect was however constrained by
the length of their flight period; species with longer flight periods generally
showed more accentuated range expansions than species with shorter flight
seasons. Body size also played an important role for hoverfly’s areal range
changes with large-bodied species showing on average more areal range

expansions than small-bodied species (Fig. 2¢).

Table 2. (next page) Best models obtained during the analyses of areal range
changes, latitudinal and longitudinal shifts and their relation to the species
functional traits of pollinators (bees, butterflies, hoverflies). For a detail version
of the table see Table S4.
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- Pollinator Explanatory variables Adj. R?

group Best models selected BIC A BIC
Areal range - - - 0.23
change Bees 1 H IR : 273.1
2 - IR - - - 0.21 2742 1.1
Butterflies 1 H - - - - 0.38 130.3
Hoverflies 1 FxLFP IRxH S - = 0.37 305.1
2 F x LFP IR S H = 0.34 305.3 0.2
Latitudinal shift Bees 1 IR - - - - 0.05 -404.2
2 IR S - - - 0.07 -403.7 0.5
Butterflies 1 FxND HxND HxIR - - 0.40 -170.6
2 HxND HxIR - - - 0.32 -168.8 1.7
Hoverflies 1 V x LFP IR - - - 0.21 -452.6
Longitudinal _ _ _ _ _ _
shifts Bees 1 -143.4
2 F - - - - 0.02 -142.5 1
3 v - - - - 0.02 -142.1 1.3
Butterflies 1 FxV F xH FxIR VxIR - 0.45 -119.3
H x
> FxV F xH FxIR VxIR IR 0.47 -118.8 05
3 FxV - - - - 0.26 -117.7 1.6
4 FxV F xH F x IR - - 0.39 -117.4 1.9
Hoverflies 1 LFP IR - - - 0.08 -240

F: Flying period; LFP: Larval food preference; H: Habitat; ND: Larval food preference related to Ellenberg nitrogen value of diet; S: Body size;
V: Voltinism; IR: Initial range.

Latitudinal shifts also depended on species functional traits. However,
the role of the traits greatly varied between groups (Fig. 3; Table 2). For bees,
body size was the only trait that influenced latitudinal range shifts (Fig. 3a;
Table 2, see 2nd best model). Small-bodied bee species presented shifts
towards higher latitudes that were slightly more pronounced than those
detected for large-bodied species (Fig. 3a). For butterflies and hoverflies,
larval food preferences often influenced their latitudinal shifts, although its
effect depended on other traits (Table 2). For butterfly species that had
generalists habitat preferences, species whose larvae feed on nitrophilous
plants (plants adapted to high nitrogen conditions) had stronger shifts
towards northern locations than species feeding on non-nitrophilous plants .
However, if species were specialized in a given habitat, the trend was reverse,
species feeding on non-nitrophilous plants having more accentuated
northward shifts (Fig. 3b). The effect of larval feeding habits also interacted
with flight period: for butterfly species feeding on non-nitrophilous plants,
species with shorter flight periods had more accentuated shifts towards
southern locations (Fig. 3b). For species feeding on nitrophilous plants the
length of the flight period had little effect. For hoverflies, the influence of

larval food preferences depended on voltinism (Fig. 3c): univoltine species
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with larval feeding on plants and other organic matter presented stronger
shifts towards northern locations than hoverfly species feeding on animals.
This pattern was not evident multivoltine hoverflies (Fig. 3c). Initial range size
also influenced butterfly patterns of change, with habitat specialists with large
range sizes shifting more towards northern locations than species with small

range sizes (Table S4).

Species traits and areal range changes
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Figure 2. Relation between species traits and areal range changes of pollinators
(bees, butterflies, hoverflies). (a) Bee habitat specialists have on average larger
areal range expansions than generalists. (b) Butterflies show an opposite trend, with
habitat generalists presenting range expansions and habitat specialists range
contractions. ¢) Hoverfly habitat specialists presented a mild stronger areal range
expansion than generalists, however, this difference with generalists is not as strong
as for bees and butterflies (mean * 1SD shown only for species with small initial
ranges, first quartile of the data, for comparison purposes with bees and butterflies;
See Table S2 for the full data plot). (d, e) Hoverfly’s areal range changes depend on
larval food, length of flight period, and adult body size. Areal range changes of
hoverflies with larval feeding on animals are more strongly dependent on length of
flight period than species with larval feeding on other resources (d). Large-bodied
hoverfly species increase their range size more strongly than small-bodied species (e).
For all plots the average prediction + 95% confidence intervals are shown. For
statistical details see Table S4.
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Longitudinal range shifts were also influenced by several traits: the
length of the flight period, voltinism, habitat specialisation and larval feeding
habits (Table 2 and Table S4). Bees with longer flight periods and with
multiple generations per year presented on average stronger shifts towards
western locations than univoltine species with shorter flight periods (Fig. 4a).
For butterflies the opposite trend was found, , i.e. species with long flight
periods had stronger shifts towards eastern locations than species with short
flight periods (Fig. 4b). The effect of flight period length was also constrained
by habitat specialisation (Fig. 4c) and initial range size of butterfly species
(Table 2). Butterfly habitat generalists with short flight periods as well as
habitat specialists with long flight periods showing stronger shifts towards
eastern locations (Fig. 4c). Butterfly species with longer flight period and large
initial range sizes expanded more towards the east than other butterfly
species (Table S4). Moreover, univoltine butterfly species with larger initial
ranges presented stronger shifts towards the east than multivoltine species
(Table S4). For hoverflies, larval feeding preferences were the most important
trait to explain longitudinal range shifts (Fig. 4d; Table 2). Hoverfly species
with larval feeding on animals tended to shift towards the west whereas
species feeding on other sources (plants/organic material) tended to shift
towards the east (Fig. 4d). Initial range size also played a role, with large-
ranging hoverflies showing stronger shifts towards eastern locations (Table
S3 and Table S4).

Fig. 4. (next page) Relation between species traits and longitudinal range shifts of
pollinators (bees, butterflies, hoverflies). (a) Multivoltine bee species with longer
flight periods show stronger shifts towards western locations than univoltine species.
(b) Butterflies responded in the opposite direction than bees, with multivoltine
species that have longer flight periods shifting towards more eastern locations, and
univoltine species with longer flight periods shifting towards more western locations.
(c) Butterfly habitat specialists increased their shifts towards eastern locations as
their flight period increased and habitat generalists showed no shifts or shifts towards
the west with increases in flight period. (d) Finally, hoverfly species with larva feeding
on plants and other organic material shifted towards eastern locations whereas
species with larval feeding on animals shifted towards more western locations. For
statistical details see Table S4.
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Species traits and longitudinal shifts
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Discussion

Recent studies have suggested that pollinator diversity recovered during recent
decades in NW-Europe (Carvalheiro et al., 2013). Subsequent studies have
evaluated the role of specific climatic and land use drivers on pollinator species
long term patterns of change (e.g. Aguirre-Gutierrez et al. in press; Aguirre-
Gutierrez et al. in prep. ). However, the role that the species traits play in the
responses of biodiversity to climatic and land use changes is still far from being
clearly understood (Parmesan et al., 2013). In this study we use detailed
information on species occurrence, climate and land use and show that functional
traits can help predict the extent as well as the direction of pollinator species
range changes driven by environmental changes. We show that following our
expectations species with initial narrow distributions (IR) increased their ranges
during this last half century. This has been probably as a result of the increase in

biodiversity conservation policies adopted in the Netherlands, and in general in
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NW-Europe, during the last decades. Moreover, we show that both, habitat use
and feeding habits related traits can explain the observed patterns in areal range
changes and geographic shifts of the three pollinator groups but that their
responses can be contrasting (e.g. between bees and butterflies). The impacts of
body size, flight period and voltinism varied per pollinator group and often
interacted with other traits. Below we discuss the details and the ecological

implications of our findings.
Species traits and areal range changes

Our findings show pronounced pollinator range expansions (50-70% for
bees and butterflies, and of more than 100% for many hoverflies) over the whole
time period here analysed (>60 years). Other studies as in Carvalheiro et al,
(2013) have shown a pattern of decreases in species losses or even increases in
pollinator diversity for the study area. Our study allows us to go further than only
detecting patterns of change of species distributions but also evaluate in detail
which species in each pollinator group are responsible for the observed change

distribution patterns.

Areal range changes of bees were on average more accentuated for
species with greater habitat specialisation (Fig. 2a), for hoverflies this depended
on the initial range size (Fig. S1) and for butterflies this occurred for generalist
species. More specialized species tend to have a smaller range, and are hence
more likely to increase their ranges than the most widely distributed species
(generalists) (Table 2 and Table S4; Fig. S2). However, the effect of specialization
was significant over and above the effect of size of initial range, indicating that
when comparing species with similar initial ranges, specialised species expanded
more than generalist species. This suggests that habitat resources for specialist
species have become more widely available along the last half century, while
habitat resources for generalist species have been kept relatively constant.
Indeed, in the Netherlands forest cover has increased generating a varied source
of nesting and feeding habitats along the forest structure gradient (shrub-trees),
which has positive impacts on the bee composition favouring specialist species
(Grundel et al., 2010). This has been also shown to have positive impacts on
hoverflies, especially on saproxylic species (Reemer etl al. 2005). The fact that for
butterflies more generalist species have increased more their ranges points to

also increases in the anthropogenic habitats, e.g. urban areas, which have come
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more readily available in the study area.

Our results show average areal range expansions for hoverflies, a pattern
also that started to be observed already by past studies (Reemer et al, 2003).
Hoverflies areal changes were particularly influenced by traits that are related
with dispersal ability, such as length of flight period and body size. The positive
effect of flight period length and body size was expected given that these species
can reach distant suitable habitats more easily, and given their longer flight
periods, may be more adapted to a wider range of climatic conditions (Sullivan et
al, 2000; Chown & Gaston, 2010). Indeed, species with shorter flight period have a
higher risk of suffering declines (Sullivan et al., 2000). However, the positive effect
of length of flight period was mostly detected for species whose larvae feed on
animals in comparison to species with larva feeding on plants or organic matter
(Fig. 2d). These increases may be partially explained by the continuous in the
availability of crop fields along the latitudinal gradient of the Netherlands from
which aphid eaters may specially benefit. Other (semi-) natural (e.g. floral) feeding
resources have become more fragmented in the landscape mainly driven by the
increases in intensive agriculture and urban areas (Jongman, 2002), which could

also explain the marginal effects on other hoverflies species.
Species traits and latitudinal shifts

Given the ongoing increases in temperature (Klein Tank, 2004; [PCC, 2014),
latitudinal shifts are expected for several biodiversity groups (Chen et al, 2011).
The three pollinator groups presented average northward range shifts of 17.5-22
km since the 1950s. These results suggests that climatic drivers, especially those
related to changes in temperature, may be highly important for setting current
species limits in their latitudinal range (Lenoir & Svenning, 2015). Moreover, it
has been suggested that climatic drivers may become more important in the
future for limiting species distributions (Diez et al, 2012). Given that most strong
land use changes have already occurred in the study are in past decade (Harms et
al, 1987; European Environmental Agency, 2011), the effects of changes in

climatic conditions seem to pose one of the main threats for pollinators.

Latitudinal shifts in bees were explained by their body size, meanwhile for
butterflies and hoverflies were explained by larval food preferences, the flight
period and habitat specialisation (for butterflies) and voltinism (hoverflies) (see

Fig. 3). The species body size is a proxy for dispersal ability (Chown & Gaston,
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2010), and so it expectable that larger species with higher mobility are able to
respond faster to increases in temperature. Our findings, however, show the
opposite with larger species (e.g. bumblebee species) having on average weaker
shifts in contrast to smaller species, which tended to move more towards
northern locations. This result might be explained by the fact that larger species
tend to have higher energy efficiency and higher tolerance against starvation
(Hoiss et al., 2012) , although this remains controversial (see Chown & Gaston,
2010) . Moreover, bigger species tend to have longer foraging distances, thus
these may not be as affected by changes in local landscape conditions given their
capacity to maintain a longer distance between their feeding and nesting
resources in comparison to smaller species (Greenleaf et al, 2007) . The lack of
an effect of body size on butterflies and hoverflies (but see range changes for
hoverflies) may be due to the distance to their feeding and nesting resources, as
these are not as restrictive as for bees, which are central place foragers that need

both the feeding and nesting resources at short distances.

The importance of larval food preferences related to the nitrophily of host
plants of butterflies partly explained their latitudinal, however this effect was
dependent on the length of their flight period and their habitat specialisation.
Previous studies show that nitrogen deposition is a major driver of biodiversity
change (Xiankai et al., 2008) and that for butterflies it can disrupt the distribution
of species adapted to nutrient poor environments by affecting their rates of
development and their reproductive potential (Throop & Lerdau, 2004;
Wallisdevries & Van Swaay, 2006; Turlure et al., 2013). The increases in nitrogen
deposition and also the increase of nitrophilous plants in the study area (Tamis et
al., 2005). Similarly to what was suggested by previous studies (e.g. Ockinger et
al, 2006; Wallisdevries & Van Swaay, 2006; Weiss, 1999) we observed that
butterfly’s latitudinal shifts were mostly related to the affinity of their host plants
to habitats rich in nitrogen and that for these species the length of their flight
period had a weak effect on latitudinal shifts. Moreover, habitat generalists
moved north but mostly species that are associated with highly nitrophilous
plants. The shifts presented by these butterfly species are thus likely due to the
expansions of their host plants in the Netherlands and surrounding areas and as
shown by the habitat generalists, these shifts may be closely related to the
expansion of anthropogenic habitats (Tamis et al, 2005; Van Landuyt et al.,

2008). Investigating the spatial distribution of the butterfly host plants and

180



including nitrogen deposition information would render further insight as to
what extent nitrogen deposition per se is driving the distribution of butterfly

communities.

As with butterflies, hoverfly latitudinal shifts were explained by the larval
food preferences, however these depended on the number of generations of the
species along the year. The fact that larva feeding on other resources, as plant and
organic material, mostly shifted northwards implies that their feeding resources
have become more widely available in those locations. As shown by Reemer et al,
(2005), this may be the case for a great part of the species (e.g. saproxylic
hoverflies) in the Netherlands. Moreover, it has been shown that temperature has
a direct effect on the species development (Kiritani, 2006), favouring the
multivoltine species to increase their number of generations (Tobin et al.,, 2008),
thus explaining the observed difference in our study between univoltine and

multivoltine species.
Species traits and longitudinal shifts

Range shifts along longitude have been less investigated than latitudinal range
shifts (Lenoir & Svenning, 2015). However, our study shows that despite
latitudinal shifts being more accentuated than longitudinal shifts (Fig. 1b and Fig.
1c), the latter were still substantial. Longitudinal shifts were mostly explained by
the length of the flight period and their voltinism for both bees and butterflies,
but interestingly with opposite trends. Multivoltine bees with longer flight
periods tended to shift towards western locations meanwhile butterflies tended
to shift towards the east. It has been suggested that species with short flight
periods in the year may be more vulnerable to climatic and land-use changes than
species with longer flight periods (Nilsson et al., 2008). Longer flight periods may
enhance the species winter survival by rendering access to more feeding
resources in longer periods across the year and accelerating developmental rate
(Kiritani, 2006; Robinet & Roques, 2010). Moreover, it has been shown that
multivoltine species with longer flight periods, which may start earlier during the
year, profit from increases in temperature given the acceleration in
developmental rates by producing more generations during the year (Robinet &
Roques, 2010). Thus the effect of voltinism and the length of the flight period may
be in principle related to both, changes in climatic conditions, e.g. changes in

continentally in the Netherlands, and also to land-use modifications. Specially, the
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western areas have become of primary importance for bees, which are central
place foragers, requiring heterogeneous landscapes with feeding resources but
also with suitable nesting locations within relatively short distances (Gathmann &
Tscharntke, 2002; Murray et al., 2009). These conditions seem to have become
more readily available in the west of the country given the high levels of
agricultural landscapes and also the increases in landscape fragmentation (e.g.
given increases in urban areas) in comparison to the eastern locations (see Table
S5 for a general view of these changes). The shifts of butterflies towards eastern
locations may indicate changes in distributions of their host plants (Krauss et al.,
2004; Dennis et al, 2004) given the increases in species adapted to nutrient rich
and decreases of those adapted to nutrient poor conditions in and around the
study area (Tamis et al, 2005; Van Landuyt et al., 2008). Moreover, this may also
be the result of changes in land use in the study area, as more (semi-)natural
environments preferred by butterflies have become less accessible in the west
part of the country, where a greater part of the intensive arable agricultural area
is located (Diogo et al, 2013). This may also explain the fact that most specialists
butterflies, which are associated to (semi-)natural habitats have shifted towards

eastern locations.

Hoverflies did not present overall shifts in their longitudinal distribution as
a group; however, this is the result of almost half of the species presenting shifts
towards the west (98 species) and the others towards the opposite direction (104
species). The distribution and amount of agriculture in the landscape may also
explain the shifts presented by hoverflies (e.g. Jauker et al., 2009), as animal
feeding larva shifted towards the west, where, as mentioned before, more
agriculture landscapes, and thus feeding resources, especially for aphid feeders,
have become largely available. Hence the small longitudinal shifts observed for
hoverflies as a whole may be explained by this dichotomy in shifts of animal

feeders (west) against plant/organic material feeders (east).
Concluding remarks and future prospects

Biodiversity conservation programmes often assume that responses of one or few
species groups (e.g. of insects) would represent how general biodiversity
responds to drivers of biodiversity change, e.g. climate and land use (Caro &
O'Doherty, 1999; Ozaki et al.,, 2006). However, this may not be always the case as

much of the responses to such drivers may be constrained by the species, or group
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specific, functional traits (Diaz et al., 2013). Understanding how species’ ecological
and life history traits are associated with distributional responses to climate and
land-use change can help to improve conservation actions by accounting for the
functional capacity of the species to respond to these changes. In our study we
show that information on species traits can help predict the areal range changes
and latitudinal and longitudinal shifts related to climatic and land use changes.
Moreover, we show that traits involved in the different spatial distribution
changes may vary between pollinator groups and that in some cases they can
respond in opposite direction (e.g. see traits involved in longitudinal shifts for
bees and butterflies). The relation between the spatial changes detected for
butterflies and the nitrophily of their host plants are of primary concern given the
documented increases of nitrogen deposition in the Netherlands and western
Europe in general during the last decades and its impact on biodiversity (Xiankai
etal, 2008; Feest et al., 2014). Importantly the fact that all groups showed shifts
towards northern latitudes greatly underlines the role that climatic changes may
have setting species range limits, raising concerns about further impacts of
changes in climatic conditions on the distribution of biodiversity. Given the
observed species geographic shifts and their areal range changes within the study
area it is essential to investigate how these may impact the protection status of the
species and also if, how and to what extent the ecosystem functions (i.e.
pollination of wild plants) and services (i.e. pollination of crops) they provide have
been disrupted in the past or are likely to be disrupted in the future. Our results
raise concerns about the efficacy of general conservation actions that do not
account for these differential responses across (pollinator) groups and highlight

the restricted value of one-fits-all type of conservation measure.
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Table S3. Results of the comparison of shifts in the midpoints of species
distributions per pollinator group for the whole study period, TP1-TP2 (TP 1 =
1951-1970; TP 2 = 1998-2014). A Student t-test was used to investigate if the
overall changes in the centroids of the species geographic ranges differed significantly
from zero (no change) within each pollinator group.

Group Latitude P-value Longitude P-value
t t
Bees 4.99 <0.001 -4.99 <0.001
Butterflies 2.01 0.04 2.21 0.03
Hoverflies 4.46 <0.001 0.79 0.43

Table S4. (next page)Detailed results of best model to explain the relation
between species functional traits of three pollinator groups (bees, butterflies,
hoverflies) and areal range changes, latitudinal and longitudinal shifts,
respectively. The starting model contained areal range change, latitudinal or
longitudinal shift values as response variable and all two way interactions between
functional traits as predictors (including also the starting range size). After model
selection, only models with BIC A <2 were kept. The level of the factorial variable to
which the coefficient refers to is shown between brackets. Coefficients and standard
errors are provided for each model.
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Areal range change MI1+SE M2+SE M3+SE M4+SE

Bees Intercept 0.49+0.04 0.56+0.03
H (specialists) 0.19+0.07
R -0.27+0.03  -0.25+0.03
Adj. R’ 0.23 0.2
Butterflies  Intercept 0.88+0.12
H (specialists) -1.06+0.17
Adj. R’ 0.38
Hoverflies Intercept 0.72+0.06 0.7140.05
S 0.15+0.03 0.17+0.03
F 0.3140.06 0.32+0.06
LFP (other) 0.21£0.07 0.23+0.07
R -0.30+0.04  -0.33+0.04
H (specialists) -0.48+0.16 -0.12£11
F x LFP (other) -0.22+0.07  -0.25+0.07
H (specialists) x IR -0.58+0.19
Adj. R’ 0.37 0.34
Latitudinal shifts
Bees Intercept 0.05+0.005  0.05+0.005
R -0.01£0.005 -0.01+0.005
S -0.01£0.005
Adj. R’ 0.04 0.06
Butter Intercept 0.02+0.01 0.03+0.01
F 0.03+0.01
ND 0.06+0.01 0.04+0.01
H (specialists) 0.02+£0.02  -0.01+0.02
IR -0.003+£0.01 -0.004+0.01
F xND -0.03+0.01
H (specialists) x ND -0.10+0.02  -0.05+0.02
H (specialists) x IR 0.03+0.01 0.04+0.01
Adj. R 0.40 0.32
Hoverflies Intercept 0.04+0.009
LFP (other) 0'0001i0'?
V (univoltine) -0.003+0.01
R -0.02+0.005
LFP (other) x V (univoltine) 0.05+0.02
Adj. R’ 0.21
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Longitudinal shifts

Bees Intercept -0.07£0.01  -0.07+0.01 -0.13+0.03
F -0.02+0.01
V (univoltine) 0.06+0.03
Adj. R’ 0 0.02 0.01
Butter Intercept 0.04+0.02  0.04+0.02  0.03£0.02  0.03+0.02
F 0.04+0.02  0.04+0.02  0.09£0.02  0.04+0.02
V (univoltine) 0.0240.02  0.010.02 0'002*0'(2’ 0.030.02
H (specialists) 0.03+0.03  0.02+0.02 0.010.03
IR -0.01£0.02  -0.010.02 0.02+0.01
F x V (univoltine) -0.1£0.03  -0.10£0.02 -0.09+0.03 -0.09+0.03
F x H (specialists) 0.14+£0.03  0.14+0.03 0.120.03
F x IR 0.05+0.01  0.05+0.02 0.04+0.01
V (univoltine) x IR 0.06+0.02 0.09+0.03
H (specialists) x IR -0.05 +£0.03
Adj. R’ 0.45 0.47 0.26 0.40
Hoverflies Intercept -0.01+0.01
LFP (other) 0.06:0.02
IR 0.03+0.008
Adj. R 0.08

F: Flying period; LFP: Larval food preference; H: Habitat; ND: Larval food preference related to Ellenberg nitrogen
value of diet; S: Size; V: Voltinism, IR: Initial range.

MI1-M4: Coefficients of the best models obtained; SE: standard error.

Table S5. The environmental variables included in the analyses and their
changes across time across the Netherlands. Comparisons were carried with a
Student t-tests for changes between time period TP1 and TP2.

Standard
Environmental variable Average value deviation TP1vs TP2 P-value
TP1 TP2 TP1 TP2 t

Mean diurnal range 7.05 7.25 0.67 0.75 8.02 <0.001
Temperature seasonality 5.79 5.66 0.13  0.14 -27.66 <0.001
Mean temp. of wettest quarter 15.45 15.85 0.68  2.06 7.54 <0.001
Mean temp. of driest quarter 5.79 9.6 1.78 197 58.76 <0.001
Mean temp. of warmest quarter 15.92 17.16 036 045 88.32 <0.001
Annual precipitation 803.9 828.2 25.14 21.82 29.84 <0.001
Precipitation of wettest month 102.28 91.18 596 4.86 -59.09 <0.001
Precipitation of driest month 44.84 41.13 291 345 -33.65 <0.001
Precipitation of warmest quarter 2534 238.78 11.7 1148 -36.46 <0.001
Average patch area of suitable habitat 104.97 16.61 354.79 1133 -9.43 <0.001
Total edge density 0.019  0.023 0.008 0.011 11.73 <0.001
Edge density managed-natural systems 0.007 0.011 0.004  0.005 18.37 <0.001
Number of land use classes 6.28 7.72 .21 075 40.36 <0.001
Grassland 42.23 40 2626 2035 -2.67 <0.01
Agriculture 31.41 27.46  25.01 2231 -4.68 <0.001
Moors/peat 2.04 1.34 6.32  4.68 -3.53 <0.001
Forest 8.53 11.14 13.92 14.23 5.2 <0.001
Urban 6.94 10.9 7.69 10.13 12.39 <0.001
Water 6.97 6.42 1546 10.7 -1.16 0.25
Swamps 0.2 1.43 0.7 5.8 8.37 <0.001
Sandy soils 1.68 1.31 9.1 723 -1.26 0.21
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Fig. S1. Effect of habitat specialisation on hoverflies depended on the initial

range size of the species. Range expansions were on average more accentuated for
species with greater habitat specialisation and smaller initial ranges.

Hoverflies
o
8 4
[sp)
o
3 4
[aV)
(=]
8
§ &
(0]
2 3
& ~
® o
= O
E ~—
o |
[Te)
o 4
T T
Generalist Specialist
Habitat use

Figure S2. Summary of the initial range size for hoverfly habitat generalists and
specialists.
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Abstract

Pollinators play an important role in ecosystem functioning, affecting also
crop production. Their decline may hence lead to serious ecological and
economic impacts, making it essential to understand the processes that drive
pollinator shifts in space and time. Land-use changes are thought to be one of
the most important drivers of pollinators’ loss, and there is increasing
investment on pollinator-friendly landscape management. However, it is still
unclear if landscape history of a given region influences on how pollinator
communities respond to further landscape modification. Using geographically
explicit historical landscape and pollinator data from the Netherlands, we
evaluated how species richness changes of three important pollinator groups
(bees, hoverflies and butterflies) are affected by landscape changes related to
habitat composition, fragmentation and species spillover potential, and if such
effects depend on the historical characteristics of the landscape. Our results
show that the effect of landscape changes varied between different pollinator
groups. While bumblebee richness benefited from increases in edges between
managed and natural systems, other bees benefited from increases in
landscape heterogeneity and hoverfly richness was fairly resistant to land-use
changes. We found that for the majority of the pollinators past landscape
characteristics conditioned the more recent pollinator richness changes.
Landscapes, which had historically more suitable habitat, were more
susceptible to display hoverfly declines (caused by drivers not considered in
this study). Landscapes, which had historically greater spillover potential,
were more likely to suffer butterfly richness declines and the bumblebee
assemblages were more susceptible to the effects of fragmentation. The
diversity of responses of the pollinator groups suggest that multispecies
approaches that take group-specific responses to land-use change into
account are highly valuable. These findings emphasize the limited value of a
one-size-fits-all biodiversity conservation measure and highlight the
importance of considering landscape history when planning biodiversity

conservation actions.
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Introduction

There is increasing concern about the status and trends of pollinators across
the globe (Potts et al, 2010, Winfree, 2013). Pollinators play an important
role for the functioning of ecosystems and are essential for crop production
(Vanbergen & The Insect Pollinators Initiative, 2013, Garibaldi et al, 2013).
However, they have suffered accentuated declines over the past century
(Biesmeijer et al.,, 2006, Carvalheiro et al,, 2013), only showing some subtle
signs of recovery in some regions in recent years (Carvalheiro et al, 2013).
Understanding the processes that have led to shifts in pollinator diversity is
essential to develop better conservation measures that stop declines and

restore pollinator communities.

While there is a great diversity of potential drivers of pollinator loss
(Potts et al,, 2010), global land-use intensification and landscape
fragmentation are among the prime suspects (Winfree et al, 2009). Because
historical data are lacking for most regions and taxa, most studies that aim to
evaluate the impacts of landscape changes compare current landscapes that
vary in landscape features (e.g. Brosi et al,, 2008; Uehara-Prado & Freitas,
2009). Most of these studies assess shifts at small spatial scales and focus on a
limited type of landscapes (Benedick et al, 2006; Taki et al, 2010). Studies
using a space-for-time substitution approach assume that comparing recent
landscapes that differ in fragmentation and composition represents the
processes that have taken place in a specific location across time. However,
this is unlikely to be generally true, as the original state of the landscape could
be guiding the responses of the remaining biodiversity (Kuussaari et al,
2009). For example, locations that have been subjected to rapid historical
landscape changes may have species communities more susceptible to
extinctions presenting also an extinction debt (delayed loss of biodiversity
after habitat loss and/or fragmentation events) (Tilman et al, 1994), than
locations that have experienced changes at slower peace through time.
Therefore, the loss of a given fraction of natural habitat may have a stronger
impact on locations that were already deprived of natural habitat. Moreover,
(re)colonization patterns that determine in situ biodiversity may also depend
on the original state of the landscape and such effects might then not be

apparent in short-term studies. Evaluating if and to what extent landscape
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history conditions species responses to changes in the landscape
characteristics is, therefore, crucial for the improvement of biodiversity

conservation actions.

Given that different pollinator groups (e.g. bees, hoverflies, butterflies)
differ in their needs for habitat and feeding resources and also in their life
history and dispersal capabilities (Friind et al, 2010), it is expected that the
responses of pollinators to fragmentation and habitat loss will vary between
groups. However, landscape management practices that aim to slow
biodiversity loss are usually based on the responses of single species groups
(Fleishman et al, 2000), suggesting a one-size-fits-all type of biodiversity
conservation measure, an approach that has been challenged by recent

biodiversity conservation studies (Maes & Dyck, 2005; Gerlach et al, 2013).

Different hypotheses concerning the effect of landscape modification on
pollinators have been proposed (Tscharntke et al, 2012). However, these are
based on evidence from space for time substitution studies (e.g. Hendrickx et
al, 2007). In this study, using historical and current landscape and pollinator
information, and thus not relying on the space for time substitution, we
analyse the impacts that changes in habitat composition and fragmentation
during the last 100 years in the Netherlands have had on the species richness
changes of the different pollinator groups. We further analyse if these impacts
are similar across pollinator groups and if landscape history (i.e. landscape
conditions before changes occurred) conditions the species responses to

these impacts.

Landscapes with higher amount of suitable habitat and higher
diversity of habitats are likely to present higher diversity of food resources
and contain a more diverse pollinator assemblage (e.g. B-diversity hypothesis;
see Tscharntke et al. 2012). Therefore, it is expected that increases in habitat
heterogeneity and in the amount of suitable habitat are positively related to
changes in pollinator species richness (hypothesis 1). Moreover, while
landscape fragmentation is generally perceived as having negative effects on
biodiversity (Potts et al, 2010) (hypothesis 2), the increase in length of edges,
specially between (semi) natural and managed systems may increase the
interactions between organisms, and thus, increase the functional

connectivity, thus helping to maintain high local biodiversity (Bianchi et al,
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2006; Kuefler et al, 2010). It is hence expected that the increase in edges
between managed and natural land-use classes, a proxy for potential species
spillover effects (Blitzer et al, 2012), favours the local species richness
(hypothesis 3). Additionally high spatial heterogeneity of communities (at
local and landscape scale) may reduce the negative local effects of
fragmentation or loss of suitable habitat (e.g. landscape insurance hypotheses,
see (Tscharntke et al, 2012), being important to consider interactive effects

between different landscape parameters.
Methods

Species data

This study uses data from a previous study of Carvalheiro et al. (2013) which
has applied a combination of interpolation and extrapolation techniques to
species accumulation curves to deal with the unstandardized nature of
historical collections and estimated richness changes of three important
Dutch pollinator groups (bees, butterflies and hoverflies) for three time
comparisons: 1930-1949 vs. 1950-1969 (TC1), 1950-1969 vs. 1970-1989
(TC2) and 1970-1989 vs. 1990-2009 (TC3). In the study of Carvalheiro et al.
(2013) the bee and hoverfly data were obtained from the European
Invertebrate Survey (EIS-Nederland, http://www.eis-nederland.nl) and the
butterfly data from the Dutch National Database of Flora and Fauna (NDFF,
www.ndff.nl). For and in depth explanation on how species richness changes
were calculated and more details about the species richness data and methods
see Carvalheiro et al. (2013). The focal area of this study, the Netherlands, has
been intensely sampled for biodiversity since the early 19th century and is an
area that has experienced major well-documented changes in land-use (Knol
etal, 2004; Hazeu et al, 2010). Here we used such detailed information on
land-use and test if land-use change explains the patterns of pollinator
richness changes detected by Carvalheiro et al, (2013). As in Carvalheiro et al.
(2013) the bumblebees (Apidae, Bombini) were separated from other bees
(hereafter referred to as non-bumblebees) due to their recognized high
vulnerability (Williams & Osborne, 2009) and different trait characteristics
(highly-social, large bees with a large foraging range). A total of 40 landscapes
(10x10 km each) for bumblebees, 144 for non-bumblebees, 432 for butterflies
and 402 for hoverflies were used (Fig. S1).
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Land-use data

We obtained land-use data for the years 1900 (at 50 x 50 meters resolution),
1960, 1980 and 2008 (each at 25 x 25 meters resolution), with a high land-
use classification accuracy ranging from 84.8 to 98 % (Knol et al, 2004; Hazeu
et al, 2010). Based on those land-use maps, for each 10x10 km cell
(‘landscapes’) for which we had species richness change values, we calculated
land-use changes between the following periods: 1900 vs. 1960 (LP1), 1960
vs. 1980 (LP2), and 1980 vs. 2008 (LP3). We assumed land-use data from LP1,
LP2 and LP3 to be representative of the time comparisons TC1, TC2 and TC3,
respectively, because most of the species’ sampling period was covered by the
land-use change period. These time periods are also associated with very
different trends in land-use change. During LP1 the Netherlands suffered
intensive and rapid habitat loss, while during LP2 there was great agriculture
intensification and associated increase in pesticides use (Harms et al., 1987;
Geiger et al, 2010). During LP3 there was an increase in investment on
conservation measures and agri-environmental schemes (Kleijn & Sutherland,
2003; European Environmental Agency, 2010; European Environmental
Agency, 2011). For each time comparison we calculated several metrics of
landscape composition and fragmentation and their changes (explained

below).

To standardize land cover type classifications between maps, the land-
use classes were reclassified to match the oldest map classes (1900). This
resulted in 10 final land-use classes for the four maps (Fig. S2; see Table S1 in
Supporting Information). The resulting land-use maps were then used for the
extraction of the fragmentation and composition variables for each 10 x 10

km landscape cell as described below.
Landscape composition and fragmentation metrics

In our study, we identified several landscape variables related to composition
and fragmentation mentioned by Tscharntke et al. (2012) which include the

ones most commonly used in recently empirical published work (Table S2).

We selected two variables related to habitat composition: the
percentage of suitable habitat (PSH) present in each 10x10 km cell, and the

number of land-use classes (patch richness: PR). To calculate PSH, land-use
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suitability values were generated by expert opinion (Vogiatzakis et al,, 2014)
and were applied equally to all pollinator groups (Table S1). Although these
values were not created for the Netherlands but for the United Kingdom, this
is the best approximation currently available for the land-use classes in our
study area. Following these values we classified the land-use classes
Grassland, Moors/Peat, Deciduous/Mixed forest and Sandy soils as suitable
habitat, and Agriculture, Coniferous forest, Urban, Water and Swamps as non-
suitable habitat. Due to the excessive management of Dutch grasslands (e.g.
high fertilizers input), their suitability is likely lower today than it was before
the 70’s (Oenema et al, 2012). Despite the difference in grassland suitability
between periods grassland was always considered suitable as this habitat still
has substantial feeding and nesting resources for pollinators in comparison to
other agricultural habitats (Hegland et al, 2001; Ockinger & Smith, 2007). In
addition, we have at present, no objective way to assess grassland suitability
change. Agriculture was considered not suitable as in the Netherlands it
mostly refers to highly intensified monocultures. To calculate patch richness
(PR), we used the number of land-use classes, and we consider this variable a
surrogate for spatial heterogeneity of species assemblages (B-diversity

hypothesis; Tscharntke et al., 2012).

As landscape fragmentation is a complex process, we divided the
fragmentation variables into two groups. The first group included two
variables representing habitat configuration per se: proximity between
suitable habitat patches (Proximity); and average weighted mean patch area
of suitable habitat patches (PA, where a smaller value represents more
fragmentation). The second group included edge density in the total
landscape (ED). However, the edges between managed and natural systems
may enhance functional connectivity (i.e. edges between differently managed
systems) instead of acting as functional barriers (Kuefler et al, 2010), and can
be seen as a surrogate for landscape spillover effects. Therefore, we also
calculated the edge density between managed and natural systems (ED Man-
Nat) and analysed its affects separately from the total edge density. When
calculating the edge density between managed and natural systems we
considered the Grassland and Agriculture classes as (intensively) managed
and the Moors, Peat, the Forest types, Swamps and Sandy soils as (semi-

)natural systems. All spatial analyses were carried out in ArcGis (v10, Esri
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Redlands, CA, USA). The landscape fragmentation and edge metrics were

obtaining using Fragstats v4 (McGarigal et al, 2012).
Statistical analysis

All statistical analyses were carried out in the R platform (R Development
Core Team, 2014). For each of the landscape metrics described above we
calculated the land-use changes (A) that occurred in each time period (LP1,
LP2 and LP3). The land-use change data for each time period was calculated
as the log of the ratio between the post period and the pre period landscape
value (e.g. for LP1, pre period equals 1900 and post period equals 1960). As
we also wanted to test if the historical characteristics of the landscape
conditioned the effect of such land-use changes, we also considered
information of the original state of the landscape as a separate variable,
hereafter referred to as T1 (i.e. for TC1 we included fragmentation and
composition values in 1900, for TC2 we included the fragmentation and
composition values in 1960 and for TC3 the values of 1980). We then
analysed the impact of landscape fragmentation and composition on
bumblebees, non-bumblebees, butterflies and hoverflies species’ richness
changes, with linear mixed effects models using the “Ime4” R package (Bates
etal, 2014). As we sometimes have data from the same location in more than
one time period (see Fig. S1), to account for the non-independence of the
predictions generated based on the data from a given location and period of
time we used the time comparison analysed (TC1, TC2, TC3) and landscape ID
(cell location) as random effects. Including time comparison as a fixed effect
would allow us to explore in more detail the dynamics of biodiversity changes
in the study region. However, the objective of our study is to detect general
patterns of responses of the different pollinator groups to land use
modification, so that they can be extrapolated to other regions where man-

driven landscape changes occurred in different time periods.

For all the species groups we created a general initial model that
included all the interactions between the fragmentation and composition
variables for the original state (T1) and land-use change values (Table S3). We
then selected the most parsimonious model (smallest Bayesian Information
Criterion, BIC) by applying a model selection procedure using the R package

“MuMIn” (Barton, 2014). The species richness change data was transformed
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to a log-ratio and the landscape variables were centred and standardised
before analyses (z scores; Gelman, 2008). Given that landscapes closer to each
other may present similar species richness changes we first tested for any
spatial autocorrelation using the Morans I test with the R package “spdep”
(Bivand, 2014), and no significant effects were found. After analysis, we
confirmed the applicability of our linear mixed effects model to the data as the
residuals of fitted models were approximately normally distributed with no

indication of over dispersion or heteroscedasticity.
Results

Effect of changes in habitat heterogeneity and in the amount of suitable
habitat

The increase in habitat diversity (i.e. diversity of land-use classes) positively
impacted one pollinator group (Table 1), the non-bumblebees, where richness

increased with habitat heterogeneity (Table 1a; Fig. 1a).

Table 1. Results of the mixed models analysing the species richness changes as
function of landscape composition and fragmentation. Details about the original
starting model are presented in Table S3. The final model for each species group
analysed was the best model (lowest BIC) after model selection. We also present the
second best model and its BIC value for comparison purposes.

Terms Coefficient SE ~ BIC  2nd best BIC 2nd best model
a) Non-bumblebees APR 0.1257 00357 -232 228 Null
b) Hoverflies PSHTI <0.0730 00230 -104 -100.7 APA+PSHTI
¢) Bumblebees ED Man-Nat T1 0.1439 0.0914
APA -0.0917 00677 ED Man-Nat T1 + A PA + APA x ED
AED Man-Nat 02482 00825 2 B Man-Nat Tl
APA x ED Man-Nat T1 04599 0.2009
d) Butterflies ED Man-Nat T1 -0.0656 0.0255 225 22.6 EDTI

Composition and fragmentation variables descriptors= PR: Number of land-use classes in the landscape; ED Man-Nat: Edge
density between managed and natural habitat; ED: Total edge density in the landscape; PA: patch's area; PSH: Percentage of
suitable habitat in the landscape. A: Change; T1: Time I or original landscape state. SE= standard error. All two-way combinations
of terms were tested, but only the terms included in the two best models are listed.
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Although most landscapes in the Netherlands (our 10 x 10 km cells)
have experienced decreases or increases over the last century between -20%
and +20 % (Fig. S3), contrary to expectations none of the pollinator groups
were affected by changes in the amount of suitable habitat (Table 1).
However, hoverfly richness changes were conditioned by the amount of
suitable habitat in the original landscape (Table 1b): landscapes that
contained low amounts of suitable habitat in the original state were more
likely to show subsequent species richness increases than landscapes with

abundant suitable habitat in the original state (Fig. 1b).
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Figure 1. The effects of habitat composition on pollinator species richness
changes. a) Effect of habitat heterogeneity (A PR) on non-bumblebees. Landscapes
that increased in heterogeneity presented higher species richness than more
homogeneous landscapes; b) Effect of the percentage of suitable habitat on hoverflies.
Landscapes with high percentage (T1) presented significantly lower species richness
changes than low percentage ones. For all plots the values of the centred-
standardized explanatory variables are presented. Grey bands represent the 95%
confidence interval.

Effect of changes in landscape fragmentation

The pollinators’ responses to fragmentation differed among the different
groups. In landscapes that had originally a high spillover potential (i.e. where
edge density between managed and natural areas was high in T1) changes in
the average patch area had an effect on bumblebees: declines in richness were
more accentuated in areas where patch area increased (Table 1c; Fig 2a). In

landscapes with a high average patch area species richness loss was more
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likely with increases in the density of these edges. Other groups were not
significantly affected by changes in fragmentation level (i.e. changes in
proximity between patches of suitable habitat or total edge density).
However, responses of butterflies to other landscape characteristics (or to
other drivers) were conditioned by the original state of fragmentation in the
landscape (ED T1, in model 2). Landscapes with higher amount of edges in the
original state were significantly more likely to suffer decreases in butterfly

species richness (Table 1d; Fig. 2b).
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Figure 2. The effects of fragmentation and edges for spillover effects on
pollinator species richness changes. a) Effect of the interaction between the edge
density of managed and natural systems (T1) and the change in patch area on
bumblebees. Increases in richness occurred in landscapes with originally more of
these edges and smaller patches. Light colours represent negative or below the
average A Patch Area. Dark colours represent positive above average A Patch Area; b)
The effect of the total edge amount in the landscape (T1) on butterfly species richness
changes. Landscapes with high densities of total edge were more likely to experience
negative species richness changes of butterflies; c) Effects of changes in edge density
between managed and natural systems on species richness of bumblebees.
Landscapes with higher edge densities were more likely to increase their bumblebee
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species richness; d) Effects of edge between managed and natural systems (T1) on
species richness of butterflies. Landscapes with higher densities were more likely to
decrease their butterfly species richness. For bumblebees the partial residual (i.e.
residuals after removing the effect of all other variables) are shown. For all plots the
values of the centred-standardized explanatory variables are presented. Grey bands
represent the 95% confidence interval.

Effect of changes in the density of edges between managed and natural

habitats, a proxy for potential species spillover effects

Bumblebees were the only group of pollinators affected by changes in edge
density between managed and natural systems (ED Man-Nat; Fig. 2c).
Increases in ED Man-Nat led to significant increases in species richness of
bumblebees (Table 1c). Moreover, for bumblebees the effects of
fragmentation (i.e. patch area) described above depended on the original
density ED Man-Nat (i.e. of edges which potentiate spillover effects). In
landscapes with originally high spillover potential, increases in patch area led
to more accentuated declines (Fig. 2a). Richness changes in butterflies were
also conditioned by the original spillover potential. For this group, species
richness increases were more likely to occur in landscapes with originally less
edge density between managed and natural systems, conversely, landscapes
with originally higher density of these edges were more likely to present

species richness declines (Fig. 2d).
Discussion

Anthropogenic landscape changes are one of the main drivers of biodiversity
loss (Gonzalez-Varo et al, 2013). Most studies evaluating the impacts of such
changes focus on a limited number of species and compare current landscapes
with different levels of habitat modification, mostly comparing extremes (i.e.
use space for time substitution) (Winfree, 2013). While this approach allowed
the development of important ecological approaches on the impacts of
landscape changes (Tscharntke et al, 2012), long-term datasets based on a
large number of species are needed to better understand the role of the
landscapes’ history on ongoing patterns of species changes. Here we use a
long-term datasets (>100 years) on pollinator richness change and land-use
changes and show that changes in species richness were closely linked to

landscape historical changes (diversity of habitats, patches’ area and potential
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for spillover effects between managed and natural systems), but that such
effects largely depended on the original state of the landscape before changes
occurred (Table 2).

Table 2. Summary results for the composition and fragmentation hypothesis
analysed. Hypothesis one analyses the effects of landscape composition on
biodiversity. Hypothesis two focuses on the effects of landscape fragmentation and
hypothesis three on the edges between managed and natural systems, a proxy for
spillover effects. The results are group dependent. There is a predominant effect of the
original state of the landscape on the pollinator species richness changes.

Hypothesis 3 -
Hypothesis 1 -Composition effects Hypothesis 2 -Fragmentation effects Fragmentation
Landscape spillover effects
Group tate
sta = Suitable habitat — = Habitat heterogencity — | <Patch arca, Proximity; > Edges — | > Edges— > Edges MAN-NAT —
> Species richness > Species richness < Species richness < Species richness > Species richness
Tl Positive
Bumblebees
A Negative Positive
T1
Non-bumblebees
A Positive
T1 Negative Negative
Butterflies
A
TI Negative

Hoverflies
A

T1: Original landscape state; A: Changes; SR: Species richness; >: Higher; <: Lower; ->: Then. Positive and
Negative: direction of the effect.

Effect of changes in habitat heterogeneity and in the amount of suitable

habitat

We expected that increases of the amount of suitable habitat and of the
diversity of habitats would lead to increases the pollinator species richness (-
diversity hypothesis; Tscharntke et al. 2012). Contrary to our expectations,
none of the studied pollinator groups were affected by changes in the amount
of suitable habitat (Table 2). This result could be related to the fact that most
of the species’ data comes from recent time periods (last two periods; Fig. S1),
a time during which the available natural habitat was already very reduced in
the Netherlands (e.g. by loss of natural habitat to agricultural and urban
landscapes; Fig. S2) and during which agricultural practices had already
generated highly homogenous areas. Therefore, recent species responses

might not be due to recent but to past changes in the landscape conditions,
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suggesting that extinction-colonization debt may be important (Bommarco et
al, 2014). Furthermore, in this study we defined Grassland, Moors/Peat,
Deciduous/Mixed forest and Sandy soils as suitable habitats, and it is possible
that pollinator species which resisted to the accentuated changes which
occurred before 1980 are able to make use and sustain their populations in
areas that we considered unsuitable (e.g. urban areas or agricultural

landscapes).

Hoverflies were not affected by any of the landscape change
characteristics considered by this study. This suggests that other drivers may
be the most important for hoverflies (e.g. climate, other landscape
characteristics). However, changes in richness of this group were conditioned
by the original amount of suitable habitat in the landscape. This was expected
as the majority of the Dutch syrphid species (around 2/3) present a close
association with scrub and forest habitats (Reemer 2005), and the area of
such habitats used to be smaller at the beginning of the second half of the 20th
century. The fact that landscapes with higher amounts of suitable habitat
(included forested areas) were less likely to experience further increases in
hoverfly richness suggests that such areas already contained well-established
populations and thus great increases in species richness were not possible.
Moreover, hoverflies not only benefit from forested areas but also some of
them (around 20-30 common species) greatly benefit, at the larval stage, from
managed areas where prey is abundant (i.e. aphids in crop fields; Reemer et al.

2009), areas that in our study were not classified as suitable habitat.

The suitability of a habitat for pollinators depends on the availability
of floral and nesting/reproduction resources, and hence on the characteristics
of the landscape, such as habitat heterogeneity (Kremen et al,, 2007; Batary et
al, 2011). The results of this study show that the effects of changes in habitat
heterogeneity were mild, with only non-bumblebees increasing with the
amount of habitat land-use classes available. However, these results show that
higher diversity of habitats tend to contain a more diverse pollinator
assemblage that more homogeneous areas (Table2). It is possible that
landscapes with higher habitat heterogeneity have more diverse vegetation
structures providing the diversity of feeding and nesting resources required
by multiple bee species (Garibaldi et al, 2014). Thus increasing the

heterogeneity of land-use classes, for example by means of adding natural or
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semi-natural elements to more homogeneous landscapes, may improve the
species richness levels of bees in these areas (Kremen et al, 2007).
Furthermore, this habitat improvement could especially benefit species that
have different feeding preferences at different life stages and seasons of the
year (Kohler et al, 2008), and which without this habitat improvement seem

to be particularly threatened.
Landscape fragmentation and spillover effects

In human-dominated areas, highly fragmented habitats (e.g. fragmented
forest, urban areas) and mosaics of highly homogeneous landscapes, (e.g.
areas with intensive agriculture), are the rule. While fragmentation of suitable
habitat may negatively affect biodiversity (Fahrig, 2003), in homogeneous
landscapes dispersal of organisms between patches of different land-use, i.e.
spillover effect, becomes highly important as this may increase resource
availability, generate stable ecological processes and facilitate ecosystem
functioning (Kremen et al, 2007; Blitzer et al, 2012). However, depending on
the scale and on the study taxa, this may in turn reduce the overall beta
diversity, (e.g. Loreau, 2000; Clough et al, 2007). Furthermore, these
ecological processes may be reinforced in landscapes where habitat area and

proximity between suitable habitats is increased (Sabatino et al, 2010).

In our study the effect of changes in landscape fragmentation
(reduction in patch area) on pollinators’ richness was only evident for
bumblebees (Table 1 and Table 2). The fact that fragmentation was associated
with increased in bumblebee richness in landscapes where originally the
density of edges between managed and natural systems was high was
unexpected (Fig. 2a). However, this fragmentation-spillover outcome is logical
if further fragmentation occurred in areas with already high amounts of
managed and natural areas and thus with high species richness (given
spillover potential already in place), facilitating in this manner additional
potential spillover effects. The positive effect of these edges is further
emphasized by the increase in species richness of bumblebees also in
landscapes that experienced increases (change) in edge density between the
managed and natural systems. Thus the edges between managed and natural
systems become essential as they can potentiate the movement of species

across different habitats (spillover effects; Table 2), and may facilitate the
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access to the diversified vegetation structures provided by a matrix of
diversified patches of habitats that bumblebee communities need for feeding
and nesting (Lye et al,, 2009). The access to these diversified resources is of
primary importance for bumblebees since it has been shown that landscape
resources diversity (e.g. given by higher levels of managed-natural areas) and
not resources density drives bumblebee species distribution and foraging

behaviour at the patch and landscape level (Jha and Kremen, 2013).

While butterflies richness changes were not associated with the
patterns of fragmentation change, we found significant effects of the original
landscape state (T1) of total edge density and spillover potential (Fig. 2b and
Fig. 2d) (see also Tscharntke et al, 2008; Lucey & Hill, 2012). However, our
results suggest that landscapes that were originally more fragmented (high ED
T1 and ED Man-Nat T1) were more likely to suffer butterfly species losses
(Table 1d, first and second model). This may be because the amount of edges
in the landscape may interfere with the habitats’ (micro)climatic conditions
(Ries et al, 2004), which are vital for the survival of many butterflies,
particularly specialist species (Ries & Debinski, 2001; WallisDeVries & Van
Swaay, 2006). Furthermore, these responses suggest a possible delayed effect
(T1 effects) on the recent butterflies communities and implies that recent
butterfly richness may still be highly determined by the past landscape
characteristics. Therefore it is possible that recent butterfly populations from
more fragmented landscapes are more susceptible to local extinction (Sang et
al, 2010).

The lack of a significant effect of habitat fragmentation on hoverfly
richness changes could be due to their high mobility, and non-dependence of
larvae on flower resources (Jauker et al, 2009) making them less dependent
on the surrounding landscape configuration and more resilient to habitat
changes (Schweiger et al, 2005). The lack of fragmentation effects on non-
bumblebees species was unexpected as these depend on small-scale landscape
characteristics (Steffan-Dewenter et al,, 2002; Holzschuh et al, 2007).
However, it is possible that weak fragmentation effects on this group had been
counteracted by increases in feeding and nesting resources availability

created along habitat margins (Jauker et al, 2009).
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Implications for conservation and landscape management

Most studies analysing the changes in insect biodiversity in response to
environmental changes focus on single species groups, e.g. butterflies, as
insect biodiversity indicators (e.g. Fleishman et al, 2000). The single-group
approach has recently been challenged emphasising the need for a multi-
group monitoring approach (e.g. Maes & Dyck, 2005; Gerlach et al, 2013).
However, butterflies tend to be the first choice because, as this group has
historically caught the attention of conservationists and species are easily
recognizable, data availability is greater than in other taxa. Butterflies are
indeed one of the most sensitive pollinator groups (Carvalheiro et al, 2013).
However, here we show that responses of butterflies are not always
representative for responses of other insect groups (e.g. responses of
butterflies to ED Man-Nat but not of hoverflies, and the fact that contrary to
non-bumblebees, butterflies were not affected by changes in habitat
heterogeneity; see Table 2). Consequently, conservation measures aiming to
restore pollinator populations and/or pollination functioning might be more

effective when taking a broader range of pollinator responses into account.

While we analyse richness changes from three time periods from 1900
to 2009, the majority of the data originates from the most recent periods, post
1960 (Fig. S1). Large-scale landscape changes in the Netherlands occurred
mostly before 1980 (Fig. S2), with some increases in forest area occurring in
recent time periods. Therefore, it is possible that for most of the landscapes
analysed and for some pollinator groups concurrent landscape changes were
not large enough to cause significant changes in species richness. Moreover,
the lack of higher resolution of our historical species data (10 x 10 km) could
in principle lead to lower power to detect effects of our much more accurate
landscape data on species richness changes. However, despite these
limitations, our study found that for all studied groups landscape history
influenced the way communities responded to landscape changes. The
conditions of a given landscape in the previous time period (our T1) can be
seen as a snapshot of a dynamic landscape in the past and may itself represent
alandscape in flux. Therefore, the results of this study alert for the potential
extinction or colonization debts in studies when no effects of recent landscape
changes are detected (see also Bommarco et al,, 2014). Results from studies

that implement the space-for-time substitution approach are likely to reflect a
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mix of responses to the past landscape (the ‘original state’) and to recent
change in that landscape. In these studies strong biodiversity responses might
be observed in landscapes where past and present changes occurred in the
same direction (e.g. continued fragmentation or deforestation), whereas weak
biodiversity responses may occur in landscapes where past and recent
changes went in opposite directions (e.g. past deforestation now shifted to
reforestation). The results of our study show clearly that attempts to
counteract future species richness loss should consider both historical and
present landscape conditions. Future monitoring schemes will be essential to
determine to what extent present communities still carry signatures of past

conditions, and what the time window of the responses is.

Land-use variables used in this study explained a relatively small part
of the variance observed in species richness changes. This suggests that other
drivers might also be important, such as climatic conditions, uses of pesticides,
increases in the levels of nitrogen deposition, presence of pathogens and
competition between species (Potts et al, 2010; WallisDeVries, 2014). Further
work on the conservation of insect pollinators that includes this information

would be highly valuable.

Although species richness can be seen as a simple biodiversity
indicator, it has been shown to be highly correlated to the functions
biodiversity provides e.g. pollinator assemblages with higher richness were
found to be associated with higher levels of pollination services delivery
(Garibaldi et al.,, 2013). Furthermore, species composition changes might have
more important impacts on ecosystem functioning than species richness
changes per se. Thus, further analysis incorporating changes observed in
species composition, functional diversity and community homogenization
across time and space would help unravelling the impact of these changes on
ecosystem functioning and provide important insights for biodiversity

conservation in these human-dominated landscapes.
Concluding remarks

Using historic data on Dutch pollinators and landscape changes
covering more than 100 years, this study reveals striking differences in how
pollinators responded to landscape characteristics. While some pollinators

benefited from increased landscape heterogeneity (non-bumblebees), others
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depended mostly on landscape fragmentation levels and the potential for
spillover effects (bumblebees). Strikingly, for the majority of the pollinators
the historical landscape characteristics have conditioned their pattern of
species richness changes during the last century in the Netherlands. This
suggests that recent species responses to landscape modification are
constrained by the past landscape conditions and that future pollinator
responses to further landscape changes may be dependent on the recent

landscape characteristics.

It is thus evident that conservation approaches must include
information about the original state of the landscape, as this might condition
the effects that such conservation actions could have on biodiversity and also

on the ecosystem services it provides.
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Supplementary material

Table S1. Land-use classes in the Netherlands used in the study.The suitability
values per class were assigned in a scale ranging from 0 (no suitable) to 5
(highly suitable). We present the per land-use average suitability values given by 13
experts in the species groups analysed as presented in Vogiatzakis et al. (2014).

Land-use class Suitability value
Sandy soils 3.6
Grassland 3.5
Moors/Peat 3.2
Deciduous Forest 2.8
Mixed Forest 2.5
Agricultural 2.3
Coniferous Forest 1.9
Urban 1.6
Water 0.6
Swamps 0.2

Vogiatzakis I.N., Stirpe M.T., Rickebusch S., Metzger M., Xu G.,
Rounsevell, M, Bommarco R., Potts, S.G. (2014) Rapid assessment of
historic, future and current habitat quality for biodiversity around UK
Natura 2000 sites. Environmental Conservation, in press.

Table S2. (next page) Summary of the most relevant studies for our analysis
related to the impacts of landscape composition and configuration on
pollinators. We obtained these studies by means of a search in the ISI Web of
Knowledge with the following data entrance: "Title=(land use cover change*
bumblebee OR land use cover change* butterflies OR land use cover change*
hoverflies). The search also included the following: "Title=(landscape* OR
fragmentation* OR cover change*) AND Title=(pollinators* OR butterflies* OR
hoverflies* OR Bees*)". The search was carried out on the 23th. of November 2012
and we only included studies from the year 2001 onwards. We do not include review
papers in this table, for that check the references in the main document.

235



ispuejiam pajuswsely

ZS 9dqeL

‘adAy Juswadeuew ‘adA1 Juswaseuey ‘pue| uo uonnquasip All4e1Ing Adejjiaiy 10944e ‘e 13 1220
pue uonejuawsedy se yonw se Jou Ing yueyiodwi sI XUIBA 15904 JO uollIodoud ‘ease ydled $9|eds |eljeds JuaJaIp 18 3JN1dNJIs adeaspue| £00z _ #2200
pue juswadeuew leliqey |eI0| Op MOH
*s2J4neay Jeaul|
uepiodul 0 JUNOWe pue jeliqey |ednjeu
Alysiy si Auixa|dwod adeaspue "Ajisianip adeaspue| pue I P , 'qey |
03 2auesiq ‘AyisiaAIp JeliqeH Anxajdwod adedspue| 03 asuodsas Awaua ‘e
doud a8ejusdiad 01 10u Ing salPW Alxajdwod adedspue) , TT0TC
‘eaJe doud Jo 98ejuddiad |eanieu pue 1sad doud jo sisAjeue-elaw y 19 Joweuy-udeyd
01 $3IWAUI |eJnleu ul asuodsal aAIISOd 's1sad ul asuodsas
1eyqey doud-uou jo agejuadiad
juediyiusis e paonpoud soulaw adedspue| ay3 JO SUON ,
1elgey |eanieu jo 98e3uddiad
sdnoJ3 9aq 1ualayyip wouy uonejuswsely jeligey *(24n3sed
03 sasuodsau 3ul3seauo) 'sa|geldeA 1940} ayl JO asnedsq pue 15240} jo uoipiodoud) *apIsAJlunod |eaidoJy ul saluNWWod 39 1501
uolsodwod Ajlunwwod 93q ul sadueyd Suouis ‘9duepunge 1X93u02 adedspue] ‘uoiie|os| 99Q U0 uolleIUDWSRY 15310J JO SI1094J9 BY L 800¢ ! soig
pue AJISISAIp 997 UO S3|CBLIBA 15940} JO 129}42 ON ‘adeys yoied ‘az1s yoied
*s9129ds Ajljiqow jeIpawIalul pue MO| 4O dduepunge ‘syeyigqey uado |je jo
adedspue| pue|wJej-1s310) YSIPIMS ay3 ul uoil
Jay31y pauieluod sadedspue| pa1saJo4 'S109)49 |e20| ay3 ueyy  adedspue| jo uonsodouid Jo wng
s elieA Aq pajdayse S| aduepunge pue uolngisip 10T ‘|e 19 Suog
J9)BaM J9M S199449 1eliqey SulpunoJins ay| ‘uolnquasip ‘(1s340y + sp|aly a|qe.e) /158404 Aann
$31|44913nq Y3 4o} uenodwi Ajysiy siop1iiod aulj-1amod Jo adeaspue| jo uojyiodoud B d
, syuswSedy
‘uole|osi 0} paie|aJ AjaAnesau ‘Alisuap 9341 ysiay )
, ||lBWS JO 3n|eA 3y} pue JaAouJn} ‘ssauydl
Ajpueayiudis pue azis syueuwad o} pajejas Ajpanisod 934 {19A02 uolle1aden Jo 900¢ ‘|e 19 ydIpauag
, : $9103ds :09UJ0g UJAYMIOU U] S3I[4493IN]
Ajpuediiu8is sem syueuwal 159404 Ul ssauydll sa19ads  98e1ua2.43d ‘uoIle|os| (azIs ydled
uo uolleluswdely 153404 uied Jo syedw|
*siojeuljjod 15904 UleJ UBDIX3IN
JO 9duUBpUNQE 3Y] Ul UOIIDNPI PUNOS SIOYSIA JIMO|} e ul (9ea2edauy) wnuedixaw wnAiedouisy
40 uoiyisodwod ay1 ul sa8ueyd Yy1m sa31e[2.4402 uolleluswsely *3z1s Yoled JO $92U3Is3JO|Jul dseyd-s|ewsy) pue -3jew 03 0102 ‘[e 12 aIn8y
159104 "Xapul AlISISAIp s ,uouueyS pajdaye Ajaanesau SIOMSIA |eJol} pue siozeul|jod jo sadejquiasse
1NQ SSaUYdIJ $3199ds U0 193442 OU pey uolrejuawse. uo uolleIUBWSelS 152404 JO S10943
sSuipuly uensjay pasn sau1dwW jo Arewwing ML JedA (s)1oyany

236



'109}J3 OU }SOW|e pey Sa|gelien
UOI31B19S9\ "109})3 SNO1IDIB|AP B PeY DUBCINISIP UBWNH

*1094J0 aAneSau e pey 3uizead ‘AYIsiaAlp pue ssauydll 9yl
AjaAsod paoedwi SSaUIIM MOPES|A PUB MOPEIW JUSII3d

'$93( 9AI1BU UO
109449 aAIsod JuedIusis e pey pue|poom pue SMOJSpaH

'$92IAJS uoljeul|jod uj
uollelien Juediyiusdis pauie|dxa p|aly 8yl Jo AHUIIA BY3 UIYUM
s3o110e4d Sunue|d-doud pue jeyigey |eanieu 03 Aywixoud

*9sn pue| Suipunouins sy} 01 Ajjuasapp
asuodsas $33q p|IW 193443 uononpoud ul 9seadul ue aaey 01
J3pJo ul sp|aly 03 YSnoua 3s0|2 3 IShw 1e}igey [ednjeu ay|

'SSaUYdL
yoled Jomo| yum sadeaspue| ui Joydiy sem aosuepunge
Aipaoning “Ansuap yoied uaysiy pue 1euqey Aanng aiow
yum sadeaspue| ul Jaysiy sem ssauydll sanads Ajjua1ing

‘sadeaspue|
pa1eAI}Nd AjaAISUUl Ul S101oe) adedspue| Ag pajiwi| sem
$SaUY2LI $3199ds |B207 "SSauUYILI $3199dSs |eI0| SuluIWIRIBp

u| s1030e) adedspue| ueyl Juepodw| 9J0W S.e S10)Ie) [BIOT]

‘eaJe |eanynoli8e o uoriodoud
‘sease dn-}jinq jo uonodouid
34n30NnJ3s uole1asan
‘AydesSodo] ‘A3ojorewi|)

‘uoneAs|s ‘ielqey mopeaw
sl 3ey3 X143ew Suipunouans
9y3 Jo uoipodoud ‘Buizesd

32031S3AIT ‘XBpUl SSDUIDM
MOPE3|A {$92IN0S3J [BJO|}

J0 uoiysodwo) ‘oreu Ja3owiiad
0} BaJY ‘B2JE MOpPEIIN

‘(10]poom ‘sp|aly ‘spue|poom
‘smouadpay) sadAy 1e1iqeH

‘Jeliqey [ednieu Jo uojyiodoud
‘1e11gey |ednjeu 01 Ajwixodd
‘adAy Juswa8euew wue4

‘1eyqgey |esnynoude

Jo uoiiodoud ‘1eygey [eanieu jo
uoiuodold ‘1e1gey |eanjeu pue
p[314 SN0} UBSIMIS( dduelSIg

"1e1qey AjJenng jo unowy
ssauydll yoled ‘Alsuap yoled

*J9A0D p|3l4 3|qeUy

$1030B} padNpul-uewNy
pue |eJnjeu jo 3|0J 3y} :uiseg UBSUEBLIDNPIIN
1S9M-UHOU 3y} Ul SSauydld sa1dads Ajjua1ing

smopeaw suejuow ul ‘(sepidy : esa1douswAy)
-dds snquiog ‘saaq sjqwing jo a3e|quiasse
Alunwwod adeys si01oe) adeaspue| pue ydied

$93( 9AI3BU 10O} dN|EA 1B}IgRY |BIIUSIO]
:adedspue| |eanieu-1i8e ue ul SMOJ23paH

Jamojuns plgAy
J0 uoneuljod ,saaq Asuoy aaueyus s93q pIM

‘BlUJOJI|BD UJBYMON Ul 3sn
pue| Suipunouins 01 AjjuaJayip puodsau 1nq
uoi1onpoad o1ewo) asealdul $a129ds 93q pJIM

epeue) ‘oleluQ uJa1ses ul sadeaspue|
|eanyndli8e Ul dduepunge pue ssauydld sa1ads
Ajj4913nqg uo aunyanuys adedaspue| Jo $109443

s1e1gey |einjeu-1was ul $al|J91Ing 40
ssauydlJ sa199ds adeaspue| pue |eJI0| U9IMIAq
diysuoiie|as ayi s10944e 1xa3u0d adedspue

(panunuos) zs ajqel,

¥00¢

£00¢

600¢

9900¢

€900¢

[414

[414

ed ' OpUBLIDH

uynge1 g pistjieH

3SIS 13 UouueH

uswaJy|
9 Jea|uaain

TETEIN
9 Jea|uaain

AR RIE]

1Jeessnny 1 0043

sSuipuly Juenajay

pasn saudw jo Atewwing

L

IEETN

(s)doyny

N~

23



*AlIAI329UU0D Yyum Jayiado) Juepodwi si eade yaled ayg

Ajisianip adeaspue| yim asealdul Juedlyiusis e pamoys
s)si[eJauan "eale JeHgeY YIIM pasealdul saloads Ajpianng

's3ulies|d pue sa3ps 159404 Yum

paieloosse aJe sal|j1a1Ing a|qels jo Ajiolew syl 1eyl 108} Y]
199|Ja4 "spue|ssesd Jo Junowe ay1 yum diysuone(al aannesen
'$159J0J PaXIW PUE SNONPIJP JO IUNOWE Y] YIIM $31|}4913Nq
9]0e3S JO SSaUYDL $3123ds JO 199449 aAsod Suouis dlesow
15910} YUM XIW pue a4n}jndlige a|edas-||ews o uoiingliiuod
9AIISO( "spue|sseus Jo Junowe ay3 03 paiejas Ajaaisod

Sem $31134913nq Sulu1I9p JO SSBUYIL S9199dS "SsauyoL
sa129ds A|}4911nq 40} JSALIP |BIUSWEPUNY B S| 91BeW!|)

EaMm aJaM $303443 uonensiyuod adeaspueq ‘uepodw
os|e S| JaA0d pue| Suipunouauns Alljenb-y3iH ‘sauepunge
pue SS3UYdLI 93q 143USq SP|3lY d1UBSIO pue PalISIaAIQ

‘pasAjeue

sdnoug syl usami1aq JaIp sasuodsay ‘Junowe JOA0D
pue|sses3 Aq paroeduwl 10U 943M S$31|JI9AOH S93q P|IM IO}
(pa1eja4 AjaAnnisod) quelsodwi i Junowe JBA0D pue|ssels ay|

adeaspue| ay3 ul 1e11qey doud-uou jo suoiysodoud
y3iy Aq pasueyus suam sa3g ‘uolleul|jod uaiealys sp|aly
doud 28.e| pue paSeuew Ajjeuoizusanuod jo suorodoud ySiH

‘eaJe adedspue|

1sed ‘eaJte yoled 1sed {(3ua.nd)
eaJe adedspueq {(3uaJind)

971s yaied ‘AlA1D8UU0)

adedspue| ay3 ul pue|ssed
98e1uad4a( ‘xapul Ayisianip
adedspueT xapul uolle|os| ‘ealy

'sasse|d

J3A0J pueq ‘yuow 3sap|od

ay3 jo ainjesadwal Ued\ DG
3A0Qe Wns dJnjesadwsal [enuuy

‘Juswaseuew

wuey ‘uonedaudse jeyigey
‘ANIA1309UU0 yoled Jaiul ‘odeys
yaied ‘seoueisip Suideloy uiyum
$924N0S3J |eJO4 pue SuiisaN

‘eaJe |eJ0y
9y3 Suipunouuns xuiew jo adA|

‘(JeuonIuaAuod *sa

o1ueduo) waisAs Jujwaed 115940}
Jo uoiodoud ‘pue|sseus jo
uoiliodoud ‘sieygey dosd-uou
Jo uoiodoud ‘Alsuap adp3

's|ana| a1ydouy
1UBJRJIP 1B SSO| AJISIDAIPOIG paAe|ap-awil
pue ajelpawwi sasned uolejuswsely 1e3iqeH

és9l)3491Ing Jo Ansuap uonendod pue
AyisaaA1p uo uonejuawsely 1e1IgeY JO 51093
01 91NQ1I1UOJ 1X21U0d adeaspue| S0P MOH

sadeaspue|
|eanyjnoLiSe |eaJoq ul Sa144913Nq JO SSAUYDLI
$9129dS UO 91BWI|D PUB JBA0D pue| JO $13443

‘swa1sAsoda-0.3e
ul siojeuljjod 939 p|IMm UO S1034)2 adeaspue|
pue |ed20] Jo sisayluAs anieyuenb |eqo|8 vy

1e}IgeY UleW WO} 3duelsIp
pue aunjonuis adeaspue| 03 $3l|j4aA0Y pue
$39q p|Im Jo sasuodsau Suisoddo

:Xl43ew |ednyjndoude ue ul |esiadsip Joleul||od

ésployisesed J1vyl

pue sdsem ‘s23q Jo A1ISIaAIP Y3 10944k sdlls
Mmoj|e} pue Suiwuey dluedio ‘uoiieandipuod
pue uoisodwod adeaspue| op MOH

(panupuos) zs a1qeL

0T0¢

€00¢

£00¢

€T0¢

600¢

010¢C

‘e 33 ssneuy|

‘e 33 ssneuy|

‘|e 19 USUIALY

‘|e 12 Apauuay|

‘|e 32 4aner

‘|e 32 ynyoszjoH

sSuipuly uensdjay

pasn sau1dwW jo Arewwing

CILINR

Jeap

(s)1oyany

238



*$9109ds |enpIAlpul JO dduepunde ay} Joj 1uerodwl
sa|gelsen yueyiodwi aue Ayljenb xujew syl pue ano0d 3a4)
'S31}IUNWWOD 93¢ 3SJIAIP 240w 1oddns |[Im aunjonJiseyul
W04} J3Ylin) pue SaAJ9$34 UOIIBAISSUOD 01 J3S0|D Sealy

‘Aqueau ase saydled Aujenb ySiy
USYM SJOpIII0D SB J0U pue syuls se 0. sdiiys ssedn ‘AlsIanip
dsem pue 93 JO $924N0S Se 10€ S1eligey [eJn1eu-Iwas

‘eaJe 1eliqey |ednieu Suisealoul
YHM paseatoul AJjIqels ‘swiey 03 3SO|d 1eligey |ednjeu
Jo uoiodoud ay3 01 paie|as AjaAainsod a1am s93q anleN

'$33Q dAI}BU JO dduepunge
pue AMSISAIP 3y} padNPaJ UOIIedIHISUIUL [N} NDLSY

‘98ueyd asn-pue| 03 DAIISUIS 2J0W 319M Sioleuljjod

J384e7 "[3A3] Allunwiwod 3yl 1e duepunge 334 JO Pasealdap
91 yum pajelodosse si Ajisiaalp adeaspue| paonpay

'syue|d SulIaMO|4 JO SSaUYDLI pue dduepunge ayl yum
paie|aJ Ajpaiisod si ssauydl salpads pue sduepunge a9g

‘lejuted
93eJany ‘aunjonuisesyul Jo
uolodouid ‘pue| UoIBAIdSUOD
Jo uoipodoud ‘pjaly uadelpe

ul 9sn pue ‘saaJ] J9A0I punoud
9AI1eU JO 98e1U9249d ‘49N0D
punoJs 3uliamol} Jo a3ejusdiad

uolie|os| ‘adnseaw sdiis ssedn

'azIs
pIal4 ‘odAl JuswaSeuew wue4
Xxapul A}DIX0] ‘lIped JuIaYIp
1e 1euqgey pjiM pue ueuedy
‘puejdn jo seaue jo uoiiodoud

(44 sA seau) 1e11gRY |RUiedRYD
pue pue|poom 3eo 153s0[d

01 @oueisig ‘(d1uedioul/aiuedio)
ainynoude jo adA

‘eaJe |eJ0y
9y3 Suipunouuns xuie ‘ssjoy
3unsixa-aud ‘swais Ayud yum
siue|d ‘punousd Suidojs Ajdasis
‘sa111Aed Sul)sau |elaualod
‘punoJg aJeq jo duasaid
|e207 ‘$924Nn0saJ |edol4 ‘adAy
Bunsau sa1dads ‘ease yoled

uol1onpoJud pue saunleay |ednieu Jo
solesow Sujuiejuiely :adedspue| jeanyndlge
91esadwal e ul suoleuljjod pjim Suipsoddng

sployisesed pue sdsem ‘s9aq 40} SIOPIIIOD
pue sJalueq |ernualod se syuswa|a adedspue]

‘BlUJOJI|BD Ul SBIIUNWIWOD
99q aAneu Ag uoneuijjod doud :921A19S
wa1sAs0d9 ue Jo syuawalinbaui ease ay |

*UOI3BDIJISURIUI [BANYNDLISE
w04y sI 38 S93q AI3eu wody uorreuljjod dou)

28ueyd asn-pue| JO 5193443 3y} J0J JJOMIWELY
|en1daduod e :swsiuedio ajiqow Aq pasnpoud
$921AJI9S W1SAS0I9 U310 pue uoleul||od

(panunuos) zs ajqel,

sSuipuyy Juenajay

pasn sauaw jo Atewwing

L

(414 ‘|e 19 unpua
110C ‘[B 19 YuUSMaI)
¥00¢ ‘|B 39 uswaJy
¢00¢ ‘|B 39 uswialy
L00C ‘|B 39 uswiaJy
BL-E) (s)doyny

()]

23



*3|qeleA s|

‘adeospue| ay3 ul sasse|d

sjuawSely puejssets Ul s30asuUl pue

(panupuos) zs a1qeL

29}J9 XIJ1ew ay] ‘saljj4anoy Joy Ajuo 1nq Ajaanedau uoiie|osi uaJayyip jo adejuadua ‘|e 39 Ja3upd
129449 X1} .c._. 113 Y 404 Ajuo Inq Aj9Aly 11e|0s] 1N ¥ P 4 1 d sjue|d 4O SSAUYDLI SALIPOW XLijew adesspuer qeToT ey b Ele]
9[Iym ‘ssauydls sa1dads Ajaanisod s1oedwi ease yaled ‘uolle|os| ‘eaJe yaied
‘BaJe SNJ0y
punoJe uolysodwod Xl4en
*$31|44911Nq 104 S} NS ,
(pue| a|geJe +15240y) /153404 $31|44913Nq pue|ssesd ul uonejuswedy 1eliqey
aAnisod Japuau ued Ayjenb xuzew ay3 Suiseasou| “sadeaspue| ezT0? ‘|e 12 423uppPQ
ol1eJ) xlujew adeaspue| J0 129)49 9Y1 salipow xLjew adedspue| ayL =
SS0JOB 9SN pue| XLI1BW Y] JO S129)49 |eJ9Uud3 aJam 249yl
9yl Ul 9sn pue| Jo xapu|
{uonle|os! yoled ‘eaJe yoled
*9dueqJnisip Xiie ‘Alnunuo)
‘sadA1 walsAs0da ‘2dA1 4an00 swes Jo syuswdedy
pue exe} Suowe Aiena sioleul|jod jo sasuodsay "9zis Juawdeuy 13Y30 03 93uelsiq ‘(snonuiuod sisAjeue-elaw e :siojeujjjod uo BN
uey) Juepiodwi a10W S| XU1BA “S91eJ UoIIelISIA Jojeuljjod 03 J0 P3QJNISIP-UOU SNSIDA suolseAu| pue uojjelalje adedspue| jo edw| (424 0UeISED-0J9IUOIA
paiejau AjaAnedau si xuujew Suipunoulns syl Jo aduequnisiqg pagunisip) xu3ew Suipunoins
93 jo ainjep ‘azis Juawsel
*J3A0D pno|)
'$90IAJ9S uoljeuljjod uleuiew ,
{A3120]9A puIp) ‘2aniesadwal iy
ued eyl sadeaspue| 3|qeJse ul ainiea) waisAs uerodwi , sadeospue| |ednjeu-o4Se
‘syue|d Suiwoo|q Jo dduepunge 2102 ‘|e 12 y13pue N
ue aJe spjaly p|O ‘(siue|d doud-uou Jo Si0USIA Ajluowwiod puE ssaULL $313dS (SPIBlS PIO ul $93q p|Im Ag asn 1euqey Asequswaldwo)
sow) s3aq JO Jaquinu Mo| e pajuasaid 1sa.04 |eanie . ' ‘
¥ ) 430429 1ep=a ¥ 4 |eJmeN ‘1sa40y ‘@4nyndude) adAl pialy4
"8ulp|ing [enuapisal
40 uolodoud H2031SaA|
0 uolodoud ‘spueia
'sa199ds Aj4911nq Jo sdnoud omy 3 B s d SPUBHIM
J0 uolpodoud ‘eale spieyaio
J0 92ud1sIsJad U0 $129)49 dAINSOd Sey UOI1BW.IOSuBI] WJe) , 92U344Nd20Q sa123ds Ajjuanng
Jo uorodoud ‘spue|sses3 6002 ‘|e 19 Jjon]
98.e|-03}-||BWS "S3|gelIeA 3)e)S Uey} Jueliodwi alow aJe el 21eA11ND A[AISUBIUI 03 28uey) asn-pue Sune|ay :s1a11e|\ AJoisiH
93ueyd 03 paie[aJ sa|qelden ayl ‘sarads puejssesd Aip Jo4 P Bl , oM :
Jo uoiodoud ‘pue| s|qele
Jo uolpodoud ‘ease |eanynolse
J0 uoiodoud ‘az1s wae4
sSuipuly uensjay pasn sau1dwW jo Arewwing ML JedA (s)1oyany

240



'syeygey ajdwis

ul saNjeA ssauydlJ sa1aads Jaysiy 198 seaqAsuoy ‘saydied
Jlews ut Ajuo 1nq 1elgey |einieu-iwas jo uoluodoud

9Y3 JO 95E3JoUl 3Y} Yum Jaysty si ssauydls s93q Aieyljos

‘Xlyew msowcwmo\_muws 2JOoW e woJy
11jauaq 1s|esauam 'sisi|eidads 1eligey Joy [enuanjul Alysiy
A3IAI109UU0) "JUNOWE e3Je 3y} Aq Pa1d34je dJ0W e $93q

213S1|ENINIA "BDJE 1B}IGRY YHM PISeaIdUl sSauydll sa19ads

'$311J4911NQ UO uolleIUSWSeUy
1e11qeY JO 109449 93 109}€ X141ew ay) 03 Aljiqerdepe
pue ‘wsiuinjoA ‘98ueu jue|d 1soy ‘0dAy jue|d 1soy sy

‘sa8ueyd
pue ssauydu sa1vads podouyiie 4o} s10301paid Juerodwi
1S0OW 3Y3 4O 3UO SI Ssaydled 3|qeyns usamiaq AjAI3IBUUOD)

'$3095Ul J2Y10
pue sa9q ‘sdsem 404 s10121paJd jueriodwi ase AJAIDBUUOD
yoied pue |an3] adeaspue| ay3 e Junowe jeyqey ‘yiog

‘syoedwi aAiedau aney 1ySiw 31 se Juerodwl
Aly8iy s1 sayoled usamiaq uolle|osi 9yl pue xuiew ay|

‘(payipow/ajdwis)
9dAy adeaspue ‘ieligey
|eanieu-1was Jo uolliodold

‘anjeA sosuepodwi
XL1e ‘AlIAIIOBUUO) ‘eade Ydled

‘yoled 159404 159502 01 ddULISIg
‘uolie|os| ‘adeys ‘ease yoied

BIEVETE]

Suluian usaug jo xapul
Anwixoud uesw pajySiom eauy
!(sadAy 1e119RY SUIUIaA USRI

4o Jaquwinu) Ayisianlp adedspueq
(,8utuian uaaug,) syusws|d
|ednieu-1was jo uoiyodoud

‘Aipiwny ‘aunjesadwal

18207 ‘apnil|y ‘adeaspue|

QY3 Ul S1eliqey |eanieu

-leau eaJe uado Jo 93ejuaduad
‘uolle|os| ‘adeaspue|

QY3 ul 1eligey Apoom Jo Junowy

‘XlJ3ew
a1 ul sadAy Janod/asn puel

0d 924y uo
1x21u0) adeaspuer Jo s399443 Juapuadag-9|eas

SMOpPEI|A pJeyduQ pajuswsdeld ul sdsepy
pue s23g JOo ssauydly $3199ds 404 IX23U0D
adeaspue] pue eaJy 1elqeH jo sduerodw

515940} JUBUWSI
ueqJn uj uonleluswsdely 1eygey o1 saljyda1ng
40 AlljigeJauinA 10944k suedy Aio1siy-a4i

s9|eds |eljeds pue s|an3|

|euoleziuedio ssoJoe sadedspue| |eanyndlse
ul s3l3luNWWod podoJylie uo si103dey
|erusWuUoJIAUD Jo 10edwi a3yl SulAjnuenp

S9IWAUD JIdY}
pue ‘saaq ‘sdsem uo uoiisodwod adeaspue|
pue uoile|os 1e)gey JO S109449 |eljuaIalIg

sadeaspue pajuawse.q
Ul UOI1B|OS| BAI1094)T :SISNBIA XIIIRA dY L

(panunuos) zs ajqel,

¢00¢

€00¢

[40]4

S00¢

1T0¢

100¢

‘e
SESUETNETGRITITENY

SEMIEYNET RIITESS

10y 13 e80s

‘|e 19 Ja81Iamyds

‘|e 12 ddanyas

"H "L ‘snexory

sSuipuyy Juenajay

pasn sauaw jo Atewwing

L

Jea\

(s)doyny

241



pue|poOM pue ‘sease

‘pue|poom pue ‘eale
uequn ‘puejw.ey ‘pue|ssess

3SM UewWNH 3sualu| Japun adedspue] e ul

(panupuos) zs a1qeL

‘e

ueqJn ‘pue| -wJaey Suipnjoul ‘saAI9saJ dUNleU 9pIsINO sadAy , , 6002
|eJnjeu-1was ‘puejylesy $91|}4913ng peaudsapipn ‘Uowwo) Ul sauljPaq 19 sueH }2AQ uep
uoI1e193aA Ul S9199ds UOWWOI AY] JO dIUBPUNGE Ul dUIPPRQJ
‘saunp uado :sadA} uoneia8apn
adedspue| snonuiuod e pue pajuawdedy
's|aA9| Ajlweyqgns pue sa123ds 1e pajdalap
‘(359404 pojuswedy e U99M1aq uosliedwod 1159104 d1ue|y
90 sawlawos Aew sasuodsal ay| 'snieis uonelusawsdely 1002 ‘|e 19 opeud-eJeyan
pue 152404 aunsiud) adAy 1sau04 uel|izeag ay3 ul sal44911nq Suipaaj-1inuy Jo
931 uo Suipuadap JayIp ssauydl sa12ads sal|j4a1Ing ,
@ouepunge pue uolsodwod ‘ssauydl salads
: A
sSul Aiwiw (159104 pausweyy $91|}4913NQ BUlWOY1I JO sely
aullwoyll 3y3 Jo uolisodwod ay3 s1994je uoljeyuswsely uonsodwod Suis Adtwiw pue Ajisianlp sadads 6002
pue 152404 aunsiid) adAy 1sau04 13 opeud-eJeysan
159404 "sasuodsau JuaJaylp sasned adAy 1sau04 uo uolneluawdely 1S9104UlR JO 10949 YL
*J9N0J pug|
yoea Jo oljed ease-salawiiad
Yo3ed U3l 143A00 pue] S9A048 3AI|0 UBBUERIIBYPIIN
‘pasAjeue exe} ay3y uo Suipuadap Asen sasuodsas ay | yoea Jo Jarawnad yoled ues|y
, ul s394 Jo A}ISIaAIp pue aduepunge 1102 ‘|e 39 ulInayas|
'$99( J934e| ueY) S3|EIS J3||eWS 1B pajoedw| aue S93q |[ewsS {19A02 pue| yoea jo sayoied
, 9y} U0 1xa3u0d adedspue| Jo duaN|JU|
40 JaqWINN {J9A0D pue| yoea
JO BaJe |B}O] {J9AOD puB| Yoea
Jo ease yoled uesy ‘Adjigenns
‘uolje|osi Jo ease yoled sadeaspue| pajuswsedy
‘uoie|osi yoied
uey yuenodwi asow si Ajljenb jejigeH 9ouaisisiad Joy ‘eate Umeg ‘Alllenb 1elqe ul 3s1s49d $91144913INQ 3J9YM DUIWIIBP Y10q T00T ‘|e 19 sewoy |
juelodwi yloq aJe uolie|os| 31s pue Ayjenb 1enqgey uiyumpm ' t3ed Al 1aeH sayoled 1e1iqey Jo uolie|osi pue Aujenb ay
1e3YMYINQ
s3|qelleA eale 3y} 03 pare|aJ Ajjuediyiusis a1am s1oasul *J9N0J pue|ssels pue 15204
i s uowIwOod Ul 19s paas pue siojeul|jod sidy 0T0C ‘le1 el
93gAauoy-uou p|Im pue ‘saagAauoy aAljeu Jo saduepunqy JO BAJY {J9A0D 15340} JO BAIY
-uou pue sidy uo sal1aw adedspue| Jo S199)43
‘uolzeyusawse.
UohelusUISEy (es21dopidan)
01 3|qeJaulnA Ajje1dadss aq Aew saidads auey azis ‘Buiuiewsau bTle}
ssaddpys pue salj4913nq Ag asn yoaied uo 100C
yo1ed Joy sayjesuadwod (sa2unosad [esoly *a°1) Ayljenb yoled eaJy ‘JuswieaJ) uolejuswsdelq 3 9||IAMBWWNS
uolzejuawdely 1elqey |e3uawIadxa JO S19443
*10301paJd juepiodwl ue se paljisse|d st uluiewsad eale ay |
sSuipuly uensjay pasn sau1dwW jo Arewwing ML JedA (s)1oyany

242



(panunuos) zs ajqel,

'sso| 1elqey 4oy Ajuo Ajppuedijiusis
paulpsp

‘9sn apId11Sad ‘2414 ‘Suizes

duequnisip olusadodouyiue

SS9UYILI pue dduepunge 99g 's9aq padeuewun ‘pjim ‘3ui8807 ‘eaJe aunyNoBy :9Us ‘|e 19 934Ul
yau p pung k| qp PI! 18507 }nolisy 91 03 sesu0dsal 5994 40 SIsAjeUE-E1OW Y 600C e} JUIMN
JO ssauyd1 sa129ds pue aauepunge sy} uo aJuequnisip Apnis ay1 Suipunouins 1eligey
J1ussodouyiue 4O 1939449 SAI3R3aU JURDIHIUSBIS B SBM DJ9Y L 10 uonejuswsel) Jo/pue ssoq
'sa|qelden paie|al Ayjige|iene
‘P19l Wiiey ay3 ul sismoyy ‘ . ‘
|eJold ‘(jeuonnuaAuod\oiuesio) VSN ‘elueajAsuuad pue Aasiar maN
Ap@am Jo asuepunge ayl yum paieldosse Ajpaiisod atam \
Juswadeuew wJe4 ‘puejpoom ul syualpeJs asn-pue| ssoude uolesia doud 800¢ NEREEETIINYY
s9123ds Aie}l|oS *sdoud 01 UoIIeMUSIA 999 P|IM pue Ajsusiul
40 yoied 1saJeau ay3 031 duelsIg 4o Ayiolew sy apinoud sioreuljjod asq pjim
9SN-pue| UBIM13( SUOIIBID0SSE SU0UIS 3,UdJam 43y ,
‘puejpoom jo uoiiodoud
el|eJISNY UJ3IS3/W 1S9M-YInos ‘adeaspue|
eqJn pajuswsedy e syjow 3uiA)j-Ae
*90u9saud sa123ds JO syueUIWIRISP '$924N0saJ Je}geH ‘uolipuod UBGN pausUsEl B Ul SLpow sUIAY-AEp
s y pue $31141913nq J0 dduepunge pue suJalied 0102 o N SWel|Im
JUBUIWOP 31 9JE UOI}PUOD UOIIL1D33A puk ealy uoneladap ‘Alnindauuo) feasy
uolINQUISIP  BUIWISIBP BIAJE PpUB UOI}IPUOD
uol1e1a8an JueUWS ‘S924N0S JBYIgRH
*S9|eIS |B20|
|[EWS 1B UMOJS UBYM S23G3|qUINQ 104 SJUBUILIDIDP SAINDIYD 's}eyqgey |esnjeu-1was 03 Ssal1Isuap a|eas adeaspue| e 19 [eydisa
ue jou aJe sdoud Sulamol) ssew ay] "sdoud SulIamol} ssew 2oue)siq ‘sdoud 3ullamoly sseln e 1e Jojeul|jod 2oueyus sdoud Suliamoly ssejn €002 _ ey M
Jo Aujigejieae ay3 01 pale|as AjpAaiisod a1am asgajquing
spJeyduQ
‘SnIpeJs JUaJ3YIp
53994 40 AsianIp 9|ddy uisuoasip ul (ejlydoyiuy :eaplody
ul sa140891ed 1elIqey pue T10¢C ‘|e 19 uosie
pue siaqwinu ay3 aseaJdul spaeydso sjdde yeau s1sa404 :e191douswAH) seag aAleN JO dduepunqy
adeaspue| o eaue |euolriodoud
pue ssauydly ajowold sadedspue paisalo4
s3uipuly juensjay pasn souaw jo Alewwing ML Jed\ (s)1oyany

24



Table S3. The General model implementation. Forward and backwards stepwise
model selection was applied to the general starting model containing the below
specified terms. All two-way interactions between the T1 and change terms were
tested. Landscape ID (geographic location of the cell) and Period (1,2,3) were included
as random effects.

T1 terms Change terms Random terms
ED Man-Nat T1 A Proximity Landscape ID
ED T1 A PR Time period
Patch Area T1 A ED Man-Nat

PRT1 AED

Proximity T1 A Patch Area

PSH T1 A PSH

Fragmentation and composition variables descriptors= Proximity:
Proximity index between patches of suitable habitat; PR: Number of
land-use classes in the landscape; ED Man-Nat : Edge density between
managed and natural systems; ED: Total edge density in the landscape;
PA: average weighted mean patch’s area of suitable habitat; PSH:
Percentage of suitable habitat in the landscape. A: Change; T1: Time 1
or original landscape state.

Figure S1. (next page) Changes in richness of several important pollinator groups
in the Netherlands and the changes in land-use for the same areas. In the left side
the maps with cells (10x10km) for which we have values of species changes, for each
three time comparisons of species richness and pollinator groups. Species richness
comparisons, TC1: 1930-1949 vs. 1950-1969; TC2: 1950-1969 vs. 1970-1989; TC3:
1970-1989 vs. 1990-2009. Blue colours represent positive species richness changes
while red colours represent negative changes. The right side of the image contains the
maps presenting the areas in the Netherlands that experienced changes (grey) in land-
use and the ones that did not experience changes (black) for the three time periods
analysed.
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Where and how biodiversity is distributed around the globe has been
investigated for centuries (Darwin, 1859; Patterson, 1994; Shaffer et al, 1998;
Wallace, 1869). This research field has produced a wealth of information and
insight on the factors determining species distributions and the functions
species carry out in ecosystems (e.g. Gamfeldt et al, 2013; Nelson et al,, 2009).
Moreover, research on the distribution of biodiversity locally and globally has
proven directly applicable for nature conservation actions (e.g. Rodrigues et
al, 2004).

One of the main problems in studying species distributions is the lack of
detailed distribution data and even more from old time periods (e.g. before
1950). Collecting such data requires enormous effort and has only been done
for some iconic or local species, often only in part of their full distribution.
Novel techniques have been applied to these historical species distribution
data for investigating changes in biodiversity across time, as for instance in
the work of Carvalheiro et al. (2013), however, this only renders a partial
picture of these biodiversity changes. Consequently, methods that can
robustly predict (global) species distributions based on a limited amount of
species locations data as input are very important in this field. These methods
should be able to capture, in an accurate manner, the environmental
characteristics that limit species distributions (Chapter 2). These methods can
then be used for a variety of applications including detection of current
species distributions within protected areas (Bagchi et al, 2013; Hannah,
2008), analysis of the pathways and impact of alien species invasions
(Buckland et al, 2014; Giovanelli et al, 2008), investigating ecosystem
services delivery under climate change scenarios (Polce et al. 2013; polce et al.
2014) or the investigation of differences in the ecological niches of closely-

related taxa (e.g. Chapter 3).

In the following sections, | will summarize how the biodiversity
responses to environmental change from past to present presented in this
thesis contribute to the field of biodiversity conservation, and how this can
help predict future biodiversity distributions in a context of global
environmental change. Lastly I will present the implications of my results in
the context of biodiversity conservation and discuss some of the future

research prospects within the field.
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Predicting species distributions across time

Since the beginning of the decade there has been a great investment in the
development of approaches that can estimate where species are distributed
and how their ranges are delimited by biotic and abiotic conditions. This has
led to a boom in novel methods and frameworks to which we refer to as
“Species distribution models”, "Ecological Niche models” or “Habitat
suitability models” (Franklin et al, 2009; Peterson et al, 2011). From these
methods we have to decide on the modelling algorithm and framework. How
or on what should we, as conservation biologists and ecologists, base our
selection? Are all algorithms rendering the same answers? The decisions
taken at this stage determine the results we get and thus the conclusions we

draw.

In this thesis, | show that the performance of different modelling
algorithms for predicting the distribution of a set of systematically selected
data of species occurrences (rare to common and narrow to widespread
species) varies significantly (Chapter 2). Some of these algorithms present
significantly more accurate results than others, particularly MaxEnt or an
ensemble of model predictions (Chapter 2). I show that these differences in
outputs are maintained even when analysing landscapes across different
spatial scales, and that algorithms also differ in how they attribute the
importance of environmental drivers when delimiting the species
distributions (Chapter 2). The differences in attribution of the drivers’
importance is of main concern as it can lead to different conclusions on how
drivers of change define the distribution of each species and thus on how
different species (groups) can be protected. We should ideally opt for
algorithms that are consistent in their predictions across modelling
repetitions (low within algorithm variability) and spatial scales, and that have
high accuracy in their predictions without being constrained by the species

data characteristics (number of records and their spatial distribution).

Furthermore, I show that algorithms such as MaxEnt and an ensemble
of model predictions are among the best options for modelling species
distributions as they render high model fit and are consistent in their outputs
(Chapter 2). However, although the ensemble of models often renders

projections with high accuracy, these are also often difficult to interpret in
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regard to the assessment of how important are the environmental variables
for delimiting species range limits given that they are an ensemble of
predictions from different algorithm. Although the study presented in Chapter
2 focuses on the Netherlands, which has a relatively small area and
homogeneous landscape characteristics, the results obtained are in line with
others carried out in different locations and with different environmental
conditions (e.g. Elith et al, 2006). The high performance of species
distribution models constructed with the MaxEnt algorithm for the Mexican
white pines in the American continent (Chapter 3) also confirms our findings.
Besides MaxEnt, an ensemble of model predictions has become appealing in
recent years as it can capture the variability presented by the different
algorithms into a more robust prediction (Thuiller, 2014). However, the
construction of model ensemble also implies the selection of the method to
obtain the final projection, e.g. average of predictions across modelling
algorithms, median of predictions, consensus approach, mean of predictions
weighted by the model accuracy, among others, which also needs an in-depth
evaluation as different model ensemble methods may vary in their final

output.

Although much research has been carried out in the field of species
distribution modelling, more is needed to better understand how factors such
as biotic interactions (Giannini et al, 2013), species dispersal capacity
(Boulangeat et al.,, 2012), and their plasticity for adapting to changing
environments (instead of modifying their distributions) (Eckhart et al, 2011)
may impact the model predictions. Incorporating this information in a
satisfactory manner into the species distribution modelling protocol would
enhance our knowledge of how biodiversity may respond to future

environmental changes.

Climate and land use change set the limits of species
distributions across time

Climatic and land-use changes are two of the main drivers of species
distribution changes globally (Newbold et al,, 2015; Wu et al, 2011).
Modifications in each of these drivers can cause the extinction of species at

local and global scales (Jetz et al,, 2007; Sala et al,, 2000; Thomas et al., 2004;
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Thuiller et al, 2005). These drivers rarely change independently as the
modification of one tends to impact the other, which may create a cascade
effect that will ultimately effect the species distributions. The results of
Chapter 5 show that in face of these environmental changes, species can adapt
to the new conditions or, depending on their trait characteristics (e.g.
pollinator wing size which is linked to dispersal ability), shift their ranges
towards more suitable areas. Given the observed species geographic shifts,
and their areal range changes within the study area, it is imperative to
investigate how this may impact the protection status of these species as well
as if, how and to what extent the ecosystem functions (i.e. pollination of wild
plants) and services (i.e. pollination of crops) they provide may have been

disrupted in the past or are likely to be disrupted in the future.

Studies on the effects that climate change can have on biodiversity are
highly relevant given the predictions of changing temperature and
precipitation patterns, as well as increases in extreme weather events, that are
occurring around the world (Kirtman et al, 2013). In this thesis [ show that
although land use conditions are often highlighted as some of the most
important drivers of species occurrences, climatic drivers are also highly
important determinants of range limits for species. In Chapter 4, in a study
carried out for three pollinator groups in the Netherlands, I specifically show
that the importance of climatic drivers for determining species range limits,
especially those related to temperature, has significantly increased during
recent decades now reaching that of land use. The results suggest that for the
Netherlands the influence of these climatic drivers will continue increasing
and will probably surpass the importance of land use impacts on species
distribution, especially given that land use related drivers have mostly
stabilized during these last decades (Bouma et al, 1998; Knol et al, 2004).
These results are most likely transferable to other highly industrialized
countries in temperate regions. However, a more in depth research in tropical
regions, where strong land use changes are still ongoing, is still needed to

investigate the applicability of our results to these regions.

One of the main challenges when investigating biodiversity responses
to past climatic and land use changes is the lack of historical data on species
occurrences and environmental conditions. Given this lack of data most

studies apply a space-for-time substitution approach. In this set-up a series of
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landscapes differing in climatic and land use conditions are analysed as
representatives of the modifications that could have occurred in a single
landscape across time (e.g. Brosi et al, 2008; Uehara-prado et al,, 2007). This
may not always be fully representative of the responses to changes, as the
original state of the landscape could also be guiding the responses of the
remaining biodiversity (Kuussaari et al, 2009). In Chapter 6 I ask if recent
landscape modifications (partially) drive current species distributions and
whether historical landscape conditions are also responsible for the
distribution patterns we see at present. [ show that for most of the pollinator
groups I analysed, the historical landscape state (i.e. before changes occurred)
significantly constrains subsequent species responses to landscape changes.
This means that many of the species distribution patterns that we see at
present may actually be constrained by past landscape characteristics,
pointing out to a possible extinction debt (delayed loss of biodiversity after
habitat loss and/or fragmentation events) (Tilman et al., 1994), but also to
possible “colonization debts” (as it may take time for species to colonize newly
suitable areas). While my study provides new insights into this issue, more
research is needed to disentangle what the time lags are for the effects of past
landscape characteristics on current species distribution patterns, and what
underlying ecological /evolutionary mechanisms cause this delayed time-
effect.

The finding of this thesis and other recent studies have shown that both
climate and land use characteristics define biodiversity distributions locally
and globally (Newbold et al, 2015; Wu et al, 2011). However, the relative
importance of each of these drivers for setting species range limits may,
however, not be equal and constant over time. In Chapter 4, by analysing the
importance that different land use characteristics have for setting species
range limits, [ show that habitat composition, fragmentation and spillover
potential have constantly been major drivers of pollinator species
distributions over the last half century in the Netherlands. Especially habitat
composition, which [ analyse as the amount of each land use type in the
landscape and the variety of the land use classes, has been a highly important

driver over time; even more so than fragmentation and spillover potential.

[ have shown that land use is a major driver of species distributions

and that although both past and present landscape characteristics are
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important, for the Netherlands, the historical land use characteristics have
constrained the present biodiversity of pollinators even more than the
landscape changes (Chapter 6). Still, as shown in Chapter 5, the way in which
different pollinator groups respond to these changes (also to climatic changes)
in terms of range modifications and geographical shifts greatly depend on

their functional traits and the pollinator group identity (Chapter 5).

Implications for conservation and concluding remarks

Biodiversity conservation actions are increasingly based on analysis made
with tools such as SDMs (Franklin, 2010; Guisan et al, 2013). The results of
this thesis show that the selection of the methodological details when fitting
SDMs should not be done haphazardly, as the outputs of different methods
may render diverse and sometimes even contrasting results. As shown in
Chapter 2, no single algorithm will be best under all circumstances. I therefore
suggest selecting the preferable modeling tool for the aim (e.g. determining
the range of spatially restricted species, environmental variables profiling)
and data characteristics (e.g. number and spatial distribution of species
presence records) in a given study via a calibration-evaluation procedure.

Chapter 2 provides a template for such a calibration-evaluation procedure.

Biodiversity conservation actions tend to focus on single groups that
may represent the effects that climatic and land use changes have on general
species within bigger biodiversity groups (Fleishman et al,, 2000; Ozaki et al,
2006), e.g butterflies are often used to represent insect biodiversity. Based on
these groups, conservation actions are then proposed. This approach has been
recently challenged by studies that favour a multi-group approach for
biodiversity conservation (Gerlach et al, 2013; Maes & Dyck, 2005). The
reason is that different (pollinator) groups are often impacted by different
drivers (climate or land use) or by the same driver in a different manner or
intensity. The results obtained in this thesis show that, although the pollinator
groups present synergies in their responses to climatic and land use impacts,
their responses cannot be generalized (see for example chapters 4 to 6). Given
the diversity of responses observed between pollinator groups, I suggest that
multi-group approaches that account for the different responses of

biodiversity to these drivers of change should be considered when planning

259



future conservation actions. The findings of this thesis further emphasize the
limited value of one-size-fits-all type of biodiversity conservation measures
and suggest that including historical and present climatic and land use
information when planning future biodiversity conservation programmes is of

critical importance.

The findings of this thesis suggest future challenges as in the field of
biodiversity conservation and applied ecology. The inclusion of multi-species
responses to climatic and land use changes and of historical climatic and land
use information in future conservation plans are definitely two with high
importance. Moreover, including multi-species interaction information in the
modelling framework is a challenge that deserves much attention given that
species distributions and persistence clearly depend on them. This is of main
concern as most research for biodiversity conservation purposes is carried
out with multiple species which makes this process more complex than when
modelling only few species. Lastly, the coupling of new technologies as remote
sensing techniques, e.g. LIDAR (light detection and ranging) and
(hyper)spectral data, with the modelling of species distributions should be
more deeply explored as new research suggest this could be highly
advantageous for the field of conservation biology and in our case for
investigating more in depth and at high spatial resolution how the landscape
context, e.g landscape structure, defines species range limits at high spatial

resolution.
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Summary

The discovery of the patterns and processes that define the distribution of
biodiversity around the world has greatly excited ecologists and conservation
biologist along the last century. This continues being an important topic of
research for academics and the general public, as having this knowledge not
only improves biodiversity conservation actions but also generates economic
wealth. Answering the where, how and why of biodiversity distributions is
exciting and also challenging. For the purpose of answering these questions
different tools and methodologies have been developed. Species distribution
models (SDMs), also called ecological niche models (ENM) or habitat
suitability models (HSM), are an example of these tools. SDMs are
mathematical algorithms that can identify suitable conditions for the existence
of a given species given its environmental preferences. Moreover, these
algorithms can elucidate the importance that different environmental
correlates have for defining the species range limits. SDMs can also be applied
for investigating if and to what extent different closely related taxa occupy
similar or equivalent ecological niches, which renders insights into the
between species ecological relationships. Most studies applying these tools
(e.g. SDMs) for the protection of biodiversity given anthropogenic and natural
global environmental changes focus on future impacts, neglecting the effects
of historical environmental changes on biodiversity. However, looking to how
biodiversity has responded to historic-to-present environmental
modifications can renders insights as how it may respond to future changes in

these conditions.

In Chapter 1 of this thesis I give a general introduction to two of the
main drivers of biodiversity change, climate and land-use changes, and to
some of the main tools used for investigating their impacts on biodiversity
(e.g. SDMs). In Chapter 2 I investigate which are the most commonly used
species distribution modelling techniques and which of them generate(s) the
most robust distribution projections. The results show that in deed some of
them as an ensemble of model predictions and machine learning techniques,
(i.e. MaxEnt), often render high model performance independently of the
number of species record locations and their spatial distribution. Moreover,

there are also algorithms that are most consistent in the prediction of the
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importance that environmental variables have for setting species range limits.
Given the results obtained I concluded that there is not an always best
performing algorithm over all others, but that however, some of them tend to
offer more robust predictions across species and data characteristics (e.g.
number of records and their spatial distribution). I suggest that accounting for
the data characteristics (e.g. number and distribution of presence records)
should be a first step when selecting the modelling algorithms to use. In
chapter 2 I give more insights into the protocol that can be followed when

selecting and fitting the SDM for the specific purpose of the study.

Based on the results from Chapter 2 I selected the MaxEnt algorithm and
further tested its performance when modelling species from the genus Pinus
in Central and North America (Chapter 3). I selected these locations as in
comparison to the Netherlands they contain highly varied environmental and
topographic conditions, and thus represent conditions that differ from those
where the algorithm was tested in Chapter 2. In this analysis I specifically
investigate how species distribution modelling techniques can be applied to
extract the ecological niche space where species are distributed. I then
compare the species’ ecological niches to investigate the identity of closely
related Mexican white pine taxa. [ show that the ecological niches of the
analysed taxa are similar, which corresponds to the fact that they belong to
the same pines group (white pines) but are not equivalent, showing that they

are in deed not the same species, something that is still under debated.

In Chapter 4 I model the distribution of three different pollinator
groups, bees, butterflies and hoverflies, and investigate if the importance that
environmental drivers have for setting the species range limits has changed
over time. With this research I give an insight on the role that drivers related
to climate, as temperature and precipitation, and those related to land use, as
habitat composition, fragmentation and spillover, have played for setting
current species distributions. I show that although in the past (~1950) land
use drivers were significantly more important than climatic drivers for setting
species range limits, in the present climatic drivers have gained equal
importance to those of land use. Given the expected changes in climatic
conditions in the near future and the fact that the major changes in land use
conditions already occurred decades ago in the study area (as in other highly

industrialised countries) it is expected that the importance of climatic drivers
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of species distributions may overpass that of land use.

In Chapter 5 using the same modelling technique and the same
pollinator groups than in the preceding chapter [ investigate the species areal
range changes, latitudinal and longitudinal shifts as a response to changes in
climatic and land use conditions since the 1950’s. Furthermore, I analyse if
and how different species functional traits related to climatic and land use
conditions may explain the observed species geographic distribution shifts
and areal range changes. [ show that all pollinator groups have increases their
distributional area during the last half century, and that all of them also
presented shifts towards more northern areas. Latitudinal shifts differed
between pollinator groups. I further show that information on species traits
can help predict the areal range changes and latitudinal and longitudinal shifts
related to climatic and land use changes. The traits involved in the different
spatial distribution changes may vary between pollinator groups and in some
cases they can respond in opposite direction (e.g. see traits involved in
longitudinal shifts for bees and butterflies). The fact that all groups showed
shifts towards northern latitudes underlines the role that climatic changes
may have in setting species range limits. This raises concerns about further
impacts of changes in climatic conditions on the distribution of biodiversity
given the projected increases in temperature and in extreme weather events

in the near future.

Lastly, in Chapter 6 with land use change data and species richness
change data since the year 1900 I investigate the role that landscape
composition, fragmentation and spillover have had for defining species
richness changes of bees, butterflies and hoverflies in the Netherlands. I ask if
recent landscape modifications (partially) drive current species distributions
and whether historical landscape conditions are also responsible for the
distribution patterns we see at present. [ show that the effects of landscape
changes varied per pollinator group and that for the majority of the
pollinators past landscape characteristics conditioned the more recent
pollinator richness changes. Given the obtained results I concluded that the
species distribution patterns that we see at present may actually be a result of
past landscape characteristics and that more research is needed as to
disentangle what the time lags are of the effects of past landscape conditions

on current species distribution patterns.
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Samenvatting

Weten hoe biodiversiteit verspreid is in de wereld en waarom is een
belangrijk onderwerp in zowel de academische gemeenschap als bij het
algemene publiek. Dit komt waarschijnlijk omdat deze kennis niet alleen
bijdraagt aan het behouden van biodiversiteit, maar omdat het ook
economische welvaart oplevert. Uitvinden hoe biodiversiteit is verdeeld en
het bestuderen van de patronen in biodiversiteit op verschillende locaties
houdt ecologen al jaren bezig. Een antwoord vinden op de waar, hoe en
waarom van de verspreiding van biodiversiteit is spannend maar ook een
echte uitdaging. Vanwege deze uitdaging zijn er verschillende methoden
ontwikkeld om deze vragen ten minste gedeeltelijk te beantwoorden. Een
voorbeeld van één van deze methoden is de wiskundige algoritmes die
geschikte leefgebieden van een specifieke soort kan identificeren en ook kan
aangeven hoe belangrijk de verschillende omgevingsfactoren zijn voor de
verspreidingslimieten van de soort. Bovendien kunnen deze methoden ook
identificeren of en in hoeverre verschillende nauw verwante taxa gebruik
maken van dezelfde of vergelijkbare ecologische niches, wat inzicht geeft in de
ecologische relaties tussen soorten. Een groot deel van de studies die
onderzoekt hoe deze methoden/hulpmiddelen kunnen bijdragen in het
beschermen van biodiversiteit voor antropogene en natuurlijke
veranderingen in het globale milieu focussen zich op de toekomstige gevolgen,
waarbij ze het verleden negeren. Bestuderen hoe biodiversiteit heeft
gereageerd op veranderingen in het milieu in het verleden kan belangrijke
inzichten geven in hoe het kan reageren op toekomstige veranderingen, zoals
bijvoorbeeld veranderingen in het klimaat en landgebruik. In dit proefschrift
in hoofdstuk 1 geef ik een algemene introductie in de belangrijkste factoren
die veranderingen in biodiversiteit veroorzaken en de meest gebruikte
methoden/hulpmiddelen om de gevolgen ervan te onderzoeken (bijvoorbeeld
soorten distributie modellen). In hoofdstuk 2 onderzoek ik wat de meest
gebruikte soort distributie modelleer technieken zijn en welke de meest
naukeurig resultaten oplevert. Ik heb geconstateerd dat sommige als
ensemble van model voorspellingen goede prestaties leveren, evenals
machine learning technieken, zoals MaxEnt. Gebaseerd op deze resultaten heb
ik het MaxEnt algoritme geselecteerd om zijn prestaties verder te testen

tijdens het modelleren van soorten van het Pinus genus in Centraal en Noord

269



Amerika, gebieden met een hoge variéteit in milieu en topografische
omstandigheden (Hoofdstuk 3). In deze analyse onderzoek ik hoe soort
distributie modelleer technieken gebruikt kunnen worden om de verspreiding
van verschillende soorten in de ecologische niche ruimte/het ecosysteem te
extraheren. Daarna vergelijk ik de ecologische niches van de soorten om de
identiteit van de nauw verwante Mexicaanse witte den taxa te onderzoeken. Ik
toon aan dat de ecologische niches van de onderzochte taxa vergelijkbaar zijn,
wat overeenkomt met het feit dat ze tot dezelfde den groep behoren, maar dat
ze niet exact hetzelfde zijn, wat laat zien dat het inderdaad niet dezelfde
soorten zijn, iets wat nog steeds onder discussie staat. In hoofdstuk 4
modelleer ik de verspreiding van drie verschillende bestuivergroepen, bijen,
vlinders en zweefvliegen, en onderzoek ik of de belangrijkheid van de
omgevingsfactoren die de verspreiding van soorten limiteren zijn veranderd
in de loop van de tijd. Met dit onderzoek geef ik inzicht in de rol die factoren
gerelateerd aan het klimaat, zoals temperatuur en neerslag, en die gerelateerd
aan landgebruik, zoals habitat/leefgebied compositie, fragmentatie en
spillover, hebben gespeeld voor de huidige soorten distributies. Ik laat zien
dat hoewel in het verleden (~1950) landgebruikfactoren significant
belangrijker waren dan klimaatfactoren als limiet voor soorten distributies, de
klimaatfactoren tegenwoordig even belangrijk zijn als het landgebruik. Gezien
de verwachtte veranderingen in het klimaat in de nabije toekomst en het feit
dat de grote veranderingen in landgebruik decennia geleden al hebben
plaatsgevonden in het onderzoeksgebied (net zoals in andere zeer
geindustrialiseerde landen), is het te verwachten dat de belangrijkheid van
klimaatfactoren die van landgebruikfactoren gaat passeren. Ten slotte
onderzoek ik in hoofdstuk 5 aan de hand van data over de veranderingen van
landgebruik en soortenrijkdom data sinds 1900 de rollen die landschap
compositie, fragmentatie en spillover hebben gehad bij het definiéren van de
soortenrijkdom veranderingen van bijen, vlinders en zweefvliegen in
Nederland. Ik heb gevonden dat voor de meerderheid van de bestuivers de
landschap karakteristieken uit het verleden de meer recente bestuiver

rijkdom veranderingen verklaren.
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I started this walk four years ago. My passion, as discovered more in depth during
my master's degree, was the analysis of spatial distributions of biodiversity and the

application of GIS and remote sensing techniques to this end.

This PhD project was in the first place possible thanks to my family who were
with me unconditionally at every step either here in the Netherlands, Portugal or
Mexico. A mis padres Jesus y Mercedes agradezco el siempre estar presentes, el
ensefiarme a pensar antes de actuar y de siempre luchar hasta el cansancio para
alcanzar mis suefios. Sin ustedes esta realidad que vivo ahora no habria sido
posible. A ustedes Vera y Jesus, que a pesar de la distancia nunca dejaron de
hacerme ver que estaban conmigo y que cuando estaba por aquellos lugares me
hacian sentir de nuevo en casa. Daniel y Dalia gracias por su compaiiia alla y
también acd. Gracias por acortar la distancia y tomar el tiempo de visitarme de

este lado del charco, ademas de compartir sus pensamientos y suefios conmigo.

My work in the Netherlands, and later during this PhD project, would not have
been possible without the initial training as a researcher that I received from Alma
Villalobos at the Pines genetics group from the University of Guadalajara. I am
also grateful to Jorge A. Pérez de la Rosa who introduced me to the forest research
and especially to the conifers’ world, and who showed me how special this group

is and many of the secrets they have to tell.

During the PhD trajectory, from beginning to end, Koos Biesmeijer was always by
my side in the good and less attractive moments. He is a very objective and
supporting person, who was always there to keep me going. From the start [
realized he would be a person from which I would learn a lot as my supervisor
from the science perspective and now I realize that I also have learned a lot from
him as a friend. So, Koos I thank you for the unconditional advice and for always

taking the time to have those fruitful conversations, I really learned a lot from you.
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Undeniably a key person during my PhD has been Luisa Carvalheiro. She was
always there, literally day and night available to discuss, to share, to learn and to
over all give a critical and objective point of view about my work. Besides her
being a great and intelligent colleague, she also became an amazing friend. Thank
you Luisa for all your time and patience when over the computer I asked you
things and even when you had your deadlines you stopped writing just to pay

attention to what I was saying.

When you do a PhD you get to know many people, but you keep a special
relationship with those that are suffering from the same pain as you are (...the
PhD), those are your fellow PhD students. Without them and other fellows from
Naturalis and abroad all of these four years would have been really boring and
without this special and joyful taste. Cheers to you Nico, Luis, Renato, Tania,
Leon, Aryanne, Sofia, Afke, Joszef, Martin, Thibaut, Frederic, Vincent, Timo,
Saroj, Anneke, Paul, Adam, Constantijn, Marina, Rachel, Johan, Cynthia, Bastiaen

and Jolien (also thanks for translating the summary to Dutch).

There is one person that always believed in me and in what I wanted to achieve,
that even when really tired of listening to me talk about pines, pollinators, spatial
analysis, landscape fragmentation and more of these kind of things, never went
away, being so patient to my day and night focus on the PhD.... to you Maria,
thanks for not giving up on this, for walking firm and together with me and for

giving us that great gift that is Bernardo.

273



274



Cv
and list of publications

Jesus Aguirre Gutiérrez was born in Sahuayo Michoacan, Mexico. He
lived and carried out his license degree (4.5 years) in biology with a
special focus on conifer plants at the University of Guadalajara in Gua-
dalajara Jalisco, Mexico, where he also obtained a scholarship from the
Mexican government for students with high academic performance.
During the license degree he studied for six months at the University of
Sussex, in Brighton, UK as an exchange student and also carried out a
six months internship at the Instuto de Tecnologia Quimica e Bioldgica,
University Nova de Lisboa about pines genetics and biotechnology. After
finishing his degree he worked as coordinator of a nature conservation
and educational project at the Indigenous Mission Bawinokachi, in the
Tarahumara forest, Chihuahua, Mexico. Then, and after obtaining the
HSP-NUFFIC scholarship from the Netherlands Organization for Inter-
national Cooperation, he started his master degree in Ecology and Evo-
lution -Tropical Ecology at the University of Amsterdam in the Institute
for Biodiversity and Ecosystem Dynamics. He then obtained four years
of funding for his PhD project from the Mexican National Council for Sci-
ence and Technology (CONACyT) as well as from Naturalis Biodiversity
Center in the Netherlands.

275



Publications in peer review journals:

Aguirre Gutierrez J./ Biesmeijer, ]. C./ van Loon, E. E./ Reemer, M./
WallisDeVries, M. F./ Carvalheiro, L. G. (2015). Susceptibility of pollinators to
ongoing landscape changes depends on landscape history. Diversity and
Distributions. In press.

Aguirre Gutierrez J./ Serna-Chavez, H. M./ Villalobos-Arambula, A. R./ Pérez
de la Rosa, J. A./ Raes, N. (2015). Similar but not equivalent: ecological niche

comparison across closely-related Mexican white pines. Diversity and
Distributions, 21: 245-257

Aguirre Gutierrez J. (2014): Are plant species’ richness and diversity
influenced by fragmentation at a microscale? International Journal of
Biodiversity, vol. 2014, Article ID 384698

Aguirre Gutierrez J. / Carvalheiro L.G. / Polce C. / Loon E.E. van / Raes N.
/Reemer M. / Biesmeijer ].C. (2013): Fit-for-Purpose: Species
DistributionModel Performance Depends on Evaluation Criteria - Dutch
Hoverflies as a Case Study. PloS One, 8 (5).

Aguirre Gutierrez J. / Seijmonsbergen A.C. / Duivenvoorden J.F.
(2012):0ptimizing land cover classification accuracy for change detection, a
combined pixel-based and object-based approach in a mountainous area in
Mexico. Applied Geography, 34 p. 29-37.

Aguirre Gutierrez J. / Duivenvoorden ].F. (2010): Can we expect to protect
threatened species in protected areas? A case study of the genus Pinus in
Mexico. Revista Mexicana de Biodiversidad, 81 (3), p. 875-882.

Marshall, L./ Carvalheiro, L. G./ Aguirre-Gutiérrez, ]J./ Bos, M./ de Groot,
A./ Kleijn, D./ Potts, S. G./ Reemer, M./ Roberts, S./ Scheper, ]./Biesmeijer, . C.
(2015) Testing projected wild bee distributions in agricultural habitats:
predictive power depends on species traits and habitat type. Ecology and
Evolution. In press.

Buckland S. / Cole N.C. / Aguirre Gutierrez J. / Gallagher L.E. / HenshawS.M.
/ Besnard A. / Tucker R.M. / Bachraz V. / Ruhomaun K. / Harris S. (2014):
Ecological effects of the invasive Giant Madagascar Day Gecko on endemic
Mauritian Geckos: applications of binomial-mixture and species distribution
models. PloS One, 9 (4).

Carvalheiro L.G. / Kunin W.E. / Keil P. / Aguirre Gutierrez J. / Ellis W.N. /Fox
R. / Groom Q. Hennekens S. / Landuyt W. van / Maes D. / Meutter F.van de /
Michez D. / Rasmont P. / Ode B. / Potts S.G. / Reemer M. / RobertsS.P.M. /
Schaminee ]. / Wallis-DeVries M.F. / Biesmeijer J.C. (2013): Species richness
declines and biotic homogenisation have slowed down for NW European

276



pollinators and plants. Ecology letters, 16 (7), p. 870-878.

Polce C. / Termansen M. / Aguirre Gutierrez J. / Boatman N.D. / Budge G.E.
/Crowe A. / Garratt M.P. / Pietravalle S. / Potts S.G. / Ramirez ].A. /
SomerwillK.E. / Biesmeijer J.C. (2013): Species distribution models for crop
pollination:a modelling framework applied to Great Britain. PloS One, 8 (10).

Thesis co-authors and contribution to the thesis

Chapter 2

J. Aguirre-Gutiérrez, L. G. Carvalheiro and J. C. Biesmeijer conceived and
designed the experiments. Performed the experiments: ]. Aguirre-Gutierrez, L.
G. Carvalheiro. Analyzed the data: J. Aguirre-Gutierrez, L. G. Carvalheiro and J.
C. Biesmeijer. Contributed reagents/materials/analysis tools: C. Polce and M.
Reemer. Wrote the paper: ]. Aguirre-Gutiérrez. Contributed significantly to the
manuscript revisions: L. G. Carvalheiro, ]. C. Biesmeijer. C. Polce, N. Raes, E. van

Loon, M. Reemer and ]. C. Biesmeijer.

Chapter 3

J. Aguirre-Gutiérrez and H. Serna-Chavez. conceived the idea. ]. Aguirre-
Gutiérrez designed and carried out the analyses and together with H. Serna-
Chavez and N. Raes interpreted the results. A.Villalobos-Arambula and ]. Pérez
de la Rosa gathered the data, prepared it for the analyses and/or provided
information to help with data interpretation. J. Aguirre-Gutiérrez drafted the
text and all other authors provided corrections to manuscript drafts and

discussed ideas within it.

Chapter 4

J. Aguirre-Gutiérrez, W. D. Kissling and L. G. Carvalheiro conceived the idea. J.
Aguirre-Gutiérrez designed and carried out the analyses and together with W.
D. Kissling and L. G. Carvalheiro interpreted the results. ]. C. Biesmeijer, M.
WallisDeVries and M. Reemer gathered the data, prepared it for the analyses
and/or provided information to help with data interpretation. J. Aguirre-
Gutiérrez drafted the text and all other authors provided corrections to

manuscript drafts and discussed ideas within it.

277



Chapter 5

J. Aguirre-Gutiérrez, W. D. Kissling, L. G. Carvalheiro and J. C. Biesmeijer
conceived the idea. . Aguirre-Gutiérrez and W. D. Kissling designed the
analysis. ]. Aguirre-Gutiérrez carried out the analyses. J. Aguirre-Gutiérrez, W.
D. Kissling and L. G. Carvalheiro interpreted the results. J. C. Biesmeijer, M. F.
WallisDeVries, M. Reemer and M. Franzén gathered the data, prepared it for
the analyses and/or provided information to help with data interpretation. J.
Aguirre-Gutiérrez drafted the text and all other authors provided corrections

to manuscript drafts and discussed ideas within it.

Chapter 6

J. Aguirre-Gutiérrez, L. G. Carvalheiro and ]. C. Biesmeijer conceived and
designed the analyses; J. Aguirre-Gutiérrez performed the analyses and
together with L. G. Carvalheiro and ]. C. Biesmeijer interpreted the data. E. van
Loon, M. Reemer and M.WallisDeVries. gathered the data, prepared it for the
analyses and/or provided information to help with data interpretation. The
text was drafted and revised by J. Aguirre-Gutiérrez, L. G. Carvalheiro and J. C.
Biesmeijer.; all other authors provided corrections to manuscript drafts, and

discussed ideas within it.

278






	Blank Page
	Blank Page



