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Summary. Since the 1980s, bumblebee species have declined in Europe, partly because of agricultural intensification. Yet
little is known about the potential consequences of agricultural decline on bumblebees. In most mountainous areas,
agricultural decline from rural exodus is acute and alters landscapes as much as intensive farming. Our study aims at
providing a quantitative assessment of agricultural decline through its impact on landscapes, and at characterising
bumblebee assemblages associated with land-use types of mountain regions. The studied area (6.2 km?) belongs to the
Eyne’s valley in the French Pyrenees, known to host the exceptional number of 33 bumblebee species of the 45 found in
continental France. We compare aerial photographs from 1953 and 2000 to quantify agricultural decline. We cross a
bumblebee database (2849 observations) with land-use types interpreted from aerial photographs from 2000. Comparison of
land-use maps from 1953 and 2000 reveals a strong progression of woodland and urbanised areas, and a decline of
agricultural land (pastures and crops), except for hayfields. Spatial correlations between low altitude agro-pastoral structure
and the occurrence of bumblebee species shows that bumblebee specific richness is highest in agro-pastoral land-uses
(pastures and hayfields) and in the ski area, and poorest in woodland and urbanised areas. Urbanisation and agricultural
decline, through increased woodland areas, could lead to a loss of bumblebee diversity in the future. To preserve high
bumblebee richness, it is crucial to design measures to maintain open land habitats and the landscape’s spatial heterogeneity
through agro-pastoral practices.

Résumé. Distribution a haute résolution des bourdons (Bombus spp.) dans une zone montagnarde affectée par la
déprise agricole. Depuis les années ‘80, les espéces de bourdons régressent en Europe, en partie a cause de I’intensification
agricole. Par contre, on en sait peu sur les conséquences potentielles de la déprise agricole sur les bourdons. Dans la plupart
des régions montagnardes, la déprise agricole suite a I’exode rural est aigué et modifie les paysages autant que 1’agriculture
intensive. Notre étude vise a fournir une évaluation quantitative de la déprise agricole a travers son impact sur les paysages,
et a caractériser les assemblages de bourdons associés aux types d’utilisation du sol des régions montagnardes. La zone
étudiée (6.2km?) appartient a la vallée d’Eyne dans les Pyrénées francaises, connue pour héberger le nombre exceptionnel
de 33 espéeces de bourdons sur les 45 présentes en France continentale. Nous comparons les photographies aériennes de
1953 et 2000 pour quantifier la déprise agricole. Nous croisons une base de données de bourdons (2849 observations) avec
les types d’utilisation du sol interprétés a partir de la photographie aérienne de 2000. La comparaison des cartes d’utilisation
du sol de 1953 et 2000 révéle une forte progression des bois et des zones urbanisées, ainsi qu’un recul des terres agricoles
(cultures et patures) a I’exception des prés de fauche. Les corrélations spatiales entre la structure agro-pastorale de basse
altitude et ’occurrence des espéces de bourdons montre que la richesse spécifique des bourdons est plus élevée dans les
types d’utilisation du sol agro-pastoraux (patures et prés de fauche) et au développement de la station de ski, et plus pauvres
dans les bois et les zones urbanisées. L’urbanisation et la déprise agricole, a travers ’augmentation des zones boisées,
pourraient conduire a une perte de la diversité des bourdons a I’avenir. Afin de préserver la haute richesse en bourdons, il est
crucial de concevoir des mesures visant a maintenir les habitats ouverts et I’hétérogénéité spatiale du paysage a travers des
pratiques agro-pastorales.

Keywords: Pyrenees; habitat preference; land use changes; mountain environment; agro-pastoral practices

farming (Burel et al. 1998). Habitat fragmentation through
loss of wilderness areas (breeding, nesting, and foraging
sites) and loss of their connectivity further contributes to the
decline of pollinating insects, including bumblebees
(Osborne et al. 1991; Steffan-Dewenter et al. 2006; Le
Féon et al. 2010), and the decline of biodiversity as a

For several decades, numerous bumblebee species (Bombus
spp.) have been regressing in Europe (e.g. Rasmont et al.
2005; Williams 2005; Biesmeijer et al. 2006; Williams &
Osborne 2009). This decline results among other things
from major changes in land use brought about by intensive
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whereas the “hayfields” type to grasslands that are mown
for hay.

Land use dynamics

Comparing land cover maps drawn in 1953 and 2000
enables us to understand its dynamics (Figure 2¢ and d).
This comparison reveals the following features
(Table 1):

e Strong increase of surfaces covered by
woody vegetation. The area covered in wood-
land rose from 54.1 ha in 1953 to 162.0 ha in
2000.

e Strong increase of surfaces devoted to urbanisation
and ski area (“dwellings” and “pseudo-alpine”).
The dwelled area rose from 3.9 ha in 1953 to
19.7 ha in 2000; the “pseudo-alpine” area reached
10.6 ha in 2000.

e Increase of surfaces covered by shrubby vegeta-
tion. “Hedges and banks” trebled their floor
space between 1953 (10.6 ha) and 2000
(32.6 ha) especially downslope from the village
(Figure 2b and d).

e Decrease of surfaces devoted to agriculture; the
“pastures” fell from 310.6 ha in 1953 to 121.2 ha
in 2000 and the “crops” fell from 93.4 to 11.4 ha;
except for hayfields that increased from 148.8 ha to
264.4 ha.

Diversity and bumblebee richness per land use type

The specific composition of bumblebees remained almost
the same before and after 1998 (Table 2). However, data
location before 1998 (before the use of GPS) is not suffi-
cient to allow precise linking of bumblebee data with land
use data. This association could only be carried out from
1998 and is presented in this paper.

Table 1. Land use types in 1953 and 2000.

Land use Surfaces (ha) Surfaces (ha) Variation

types in 1953 in 2000 (ha) Tendency
Woodland* 54.1 162.0 +107.9 ++
Crops** 93.4 11.4 - 82.0 -
Dwellings 3.9 19.7 +15.8 +
Hedges and 10.6 32.6 +22.0 +
banks
Pastures 310.6 121.2 - 189.4 -
Hayfields 148.8 264.4 + 115.6 ++
Pseudo- — 10.6 +10.6 +
alpine

Note: The percentage error when calculating the surface areas is estimated
at 1%. *Woodland and its edge; **field edges essentially.

The species list associated to land use types varies
both in terms of quantity and quality (Table 2). From the
species present from 1998 to 2008 in Eyne’s low altitude
zone, only eight are present in all types, and thus represent
a typical assemblage of the bumblebee community found
at Eyne’s low altitude zone (B. hortorum, B. lucorum, B.
mesomelas, B. pascuorum, B. ruderarius, B. soroeensis, B.
subterraneus, B. terrestris; Table 2). The 21 other bum-
blebee species found at this low altitude zone are rarer or
may show more specific ecological preferences, which
restricts their habitat to one or two land use types. The
proportion of species represented by only one specimen
varies considerably according to the land use type. It is
very high for the “woodland”, “hedges and banks”,
“crops” and “hayfields” types, with respectively 42.1,
35.7, 31.2 and 28% of the total number of species, com-
pared to other types, i.e. “dwellings”, “pastures” and
“pseudo-alpine” (respectively 0, 10 and 10%).

The diversity and originality of each land use type
based on its bumblebee fauna are presented in Table 3.
The diversity and originality indices are very different.
The land use type that scores particularly high both in
terms of richness and originality is “hayfields”, whereas
the “dwellings” type is the one showing the lowest scores.
The “pastures”, “hayfields” and “hedges and banks” types
have the highest species richness (Hurlbert expectancy).
The “hayfields”, “crops” and “woodland” types have a
high cumulative rarity index comparable to that of the
whole study area. Conversely, the other types show
much lower cumulative rarity indices, indicating a more
ordinary bumblebee fauna.

Except for “hedges and banks”, land use types differ
markedly in their specific composition (Table 4) even for
the most abundant species of the study area.

The diversity (Hurlbert expectancy) and originality
indices (Table 3) on the one hand, and the correlations
between land use types (Table 4) on the other hand,
emphasise the strong contrast between land use types.
They show a marked difference between the urbanised
environment (“dwelling” type), which show a weak
diversity, and the treeless or shrubless agrarian envir-
onments (“hayfields” type), showing a very high
density.

The faunistic differences between the various land use
types (Table 4) result from the large proportion of single-
tons, the low number of generalist species in the study
area, and hypothetically the biotopographic preferences of
some species.

Bumblebee assemblages associated with the different
land use types

The biotopographic preferences of many species are diffi-
cult to identify. Stations where B. humilis was observed
(Figure 4b) seem to indicate that this species prefers open
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a. Bombus confusus b. B. humilis

d. B. magnus

Figure 4. Distribution map of bumblebee species. (a) Bombus confusus Schenck (36 specimens, 11 stations). (b) B. humilis Tlliger (247
specimens, 71 stations). (¢) B. lucorum (L.) (546 specimens, 83 stations). (d) B. magnus Vogt (three specimens, three stations). (e) B.
monticola Smith (56 specimens, 21 stations). (f) B. pratorum (L.) (31 specimens, 14 stations). The data are indicated by dots
corresponding to a diameter of either 150 m, when the number of specimens in the station is greater than or equal to five, or a diameter
of 75 m, when the number of specimens is less than five.
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Figure 5. Distribution map of bumblebee species. (a) Bombus bohemicus Seidl (10 specimens, eight stations); (b) B. cullumanus
(Kirby) (two specimens, two stations); (c) B. gerstaeckeri Morawitz (one specimen, one station); (d) B. hortorum (L.) (145 specimens, 44
stations); (e) B. hypnorum (L.) (nine specimens, eight stations); (f) B. lapidarius (L.) (51 specimens, 24 stations); (g) B. mendax
Gerstaecker (seven specimens, two stations); (h) B. mesomelas Gerstaecker (162 specimens, 41 stations); (i) B. mucidus Gerstaecker (six
specimens, five stations). The data are indicated by dots corresponding to a diameter of either 150 m, when the number of specimens in
the station is greater than or equal to five, or a diameter of 75 m, when the number of specimens is less than five.

(Figure 8a). This group can be described as showing pre-
ference for deforested areas, for skiing facilities (“pseudo-
alpine” type) or for areas rich in trees and/or shrubs
(“hedges and banks” and “woodland”) (Figure 8b). Two

groups are characterised by biotopographic preferences for
open environment. Group II (B. confisus, B. mendax, B.
terrestris and B. sylvarum) is particularly linked to urba-
nised and pasture areas whereas group Il (B. humilis, B.
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B. norvegicus

B. pascuorum C. B. pyrenaeus

B. quadricolor

B. rupestris

B. soroeensis

Figure 6. Distribution map of bumblebee species. (a) Bombus norvegicus (Sparre Schneider) (one specimen, one station); (b) B.
pascuorum (Scopoli) (116 specimens. 45 stations); (c) B. pyrenaeus Pérez (56 specimens. 17 stations); (d) B. quadricolor (Lepeletier)
(one specimen, one station); (e) B. ruderarius (Miiller) (554 specimens. 104 stations); (f) B. ruderatus (Scopoli) (four specimens, three
stations); (g) B. rupestris (Fabricius) (six specimens, six stations); (h) B. sichelii Radoszkowski (six specimens, four stations); (i) B.
soroeensis (Fabricius) (254 specimens. 51 stations). The data are indicated by dots corresponding to a diameter of either 150 m, when the
number of specimens in the station is greater than or equal to five, or a diameter of 75 m, when the number of specimens is less than five.

lapidarius, B. mesomelas, B. rupestris, B. soroeensis and B.
subterraneus) is mainly associated to agrarian areas (“hay-
fields” and “crop” types). The most abundant species (B.
lucorum and B. ruderarius, group IV) tend to be generalist
and cannot be characterised according to a particular land

use type.

451

Discussion
Land use dynamics

The agricultural decline phenomenon in the Pyrenees has
already been demonstrated in the Quérigut district
(France, Ariége; Fabre 1977) and in Eyne’s valley
(Davasse & Galop 1997). As in our study, they observed
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B. subterraneus

B. sylvarum

B. sylvestris

Figure 7. Distribution map of bumblebee species (continuation). (a) Bombus subterraneus (L.) (112 specimens, 28 stations); (b)
B. sylvarum (L.) (332 specimens, 68 stations); (c) B. sylvestris (Lepeletier) (four specimens, three stations); (d) B. ferrestris (L.)
(87 specimens, 29 stations); (e) B. wurflenii Radoszkowski (14 specimens, seven stations). (See Figure 1d and e for the legend).
The data are indicated by dots corresponding to a diameter of either 150 m, when the number of specimens in the station is
greater than or equal to five, or a diameter of 75 m, when the number of specimens is less than five.

a continuous trend towards land abandonment and a
more extensive use of the remaining agricultural land.
Contrary to what takes place in areas undergoing strong
agricultural intensification, uncropped plots such as for-
ests, pastures and hedges tend to coalesce. The present
agro-pastoral landscape found in Eyne is characterised,
among other things, by a dense network of hedges and
banks that increases the connectivity between the
wooded areas upslope and downslope of the village.
Converting the “crops” and “pastures” types into mainly
“hayfields” and “woodland” types resulted in a tremen-
dous change in the landscape. The rise of human pressure
by urbanisation is clearly noticeable (Figure 2c and d).
The dwelling area increased fivefold due to the develop-
ment of the ski resort and its hamlet “Eyne 2600”
(Figure 1). At the same time, ski slopes have been laid
out. It is difficult to predict how far this land use type
will expand as this is strongly dependent upon economic
and touristic contingencies. The current landscape found
in Eyne results directly from the overall evolution in land
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use induced by agricultural decline and the development
of the ski resort and its facilities.

Bumblebee assemblages associated with the different
land use types

The apparently low value (11%) of the variance in bumble-
bee distribution explained by the seven land use types could
mainly be explained by the inter-annual species abundance
variation. We accumulated the species’ abundance over
10 years without taking into account the large inter-annual
variations that occurred (Iserbyt & Rasmont 2012).
Moreover, floral resources, microclimates and altitude are
also factors that influence the distribution of bumblebees in
this region (Iserbyt et al. 2008; Iserbyt & Rasmont 2012).
The specific richness observed in the “woodland” type
may result from the merging of the data pertaining to actual
forest with the data concerning its edge. Edges often have a
higher index of biodiversity, and so the fact that they are
included in “woodland” may overestimate the observed
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Since the 1950s, bumblebee (Bombus) species are showing a clear decline worldwide. Although many
plausible drivers have been hypothesized, the cause(s) of this phenomenon remain debated. Here,
genetic diversity in recent versus historical populations of bumblebee species was investigated by
selecting four currently restricted and four currently widespread species. Specimens from five locations
in Belgium were genotyped at 16 microsatellite loci, comparing historical specimens (1913-1915) with
recent ones (2013-2015). Surprisingly, our results showed temporal stability of genetic diversity in the
restricted species. Furthermore, both historical and recent populations of restricted species showed

a significantly lower genetic diversity than found in populations of co-occurring widespread species.
The difference in genetic diversity between species was thus already present before the alleged recent
drivers of bumblebee decline could have acted (from the 1950’s). These results suggest that the alleged
drivers are not directly linked with the genetic variation of currently declining bumblebee populations.
A future sampling in the entire distribution range of these species will infer if the observed link between
low genetic diversity and population distribution on the Belgium scale correlates with species decline on
aglobal scale.

One of the important variables in evolutionary biology and population genetics is the effective population size
(N,)™. N, is the size of an ideal population which has the same genetic diversity as the actual population of inter-
est?. Due to violations of the ideal scenario (e.g. all specimens should have equal reproduction and survival prob-
abilities), wild populations usually depart from N, which is generally smaller than the corresponding census
population size (N,)% Although many factors are linked with population viability, by estimating N, one can deter-
mine the viability of a population (e.g. ref. 3) and in turn the conservation status of this population or species'.

The most important conservation consequence of a decrease in N, is that it will result in a loss of genetic
diversity>*-. The presence of sufficient genetic variation is crucial for the persistence of populations, as the loss
of genetic variation will lead to a lower adaptive ability in response to current and future changes in the environ-
ment, such as new pathogens, climate change and habitat loss, and can ultimately lead to extinction**. On a short
term, populations with a low N,, are more vulnerable to random processes, such as genetic drift (e.g. refs 4-6).
The higher effects of drift within small populations cause a (further) decrease in genetic variation. In turn, the
chance of inbreeding will increase, and can lead to a decreased fitness due to inbreeding depression (e.g. refs 4-6).
In social insects such as bumblebees, N, will be very low in relation to the observed number of specimens, as
most bumblebee species are monoandrous and their colonies consist mostly out of only one founder queen
(e.g. refs 7-9).

Currently, several methods are described to estimate N, in natural populations. In general, temporal studies, which
estimate N, by examining allele frequency changes over time, showed the best results (reviewed by refs 6,10-12).
Although favourable, these approaches will be limited to only a few organisms as it requires time series, i.e.
the availability of multiple specimens from populations sampled at two or more points in time (as reviewed by
Habel et al.%). Although challenging, temporal sampling methods were already successfully applied to estimate
N, in natural populations (reviewed in ref. 6). In this manner several studies demonstrated a decrease of genetic

!Department of Crop Protection, Faculty of Bioscience Engineering, Ghent University, Coupure links 653,
B-9000, Ghent, Belgium. 2Laboratoire de Zoologie, University of Mons, Place du Parc 20, B-7000 Mons, Belgium.
3Department of Geography, University of Namur, Rue de Bruxelles 61, B-5000 Namur, Belgium. “Royal Belgian
Institute of Natural Sciences, Vautierstraat 29, B-1000 Brussels, Belgium. Correspondence and requests for materials
should be addressed to K.M. (email: kevin.maebe@ugent.be) or G.S. (email: guy.smagghe@ugent.be)
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diversity or an increase in genetic differentiation (e.g. refs 6,13,14). For instance, Athrey et al.!® compared his-
torical and recent populations of the endangered golden-cheeked warbler (Dendroica chrysoparia) to assess the
impact of demographic changes. Over a period of 100 years, genetic diversity decreased, while genetic differen-
tiation increased. In contrast, other studies clearly showed temporal stability of population structures!®-18. The
absence of significant shifts over time could be attributed to past population dynamics which has a direct impact
on genetic drift and gene flow.

In bumblebee species, which are all essential pollinators in natural and managed ecosystems (e.g. refs 9,19),
new data has recently raised the debate whether the population structure remained temporally stable or whether
shifts in genetic diversity occurred during recent times®*?!. Many bumblebee species show major population
declines in different parts of the world (e.g. refs 22-24). Specifically in Europe, 24% of the 68 European bumble-
bee species are threatened with extinction. More generally, bumblebee populations tend to decline (46%), remain
stable (29%) or increase (13%)>>%. In populations of the restricted and currently declining bumblebee species,
a lower genetic diversity than contemporary widespread and stable bumblebee species was observed*>*?’. So it
remained unclear whether this difference is caused by the decrease in population size or whether it is an intrin-
sic characteristic of the currently declining species®*?"*". The generally accepted hypothesis says that the lower
genetic diversity in the declining species is due to a reduction of genetic diversity caused by the drivers of bee
decline (e.g. refs 27,28). This decline is possibly due to, or at least influenced, by (a combination of) the following
drivers: pathogen infection and/or spill-over from domesticated pollinators, use of pesticides, food depletion,
climate change, and landscape modifications (e.g. refs 29-31). Although land cover changed substantially during
the last three millennia due to anthropogenic activity®, the increasing loss of habitats and forage resources due
to the agricultural intensification, is thought to be the key driver of the observed bumblebee decline in Europe
which started around the 19505243033,

Due to the impact of these drivers, the effective population size of restricted bumblebee species may decrease.
Genetic drift (e.g. for changes of allele frequency in a population due to random sampling of organisms) may lead
to a decrease of genetic variation within a population*®. This stochastic loss of alleles will be more pronounced in
small populations*?, and if the population is isolated this effect may be less buffered by dispersal. This difference
in vulnerability towards the impact of genetic drift will be reflected in the observed level of genetic variation, with
lower and decreased levels within the populations of the restricted bumblebee species. However, this hypothesis is
solely based on recent contemporary samples?»*”2. In contrast, studies using only historical specimens revealed
similar differences in genetic diversities between declining and stable bumblebee species in North-America?
and Europe?!, which suggests that no recent major reduction in genetic diversity occurred***!. In an alterna-
tive hypothesis, populations of restricted bumblebee species have already a lower genetic diversity due to past
population dynamics. These species may maintain the lower level of genetic diversity in their populations by (i)
receiving enough dispersing specimens from neighboring subpopulations to counter the effects of drift, and/or
(i) as their populations may always been small, most of their genetic variation may already be removed due to
selection and drift. The latter suggests that a further decrease of genetic variation will become difficult to notice
over short time periods. Testing which hypothesis is causing the observed lower genetic variation in the restricted
and declining species is necessary to improve conservation strategies and secure the pollination services of wild
bumblebees>?”. Indeed, lower genetic diversity will predispose these populations to have a more limited ability to
adapt to the changing environment*®. For instance, genetically pauperized bumblebees are more susceptible to
diseases. Research performed by Whitehorn et al.** in the UK showed that populations of the large carder bee or
moss carder bee (B. muscorum) with a lower level of heterozygosity showed a higher prevalence of the gut parasite
Crithidia bombi. The same negatively correlated interaction between parasite prevalence and genetic diversity
was found for the parasitic mite Locustacarus buchneri in B. muscorum but not in B. jonellus*. Furthermore, in
North-America, researchers found also a link between the level of genetic diversity and an increased vulnerability
to the pathogen Nosema bombi*2.

In this study, we compared two groups of bumblebee species, those currently widespread and found in dif-
ferent parts of Belgium versus those currently restricted and limited to specific localities, to investigate whether
a reduction in genetic diversity has occurred over time. More specifically, we compared the genetic diversity of
eight bumblebee species before and after the general bee decline that started in Europe around the 19505,
Pin-mounted museum specimens from 100 years ago (1913-1915) were compared to specimens collected
recently (2013-2015), both sets originating from the same five locations in Belgium. As pollinator regression
is intensively described in Belgium and concerns bumblebees® but also other wild bees*”**, hoverflies and but-
terflies®, this country was chosen as our main study area. Among the eight chosen bumblebee species, four are
currently restricted (B. ruderarius, B. sylvarum, B. humilis and B. soroeensis) and four are currently widespread
(B. pascuorum, B. hortorum, B. pratorum and B. lapidarius) in Belgium. For each location and species, samples
were genotyped with microsatellite DNA markers. Here, we hypothesize that (i) widespread bumblebee species
have larger effective population sizes than sympatric restricted bumblebee species; (ii) genetic diversity in the
potentially smaller populations of restricted species will decrease over time by the influence of genetic drift.

Results

Data analysis. Each of the 16 microsatellites amplified successfully in each Bombus species. Genotype repli-
cations for all loci were consistent, with a correct repetition of 99.71%. Based on our exclusion step of maximum
6 loci of missing values allowed within the genotype profile of a single specimen, 85 specimens were excluded
from all further analyses for the historical data, and 11 for the recent ones (Table 1). Furthermore, an extra 114
and 86 specimens were removed as Colony 2.0 and Kinalyzer analyses identified them as being full-sibs within a
population. Indeed, when these analyses detected a full-sib pair within one population (specimens from the same
location and time period), only one random selected specimen per sibship was kept for further analysis (Table 1).
After these two exclusions steps, 357 out of 566 historical and 436 out of 533 recent specimens remained in our
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Historical Recent

Species Subgenera Pop | n NA | FS N | Pop | n NA |FS| N
B. hortorum Megabombus 4 97 3 6 88 4 94 1 8 85
B. humilis Thoracobombus | 2 33 2 12 19 1 15 1 6 8

B. lapidarius Melanobombus 5 100 | 18 13 69 5 122 3 8 | 111
B. pascuorum | Thoracobombus | 4 101 14 20 67 5 140 0 | 31| 109
B. pratorum Pyrobombus 3 69 9 22 38 4 97 3 12| 82
B. ruderarius | Thoracobombus | 3 75 16 23 36 2 20 2 1 17
B. soroeensis Kallobombus 1 25 12 2 11 1 21 0 12 9

B. sylvarum Thoracobombus 3 66 11 16 39 1 24 1 8 15
Total 25 566 85 114 | 367 23 533 11 86 | 436

Table 1. Number of specimens genotyped in the analysis categorized per Bombus species. With indication
of their division in Bombus subgenera, and with pop = the number of populations sampled, n = the total
number of specimens genotyped, NA = the number of specimens that were not amplifiable, FS = the number of
detected and removed full sibs, and N = the final number of workers used in all further analyses.

dataset, which we used to estimate the different genetic parameters of all populations of each species (Table 1). In
addition, our analyses detected no significant linkage disequilibrium between microsatellites, but found signifi-
cant deviations of HW for some loci in the populations of each species. Although this difference may be due to the
presence of null alleles, our analysis performed with MICROCHECKER 2.2.3 revealed only very low frequencies
of null alleles (<5%) in these involved microsatellite loci.

Estimation of genetic diversity. For all Bombus species, the genetic diversity of all populations was esti-
mated in the two time periods (1913-1915 and 2013-2015). Within the recent populations of the widespread
Bombus species, the genetic diversity parameters (A and Hg) were high, ranging from 3.820 to 6.590 and from
0.409 to 0.755, respectively (Table 2). The observed level of genetic diversity within the populations of the
restricted bumblebee species was lower than within the populations of the widespread species ranging from 2.560
to 3.810 and from 0.307 to 0.434 (Ay and Hy, respectively; Fig. 1).

Within the historical bumblebee populations, we found a similar result, with Ay and Hg, for the widespread
Bombus species ranging from 3.430 to 9.040 and from 0.420 to 0.728, and a lower genetic diversity within the
populations of the restricted species ranging from 2.240 to 3.870 and from 0.313 to 0.509 (A and Hg, respectively;
Table 2 and Fig. 1).

Genetic diversity in restricted versus widespread species. After running the LMM, we found no
decrease of Hy; over time. Indeed, the factor “period” was not present in the best models (delta > 2; Table 3).
Therefore, Hg remained stable over time for the restricted species with 0.385 versus 0.351 (mean Hg in 1913-1915
and 2013-2015, respectively) and for the widespread species with 0.589 versus 0.594 (mean Hg in 1913-1915 and
2013-2015, respectively; Table 2). Although, mean Ay remained fairly stable for the restricted species from 3.127
to 3.198 and for the widespread species with 5.519 versus 5.443 (mean Ay and Hg in 1913-1915 and 2013-2015,
respectively; Table 2), time period was included in the best LMM models for Ay (delta = 0.000, Table 3). However,
the effect of time period was not significant (LMM, P =0.758, Table 4), neither with the interaction of “distri-
bution” and the different “subgenera” (LMM, P=0.910, and P=0.088-0.802, respectively; Table 4). In general,
these results show that the historical and recent genetic diversity within the populations of the restricted and
widespread species did not decrease over 100 years; at least not in a consistent manner.

The models (delta < 2) fitting the observed pattern of the genetic diversity variable Hy best were the model
with species “distribution” and “subgenera” as fixed factors and with or without the interaction between “distri-
bution” and “subgenera” The model (M12) was the best fitting model (delta=0.000) and had the highest weight
(0.632; Table 3). For the variable Ay, the models with species “distribution”, “period” and “subgenera” as separate
main fixed factors and with or without the interaction between “distribution” and “subgenera” and between “sub-
genera” and “period” had the lowest delta AIC score (Table 3). Although model (M12) showed a similar signif-
icant result for Ay (delta=0.648, weight=0.181; Table 3), the models including “period”, with or without the
interaction of “period” with “subgenera’, were always better fitting the data (for both M40 and M48, delta=0.000
and weight =0.250, respectively; Table 3). Therefore, model M12 and model M48 were selected and performed as
best fitting models for H and Ag, respectively (Tables 3 and 4).

Species distribution was significantly explaining the observed pattern of Hy (LMM, t-test, t= —5.803,
p<0.001) and Ay (LMM, t-test, t=—3.520, p < 0.001) (Table 4), which means that the widespread bumblebee
species had a higher genetic diversity than the restricted species, within and between both time periods. For both
parameters, species subgenera had also a significantly effect on the observed pattern of genetic diversity. Indeed,
compared with the other subgenera, the species of the subgenera Melanobombus had a higher Ay and Hy (LMM,
t-test, t =4.889, p < 0.001; t=1.965, p < 0.049; respectively; Table 4) and in Thoracobombus a lower Hg (LMM,
t-test, t = —3.348, p < 0.001; Table 4).

Effective population size estimation. The effective size of each population, with data from two time
points available, were measured with MLN, (Table 5). Within one species our estimations of N, varied remarkably
depending on the population. Although this complexes the comparison of N, between species, we can clearly
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Historical time period (1913-1915) Recent time period (2013-2015)
Species Location N Hg SE Ag* SE N Hg SE Ag* SE
B. soroeensis Torgny 11 0.479 | 0.079 | 3.530 | 0.514 9 0.434 | 0.095 | 3.810 | 0.680
B. humilis Trivieres 13 0.358 | 0.079 | 3.220 | 0.527 — — — —
B. humilis Torgny 6 0.313 | 0.077 | 2.310 | 0.339 8 0.349 | 0.080 | 3.250 | 0.556
B. ruderarius Moorsel 10 0.333 | 0.085 | 2.750 | 0.504 — — — —
Restricted B. ruderarius Nieuwpoort — — — — 6 0.307 | 0.095 | 2.560 | 0.500
species B. ruderarius Trivieres 15 0.354 | 0.092 | 3.400 | 0.658 — — — —
B. ruderarius Torgny 11 0.440 | 0.075 | 3.490 | 0.501 11 0.318 | 0.101 | 3.100 | 0.691
B. sylvarum Moorsel 7 0.316 | 0.089 | 2.440 | 0.484 — — — —
B. sylvarum Trivieres 14 0.366 | 0.078 | 3.130 | 0.566 — — — —
B. sylvarum Torgny 18 0.509 | 0.074 | 3.870 | 0.498 15 0.345 | 0.089 | 3.270 | 0.720
Mean 11.7 | 0.385 | 0.068 | 3.127 | 0.496 | 9.8 | 0.351 | 0.045 | 3.198 | 0.400
B. pascuorum | Francorchamps 17 0.458 | 0.093 | 4.120 | 0.673 26 0.478 | 0.085 | 4.340 | 0.727
B. pascuorum Moorsel 21 0.493 | 0.083 | 4.410 | 0.639 | 21 0.459 | 0.086 | 4.170 | 0.738
B. pascuorum Nieuwpoort — — — — 19 0.454 | 0.090 | 4.420 | 0.833
B. pascuorum Trivieres 17 | 0.491 | 0.087 | 4.530 | 0.684 | 23 0.442 | 0.083 | 4.000 | 0.690
B. pascuorum Torgny 12 0.420 | 0.072 | 3.430 | 0.478 | 20 0.409 | 0.087 | 3.820 | 0.686
B. hortorum | Francorchamps 18 0.596 | 0.087 | 6.320 | 0.952 25 0.584 | 0.092 | 6.080 | 0.981
B. hortorum Moorsel 24 | 0.557 | 0.094 | 5.800 | 00911 20 0.580 | 0.095 | 5950 | 0.929
B. hortorum Nieuwpoort 25 0.576 | 0.082 | 5.720 | 0.849 — — — —
B. hortorum Trivieres 21 0.568 | 0.088 | 5460 | 0.883 17 | 0572 | 0.084 | 5720 | 0.845
Z;’ie‘iie:fread B. hortorum Torgny — — — — 23 | 0563 | 0.089 | 5710 | 0.907
B. pratorum | Francorchamps 18 0.554 | 0.081 9.040 | 0.686 22 0.557 | 0.078 5.070 | 0.751
B. pratorum Moorsel 12 0.606 | 0.061 | 4.380 | 0.568 19 0.630 | 0.071 | 5560 | 0.764
B. pratorum Trivieres 8 0.601 | 0.076 | 8.130 | 0.539 21 0.626 | 0.076 | 5.500 | 0.726
B. pratorum Torgny — — — — 20 0.639 | 0.075 | 5.480 | 0.652
B. lapidarius | Francorchamps | 16 | 0.728 | 0.040 | 5.600 | 0.413 | 23 0.722 | 0.056 | 6.250 | 0.546
B. lapidarius Moorsel 14 | 0.690 | 0.040 | 5350 | 0.506 | 20 | 0.728 | 0.054 | 6310 | 0.519
B. lapidarius Nieuwpoort 15 0.716 | 0.039 | 5.640 | 0.534 24 0.755 | 0.055 | 6.590 | 0.584
B. lapidarius Trivieres 8 0.701 | 0.059 | 4.810 | 0.567 | 22 0.746 | 0.047 | 6.520 | 0.534
B. lapidarius Torgny 16 | 0.671 | 0.052 | 5560 | 0564 | 22 | 0.745 | 0.052 | 6.480 | 0.643
Mean 164 | 0.589 | 0.091 | 5.519 | 1.377 | 21.5 | 0.594 | 0.111 | 5.443 | 0.898

Table 2. Comparison of the genetic diversity within historical and recent populations of Bombus species.
For each population the mean values (and SE) of the expected heterozygosity (Hg) and the allelic richness (Ag)
over all microsatellite loci are given. Furthermore, species are grouped based on their distribution in Belgium.
With N = the number of populations of each species. "Allelic richness calculated based on 10 diploid specimens.

distinguish the lower N, in the populations of B. sylvarum and B. soroeensis (N,=160.6 and N, = 239.0, respec-
tively) in comparison with the N, within the populations of all stable bumblebee species (Table 5). Furthermore,
the estimates also showed large population sizes for B. hortorum (Table 5). B. pascuorum, B. pratorum and
B. lapidarius showed similar values in N, as those observed in B. ruderarius and B. humilis populations (Table 5),
although the B. pascuorum population of Torgny showed a very low N, (N, =219.0) comparable with the N,
observed in the populations of B. sylvarum, B. soroeensis, and B. ruderarius in Torgny.

Discussion

Lower genetic diversity in restricted species. Hundred years ago, and still today, restricted bumblebee
species compared to widespread species had, and have, a significantly lower genetic diversity (Fig. 1). This result
confirms those on the difference in level of genetic diversity between declined and more stable bumblebee spe-
cies in The Netherlands by using only historical bumblebee specimens?'. Hence, the here unique experimental
setup of comparing recent with historical genetic diversity of different bumblebee species coming from the same
locations in Belgium enabled us to show, moreover, that the levels of genetic diversity remained fairly stable over
time in the studied populations. Indeed, in general, no major reduction in genetic diversity is observed over
time. These results do not support the hypothesis based on solely recent specimens, which explains the difference
in genetic variation between stable and declining species by a reduction of genetic diversity due to population
declines in response to environmental drivers which acted around 1950 (e.g. refs 27,28). The present results
rather corroborate the hypothesis that for some species (here, the restricted species) the levels of genetic diversity
were already low at the beginning of the 20% century, thus well before the 1950s when the agricultural revolution
started with a massive use of pesticides and fertilizers. Although our results clearly support the latter hypothesis,
we do not rule out the possibility that a small reduction in genetic diversity has occurred during the last 100 years.
A possible and small reduction in genetic diversity may be undetectable due to the lack of statistical power and
the rather small sampling sizes within the experimental setup of our study. Although we admit that an increase in
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Figure 1. Comparison of the historical and recent genetic diversity within each Bombus species. Box-plots
of H and Ay, for each species and for both time periods 1913-1915 and 2013-2015.

sample size would be preferable to strengthen the power of the results in our study, the potential reduction would
be much smaller than the here observed difference between restricted and widespread species. Furthermore, we
provide here the best possible sampling and setup considering the possible difficulties when using and genotyping
historical old museum and collection material. Hence, a tendency towards a small decrease in genetic diversity
over time can be seen for the restricted bumblebee species, B. ruderarius and B. soroeensis (Fig. 1). However, this
reduction is too small to explain the observed difference between the restricted and widespread species.

Change of genetic diversity over time. Our results are indicative for a temporal stability of genetic
diversity within the studied populations of the restricted bumblebee species. A comparable example of tempo-
ral stability of genetic diversity is shown in Danish populations of the large blue butterfly (Maculinea arion)®.
Although declined the population showed no shift in genetic variation over 77 years. The authors mentioned
several possible hypotheses to explain this result: i) the population decline was not strong enough to cause a
reduction of genetic diversity; ii) the butterfly might decline as it relies on a host ant species, Myrmica sabuleti,
which experiences a decline, while the butterfly’s genetic diversity is maintained by gene flow or dispersal; iii) too
low statistical power in the analysis of genetic diversity due to insufficient historical sampling, or iv) the historical
populations were already genetically impoverished before the start of their study. The latter explanation turned
out to be the most likely one with a lower genetic variation due to long-term isolation from nearby populations®.
Here, we can formulate some similar explanations. Although we cannot totally exclude the possibility that the
population decline was not severe enough to cause a reduction of genetic diversity in bumblebee species, this
seems less possible, considering the major population declines observed for most bumblebee species®**3. As
described above, the low statistical power due to insufficient historical sampling may be another possibility here.
Especially, if one takes into account that all comparisons between historical and recent genetic diversity levels in
the restricted species were assessed from one location (Torgny; Table 2). Finally, the absence of recent specimens
at the other locations for these species is already indicative of their population decline, and may also represent a
non-measurable loss of genetic diversity at these locations.

Although no significant reduction of genetic diversity is detected, a significant increase of genetic diversity
over time was observed for the widespread species B. lapidarius (subgenera Melanobombus; Table 5 and Fig. 1).
A possible explanation of this observed effect is an increase in effective population sizes and/or a higher level of
gene flow by dispersal between populations in this species.

Other possible causes of the lower genetic diversity in the restricted bumblebee species. The
question about genetic reduction now somewhat shifts. If it did not occur over the last 100 years, did it occur
earlier? The low genetic profile within the historical populations of the restricted species was perhaps already
altered due to genetic bottlenecks occurring even before the beginning of the 20 century. In Europe, land cover
use changed substantially due to anthropogenic activity, such as a large scale deforestation during the Industrial
Revolution (ca. 1790-1900)*? which may have caused earlier bumblebee declines. In turn, most of the genetic
variation could be already removed from their populations, with only the necessary adaptive genetic variation
remaining®. The detection of an additional reduction, within the 100 years of our study, would thus become even
more difficult to detect. Although having low levels of genetic variation, without a strong (new) external pressure
on the environment, these populations would not be heavily affected®. However, once the possible drivers of bee
decline acted in the 1950’, they may have caused the trigger that started the decline and even the extinction of
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M4 0.554 + + NA NA NA NA 9 71.762 | —120.79 | 0.000 | 0.496
Mi12 0.554 + + NA + NA NA 9 71.762 | —120.79 | 0.000 | 0.496
M8 0.584 + + + NA NA NA 10 68.195 | —110.44 | 10.343 | 0.003
Distribution: | Distribution: | Subgenera:
B Ay (Intercept) | Distribution | Subgenera | Period Subgenera Period Period df logLik AIC delta | weight
M40 4.878 + + + NA NA + 14 —45.151 | 131.030 | 0.000 | 0.250
M48 4.878 + + + + NA + 14 —45.151 | 131.030 | 0.000 | 0.250
M4 4.742 + + NA NA NA NA 9 —54.470 | 131.678 | 0.648 | 0.181
MI12 4.742 + + NA + NA NA 9 —54.470 | 131.678 | 0.648 | 0.181
M56 4915 + + + NA + + 15 —44.719 | 134.438 | 3.408 | 0.046

Table 3. Selection of best fitting model explaining the genetic diversity in Bombus. Of all possible models
run under MUMIn™ using species distribution, species subgenera, location and both time periods as fixed
effects and species as a random effect, the best fitting linear mixed-effect models (with a delta < 4) are given.
The final selected models for A. Hy and B. Ay were indicated in bold following their high (negative or positive)
Akaike’s Information Criterion (AIC) and weight of fitting the pattern. With 4 = parameters included in the
model, and NA = not included parameters.

Distribution —0.098 0.017 | —5.803 | <0.001
Megabombus 0.013 0.035 0.371 0.710
Melanobombus 0.166 0.034 4.889 | <0.001
Pyrobombus 0.048 0.035 1.370 0.171
Thoracobombus —0.098 0.029 | —3.348 | <0.001

B. Ay Estimate SE t-value ?
Distribution —1.067 0.303 | —3.520 | <0.001
Period —0.280 0.940 —0.298 0.766
Megabombus 0.988 0.803 1.229 0.219
Melanobombus 1.552 0.790 1.965 0.049
Pyrobombus 0.525 0.803 0.654 0.513
Thoracobombus —0.745 0.729 | —1.031 0.302
Period * Megabombus 0.239 1.052 0.228 0.820
Period * Melanobombus —0.758 1.030 | —0.736 0.462
Period * Pyrobombus 2.061 1.069 1.927 0.054
Period * Thoracobombus 0.291 0.988 0.294 0.768

Table 4. Output of the selected linear mixed - effect models (LMM). Impact of the different factors in the
models on A. H and B. Ay. With the estimate, standard error (SE) and p-value of each factor or interaction in
the model obtained by ¢-tests. Significant factors are indicated in bold.

these species. Although a very possible explanation, but in the absence of robust collection material from the 19"
century, it is impossible to test this possibility, let alone the general technical difficulties in using haplodiploid
species. In our study we present species belonging to different subgenera which could represent a different genetic
diversity and could bias the difference observed between restricted and widespread species. Indeed, the over
representing of different species of the subgenus Thoracobombus could bias the observed lower genetic diversity
within the group of restricted bumblebee species. However, we speculate that this is not the case. Indeed, even
within the subgenera Thoracobombus, the widespread species (B. pascuorum) had a significantly higher genetic
diversity than the restricted species (B. ruderarius, B. sylvarum and B. humilis; Table 2 and Fig. 1). The lower levels
of genetic diversity in the restricted bumblebee species may be a specific character of these species, and thus do
not necessarily mean that there was a population bottleneck or decline. Many species have vast differences in their
effective population sizes and genetic diversity®. For instance, Romiguier et al.*! revealed a strong influence of
life-history traits (such as body mass, longevity, and reproductive strategy) on genetic diversity by a comparative
analysis of patterns of diversity across several animals. A bumblebee species in which the mother queen produces
much reproductives (daughter queens and/or males) may have a higher level of genetic diversity than a species
which produces less reproductives. Whether this is effectively the case is not known. More research concerning
the role of species specific characteristics on the observed difference in genetic diversity between these bumblebee
species might bring more clarity. The relatively low genetic diversity of the restricted species may be explained by
the smaller population sizes of these species. Indeed, restricted bumblebee populations may have smaller pop-
ulation sizes and thus can have a reduced genetic diversity as a result of higher genetic drift and if isolated also
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B. soroeensis Torgny 239.0 167.6-354.0
B. humilis Torgny 1343.7 467.7-00

B. ruderarius Torgny 455.8 266.8-918.1
B. sylvarum Torgny 160.6 121.1-214.0
B. pascuorum Francorchamps 1971.0 1096.5-5041.6
B. pascuorum Moorsel 984.6 627.23-1730.0
B. pascuorum Trivieres 1615.0 875.2-4315.0
B. pascuorum Torgny 219.0 167.9-288.3
B. hortorum Francorchamps oo 11493.0-00
B. hortorum Moorsel oo 00-00

B. hortorum Triviéres 4896.4 17313.0-00
B. pratorum Francorchamps 449.9 339.6-607.1
B. pratorum Moorsel 396.1 299.2-538.5
B. pratorum Trivieres 503.1 364.5-726.4
B. lapidarius Francorchamps 939.8 656.9-1446.5
B. lapidarius Moorsel 658.1 477.7-955.2
B. lapidarius Nieuwpoort 840.4 610.5-1216.5
B. lapidarius Trivieres 2851.4 1310.2-00
B. lapidarius Torgny 599.9 453.5-816.6

Table 5. Estimation of the effective population sizes (N,) with different temporal methods. For each
method, the 95% confidence interval (CI) of N, is given. The harmonic mean is calculated over all temporal
methods for each population and over all populations of each species.

B. soroeensis Decreasing 526 49 + + — — — — + + + — 3 2
B. humilis Decreasing 857 27 + —+ — — — + | + | + — | 4 1
B. ruderarius Decreasing 1599 185 + - + — + + | + + + — 5| 2
B. sylvarum Decreasing 622 35 + + — — - + + — — 3 1
B. pascuorum Increasing 20176 3995 + + + | + + + | + + + | + 5 5
B. hortorum Stable 5529 865 + + |+ | + + + 1+l + |+ +]51|5
B. pratorum Increasing 3603 3597 + + + | + + + |+ | + - + | 4|5
B. lapidarius Increasing 10714 971 + + |+ | + + + 1+l 4+ |+ +]|51|5

Table 6. Distribution and abundance data of the different bumblebee species. The division of the selected
Bombus species in restricted and widespread species is based on three sets of available data: (i) the species
population trend in Europe?’; (ii) the number of bumblebee specimens within the RBINS collection before
1950 and between 1955-1993%¢%7; and (iii) the presence or absence of the species at each location during the
historical and recent bumblebee foraging season 1913-1915 (=T1) and 2013-2015 (=T2), respectively. With N
the total number of locations where a species was found, and with V = the presence and — = the absence of the
species at that specific location. 'Data from?. Data from>**’.

areduced gene flow*®. Although it seems that genetic drift did not result in an extra reduction over the last 100
generations, our results showed that restricted bumblebee species have lower effective population sizes. Species’
smaller distribution is thus a valid explanation of the low genetic diversity observed in the restricted species
which are now more heavily affected by the drivers of the decline. Hence, the question can perhaps be rephrased:
is alow Hg and Ay, intrinsically linked with the biology of a certain species, or with being locally restricted? Here
we defined the distribution range based on data from a small ecological scale (see Table 6 and Fig. 2). A sampling
on a larger ecological scale, within the whole distribution range of these species, will allow for comparison of the
same species being locally widespread and locally restricted. This will determine the link between species and an
intrinsic level of genetic diversity. In turn, this will have great influence on the implementation of future conser-
vation strategies.

Methods

Sampling of historical and recent specimens. Historical bumblebee specimens were collected from the
Hymenoptera collection of the Royal Belgian Institute of Natural Sciences (RBINS) in Brussels. Five locations in
Belgium were selected due to the presence of sufficient available historical bumblebee specimens of multiple spe-
cies for genetic analysis, and since these five locations represent the main bio-geographical units of the country.
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Figure 2. Overview of the bumblebee species sampled at five locations in Belgium. Specimens for each
species were collected at the same five locations in Belgium in 1913-1915 and 2013-2015. Pictures of species
are from Rasmont & Pauly®, and an adapted map of Belgium from http://www.d-maps.com/conditions.
php?lang=en.

In these five locations (Francorchamps, Moorsel, Nieuwpoort, Triviéres, and Torgny; Fig. 2), bumblebees were
collected within a 5 x 5km? frame. Two neighboring localities were merged together for Triviéres (Triviéres and
St-Vaast) and Torgny (Torgny and Lamorteau) to allow a comparable sampling area as within the other localities.
Historical specimens from the RBINS collection were collected in the bumblebee foraging season 1913, 1914,
and 1915 (Table 1), while recent specimens were sampled in 2013, 2014 and 2015 at the same locations. For both
historical and recent time periods, 20 to 25 specimens were selected when possible from each location for genetic
analyses resulting in the selection of 566 historical and 533 recent specimens (Table 1).

All bumblebee species belong to only one genus, Bombus, but are divided in different subgenera (for a full
division of species in subgenera, see ref. 42). The eight bumblebee species selected here belong to five different
subgenera: Kallobombus, Megabombus, Melanobombus, Pyrobombus, and Thoracobombus (see Table 1)*2.

Here, the further division of the eight bumblebee species in two groups of four currently restricted and four
currently widespread species is based on three layers of available distribution or abundance data: (i) the available
abundance data of these species within the Belgian collection®®’, with a clear significant difference between
both groups within the two time periods by using a linear mixed model (LMM, Imer(log(abundance) ~ distri-
bution + (1|species), data=Data) in R studio*® with R package Ime4 version 1.1-10* (LMM, t-test, t=6.721,
P <0.001; Table 6); (ii) the presence and/or absence of the species at each location during the historical and recent
bumblebee foraging season (Table 6): and (iii) the population trend of these species within Europe, with the group
of restricted species having a “decreasing” population trend and the widespread species a “stable” or “increasing”
population trend (ref. 25; Table 6).

Bumblebee DNA extraction and microsatellite protocol. One middle leg of each individual bum-
blebee specimen was used for DNA extraction. DNA extraction, PCR amplification with 16 microsatellite mark-
ers (four multiplexes of four loci), and visualization with capillary electrophoreses on an ABI-3730xl sequencer
(Applied Biosystems), were performed with the method as described in Maebe et al.?!. The four microsatellite
markers (B11, B100, B126, B132) developed by Estoup et al.*>; and the four loci (BL02, BT04, BT08, and BT10)
developed by Reber-Funk et al.*6 were chosen based on Maebe et al.?!. Of the other remaining eight markers,
five loci (BL13, BT02, BT05, BT23, BT24) were developed by Reber-Funk et al.*® and three loci (0294, 0304 and
0810) by Stolle et al.’. From the 1099 genotyped specimens, 128 random selected specimens (11.65%) were
re-genotyped to examine the genotypic error rate.

Data analysis. Some of the genotyped specimens were excluded prior to data analyses, after applying sev-
eral validation steps following Maebe et al.>!. In short, specimens were removed when they could not be scored
in a reliable manner for a minimum of 10 microsatellite loci, and only one random specimen per sibship was
kept after sister identification with the programs Colony 2.0*® and Kinalyzer*. Furthermore, genotypic linkage
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disequilibrium, deviations from Hardy-Weinberg equilibrium (HW), and evidence of null alleles were tested
using the programs FSTAT 2.9.3%°, GENALEX 6.5°! and MICROCHECKER?, respectively.

Estimation of genetic diversity. For each population we determined the genetic diversity based on two
parameters: the allelic richness (Ay) estimated as the sample size-corrected private allelic richness with the pro-
gram HP-Rare 1.1% calculated and normalized on 10 diploid specimens for all populations, and Nei’s unbiased
expected heterozygosity (Hg;>*) calculated with the program GENALEX 6.5°L.

Comparison of genetic diversity between species groups.  To examine whether genetic diversity dif-
fered between species, and/or whether other factors such as species distribution, species subgenera, locations
and/or time period had an effect on genetic diversity, we conducted LMM’s in RStudio®. Species and sample
location were chosen as random factors: (i) species, since the genetic diversity of a specific species is correlated
over time and location; and (ii) location, as specimens were resampled at each location. Fixed factors were: time
period (1913-1915 or 2013-2015), species subgenera (belonging to which bumblebee subgenera), and species
distribution (widespread or restricted, see explanation above and in Table 6). The model that best fitted the pat-
tern in genetic diversity was selected by using the Akaike’s Information Criterion (AIC). The MUMIn pack-
age with the dredge command allowed us to calculate all possible combinations and thus model selection®. As
described in Maebe et al.?!, problems linked with the interpretation of inter-specific differences could arise, for
instance, in microsatellite mutation rates and levels of polymorphisms. Therefore, we added species as a ran-
dom factor in the model. Furthermore, species belonging to the same subgenera could have comparable levels of
genetic diversity due to similar mutation rates and dispersal abilities. Thus, over-representing of species belonging
to one subgenera in the two groups (widespread versus restricted bumblebee species) could cause bias in our
analyses. For instance, bumblebee species of the subgenera Pyrobombus may have higher dispersal abilities than
Thoracobombus species®®™’. As species with more limited dispersal rates will have less chance of a successful recol-
onization, they will be more vulnerable to genetic drift and thus may have less genetic variation. Thus, as division
in subgenera could influence the level of genetic diversity, subgenera was included in the LMM. The best LMMs
were run in R studio with R package Ime4 version 1.1-10%.

Effective population size. The estimation of N, of each population was performed using one multiple tem-
poral method: a maximum-likelihood approach implemented in the program MLN.*®. This method recently
became recommended for the estimation of N, in natural populations under both ideal and migration scenarios
(see ref. 59). In short, and contradicting other methods, this method successfully takes migration into account
when estimating N, which otherwise could bias N, estimation. A generation time of 1 year was used, as most
bumblebee species have one life-cycle per year.
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performance, range gain/loss and the shift in range limits for all bumblebees. Over-
all, model performance improved with the introduction of LULC covariates. Dynamic
models projected less range loss and gain than climate-only projections, and greater
range loss and gain than static models. Overall, there is considerable variation in
species responses and effects were most pronounced at the BENELUX scale. The
majority of species were predicted to lose considerable range, particularly under the
extreme growth scenario (GRAS; overall mean: 64% 4 34). Model simulations pro-
ject a number of local extinctions and considerable range loss at the BENELUX scale
(overall mean: 56% + 39). Therefore, we recommend species-specific modelling to
understand how LULC and climate interact in future modelling. The efficacy of
dynamic LULC change should improve with higher thematic and spatial resolution.

Nevertheless, current broad scale representations of change in major land use

KEYWORDS

1 | INTRODUCTION

Recent scientific consensus suggests that we are facing a sixth mass
extinction event, correlated strongly to anthropogenic factors
(Ceballos et al., 2015). To avoid the dramatic loss of biodiversity and
associated ecosystem services, immediate and thorough conservation
efforts are required (Barnosky et al., 2011). An important role of bio-
diversity conservation research is to understand and estimate poten-
tial changes in biodiversity alongside changing abiotic and biotic
conditions (Elith, Kearney, & Phillips, 2010; Porfirio et al., 2014).

In an effort to understand these effects experts have produced
scenarios of climate, and land use and land cover (LULC) change.
Land use and land cover change scenarios use potential climate
change, policy decisions and strategies to represent socioeconomic
developments which will inevitably shift land use and management
(Rounsevell, Ewert, Reginster, Leemans & Carter, 2005; Van Vuuren
et al., 2011; Verburg, Rounsevell & Veldkamp, 2006). Scientists have
developed scenarios with the goal to evaluate the impact of environ-
mental changes on biodiversity (Spangenberg et al., 2012). Their role
in biodiversity analyses is to allow the production of dynamic land
use variables which better reflect future habitat suitability for a spe-
cies and may be useful to explain additional drivers of distributional
changes alongside climate change. There is strong consensus that
both climate and LULC change are important in driving the observed
patterns of biodiversity declines (Luoto, Virkkala & Heikkinen, 2007,
Ostberg, Schaphoff, Lucht & Gerten, 2015). Historically, LULC
change has been the dominant cause of observed biodiversity
changes and researchers expect that it will remain an ongoing threat
to worldwide biodiversity (Millennium Ecosystem Assessment, 2005,

Ostberg et al., 2015). Climate and land use change underlie a
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classes impact modelled future distribution patterns.

biodiversity loss, dynamic, future, land use change scenarios, pollinators, projections, species
distribution models (SDMs), wild bees

multitude of environmental pressures that may have a greater joint
impact on biodiversity than when operating in isolation (Clavero, Vil-
lero & Brotons, 2011; Mantyka-Pringle, Martin & Rhodes, 2012).
Therefore, models which exclude LULC change from modelling biodi-
versity in the future neglect a significant factor in potential drivers
of species distribution change, even if these projections are coarse
and at broad spatial scales.

Species distribution models (SDMs) represent a powerful tool for
understanding patterns in biodiversity. They combine species occur-
rence data with environmental conditions to estimate the distribu-
tion of species in space and time (Elith & Leathwick, 2009). Often
used to project species distributions into unsampled areas, or areas
of possible invasion, they also project species distributions into the
future (Franklin, 2010). The majority of future distribution models
include only climate change variables and do not include LULC vari-
ables or use only LULC variables based on current conditions (static;
Bellard, Bertelsmeier, Leadley, Thuiller & Courchamp, 2012; Titeux
et al., 2016). At broad spatial scales, climate is expected to be the
main constraint to species distributions, but at finer resolutions, the
effect of LULC covariates increase; landscape-specific features that
provide nesting and feeding resources occur at this finer scale (Luoto
et al., 2007; Rahbek et al., 2007; Thuiller, Aratdjo & Lavorel, 2004).
Therefore, improved estimations of biodiversity change require
detailed land use change scenarios (Titeux et al., 2016).

Even though studies recommend the inclusion of LULC variables
to avoid producing unrealistic projections, few studies have used
dynamic LULC covariates to model biodiversity patterns in the
future. Reasons for this is that projections of LULC change are rarely
available or only at coarse resolution and with few land use classes

(Titeux et al., 2016). However, climate predictions offer similar



MARSHALL ET AL

limitations with resolution and parameters often not directly relevant
to the habitat suitability of species. Interestingly, the studies that
explicitly include dynamic LULC variables in the SDM process show
considerable variation in the effect this has on species distribution
patterns, specifically range change (Barbet-Massin, Thuiller & Jiguet,
2012; Chytry et al., 2012; Ficetola et al., 2010; Martin, Van Dyck,
Dendoncker & Titeux, 2013; Riordan & Rundel, 2014; Sohl, 2014;
Wisz et al., 2008). The variation is most likely due to differences in
species, spatial scale and explanatory variables included in these
studies. Likewise, the performance of SDMs usually depends strongly
on the modelling framework used, the species modelled, the distribu-
tion, quality and quantity of collection data, and the resolution of
the species occurrence data and covariates (Aguirre-Gutierrez et al.,
2013; Bellard et al., 2012; Harris et al., 2013; Warren & Seifert,
2011). Testing the effect of dynamic LULC covariates with multiple
species, different resolutions and covariates is essential to under-
stand their role in SDMs (Martin et al., 2013).

In this study, we evaluate the effects of LULC change scenarios
available for Europe, on the distributional changes projected by
SDMs for 48 European bumblebee species projected onto Belgium,
the Netherlands, and Luxembourg (BENELUX), and at the European
scale. We use three land use change scenarios (business as might be
usual [BAMBU], growth applied strategy [GRAS], sustainable Euro-
pean development goals [SEDG]) representing alternative socioeco-
nomic futures, which have been specifically developed to evaluate
the impacts of environmental changes on biodiversity (Assessing
LArge-scale environmental Risks with tested Methods (ALARM) Sce-
narios; Spangenberg et al., 2012). We expect to observe differences
in the projected distributions produced by climate-only models vs.
include LULC. We expect that the differences
between static and dynamic LULC models will be less pronounced

models which

and species-specific, and will likely depend on the spatial scale and
resolution at which the LULC covariates are projected (Luoto et al.,
2007; Martin et al., 2013). Overall, we aim to illustrate the bias asso-
ciated with using climate change-only scenarios when modelling
bumblebees that land use change will undoubtedly affect. We also
aim to show how presently available dynamic LULC projections
affect the modelled distributions for multiple species. Following this
important step, we discuss the extent to which our results provide
improvements to land use change scenarios in development and the

conservation implications of using such SDMs.

2 | MATERIALS AND METHODS

2.1 | Target species

Our study group is the genus Bombus, for which we have detailed,
long-term, biogeographical records for most of Europe, and which
has shown significant decline in the last one hundred years (Biesmei-
jer et al., 2006; Carvalheiro et al., 2013; Kerr et al., 2015; Rasmont
et al., 2005). Forty-eight European bumblebee species were included
in the analysis (see Table S1). The species modelled share similar life

histories, but exhibit vastly different ranges and distributions in
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Europe (Rasmont et al., 2015). According to the IUCN Red List of
threatened species, Bombus in Europe includes species of all threat
levels (Nieto et al., 2014). Climate change impacts have been mod-
elled for the genus Bombus at the European scale, projecting severe
declines and northerly shifts for the majority of the species (Rasmont
et al., 2015). However, loss of habitat for feeding and nesting
resources has been cited as a major driver of past Bombus decline
(Biesmeijer et al., 2006; Carvalheiro et al., 2013; Goulson et al.,
2010; Williams & Osborne, 2009). Therefore, climate might not nec-
essarily be the only significant driver of change for this group over
the next one hundred years. Furthermore, the distribution patterns
of wild bee species are reported to be affected by change in major
land classes, particularly the presence of arable
(Aguirre-Gutiérrez et al., 2015; Senapathi et al., 2015).

use land

2.2 | Species presence data

This study includes bumblebee collection records from 22 European
countries and multiple sources including professional and amateur
scientists (see Fig. S1). The data were collated as part of the EU FP7
project STEP (Potts et al., 2011), and is aggregated and available to
view on the Atlas Hymenoptera webpage (Rasmont & Iserbyt, 2013).
We used records from 1970 until 2000, as these represent the ‘cur-
rent’ period of climate data, which we used to train the species dis-
tribution models. We had 462,636 records available to use.

2.3 | Spatial extent and resolution

The spatial extent was limited to the extent of the ALARM projec-
tions of European land use, which in turn limited the species collec-
tion records available to use (see Fig. S1). Europe in the context of
this study is defined as the European Union without Ireland, Roma-
nia, Bulgaria, Canary Islands and Cyprus, and including Norway and
Switzerland. We created 5 x 5 km, 10 x 10 km and 20 x 20 km
European grids for training the SDMs to project onto the BENELUX
(Belgium, Netherlands and Luxembourg) region. We also created a
50 x 50 km European grid for training the SDMs to project onto
the original spatial extent of Europe. All map projections use the

European terrestrial references system 1989 (ETRS89).

24 | Climate and Land Use Data

Variables of current climatic conditions were produced from monthly
interpolated rainfall and temperature data from 1971 to 2000, at a
10’ resolution (Fronzek, Carter & Jylha, 2012; Mitchell, Carter, Jones,
Hulme & New, 2004). We considered 14 climate variables for the
modelling process (see Table S2). However, because climate variables
are often strongly correlated. Including all climate variables in the
models would have added redundant information. Therefore, to
avoid collinearities, we conducted a selection according to Pearson
correlation coefficients (<0.7; Dormann et al., 2013). When two vari-
ables were highly correlated, we selected the variable that we esti-
mated to have the greatest ecological relevance to Bombus species.
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We selected total annual growing degree-days (>5°c), which was cor-
related with other temperature variables, because it is linked to the
presence of wildflowers and flowering crops, both important food
sources for bumblebees. Furthermore, we chose water balance,
which was correlated with the majority of other precipitation vari-
ables because it is representative not only of total precipitation, but
has a direct link with temperature, making it an important influence
for terrestrial vegetation (Gerten, Schaphoff, Haberlandt, Lucht &
Sitch, 2004). Five climate variables were used as explanatory covari-
ates in the model: average precipitation of the wettest month; total
annual number of growing degree-days above 5°C; mean diurnal
range (mean of monthly difference between daily maximum and min-
imum temperatures); annual temperature range (maximum tempera-
ture of warmest month-minimum temperature of coldest month);
and annual water balance (mean monthly precipitation minus the
monthly potential evapotranspiration; Gerten et al., 2004).

Each of the five climate variables was aggregated to the
50 x 50 km and 20 x 20 km grids,
10 x 10 km and 5 x 5 km grids using bilinear interpolation (Randin

and downscaled to the

et al., 2009). All spatial analyses were conducted using Rstatistics
3.3.2 (R Core Team, 2016), the Raster package (version 2.5-2; Hij-
mans, 2015) and ARCGIS 10.2 (ESRI, 2016).

The future land use projections were built in congruence with a
set of global change scenarios and associated climate change as part
of the European ALARM project (Spangenberg et al., 2012). These cli-
mate scenarios were derived from a coupled Atmosphere-Ocean Gen-
eral Circulation Model (HadCM3; New, Hulme & Jones, 1999) and
include the scenarios as outlined in the IPCC Special Report on Emis-
sion Scenarios (IPCC, 2001). We produced the same five climate vari-
ables in the current period for each of three scenarios of climate
change (BAMBU, GRAS, SEDG) in 2050 and 2100 for the four grid res-
olutions.

The three scenarios are:

‘Business as Might Be Usual' (BAMBU)—IPCC A2 scenario (see
Spangenberg et al., 2012, for more information); mean projected
temperature rise in Europe at 2100 is 4.7°C; an intermediate
change scenario based on extrapolated current socioeconomic
and policy decisions.

‘Growth Applied Strategy’ (GRAS)—IPCC A1Fl; mean projected
temperature rise in Europe at 2100 is 5.6°C; a maximum change
scenario driven by policies of deregulation and economic growth.
‘Sustainable European Development Goal' (SEDG)—IPCC B1
scenario; mean projected temperature rise in Europe at 2100 is
3.0°C; a moderate change scenario driven by economic, social
and environmental policies, related to stabilizing atmospheric

greenhouse gases emissions and stopping the loss of biodiversity.

Current land use was obtained from the Coordination of Infor-
mation on the Environment (CORINE) Land Cover at 250 x 250 m
resolution (Bossard, Feranec & Otahel, 2000). The CORINE classes
were reclassified as six classes to match the future projections. We
removed the class ‘others’ from our analysis because it represents
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diverse land use types and was inexplicable in an ecologically rele-
vant context for bumblebee species. Future land use was obtained
from the ALARM EU project downscaled to 250 x 250 m for each
of the three scenarios for 2050 and 2100 (Dendoncker, Bogaert &
Rounsevell, 2006; Spangenberg et al., 2012). At each grid resolution,
we determined the percentage cover for each land use covariate.
The final five land use layers were: percentage cover arable land;
percentage cover forest; percentage cover grassland; percentage
cover permanent crops; and percentage cover urban.

The role of the covariates will be tested in three ways using
three variable sets in the models: (1) Dynamic climate-only models,
suggesting that only climate variables matter in the future distribu-
tion of bumblebee species. (2) Static land use and dynamic climate,
suggesting that land use variables are important in delimiting species
habitat suitability, but that their future change will be driven only by
climate change and changes in land use are redundant. (3) Dynamic
climate and dynamic land use, suggesting that future distribution
patterns will be dependent on the interaction between changing cli-

mate and changing land use.

2.5 | Species distribution modelling

We used a SDM approach to compare the role of dynamic land use
data in the future distribution patterns of bumblebees. We modelled
the distribution of 48 species using R (R Core Team, 2012) with the
biomod2 package (version 3.3-3; Thuiller, Georges, & Engler, 2015).
We chose an ensemble modelling approach, which creates a consen-
sus of the predictions of multiple algorithms and is an established
method to account for projection variability (Thuiller, 2014). Even
small differences between algorithms can lead to different projec-
tions of future distribution change. Ensemble modelling aims to limit
the many uncertainties of forecast modelling and has become
increasingly used in studies of biodiversity change (Thuiller, 2014).

We chose three algorithms to include in the ensemble model
based on their previous performances with analogous collection data
for a similar insect species group (Aguirre-Gutierrez et al., 2013). The
three algorithms chosen were a generalized linear model, GLM
(Nelder & Wedderburn, 1972), with linear and quadratic effects, and
stepwise selection based on the Akaike Information Criteria (AIC); a
generalized boosted model, GBM (Friedman, 2001), with 3,000 trees
and five cross-validation folds; and Maximum Entropy Modelling
(MAXENT; Phillips & Dudik, 2008), with linear and quadratic
features. We decided to choose simplicity and ecological clarity over
model complexity by dropping detailed features, such as product,
threshold, hinge and polynomial.

Models for each species were trained at multiple resolutions at
the European scale; 5 x 5km, 10 x 10 km, 20 x 20 km and
50 x 50 km. We had 462,636 records available to use; these were
aggregated as unique species occurrences for each grid cell resolu-
tion. The number of occurrences per resolution is as follows: 67030
at 5 x 5 km, 49146 at 10 x 10 km, 30104 at 20 x 20 km and
21,162 at 50 x 50 km. We modelled 48 species (see Table S1) with
at least 50 unique records, and for which there are no ongoing
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taxonomic debates surrounding their species definition (see Rasmont
et al, 2015). A number of occurrences in the database were not
point level GPS coordinates, but were recorded as UTM grids of
varying sizes. To be confident in the spatial accuracy of collection
records we removed occurrences that were recorded as UTM grids
larger than 1 x 1 km. As the sampling methods were diverse and
nonsystematic, there are likely spatial biases amongst the records.
To deal with this potential spatial autocorrelation between closely
sampled locations we selected a subset of points per species. A ran-
dom starting observation was selected and all points in adjacent grid
cells removed; this was then repeated for all remaining points. This
produced a more even spread of observations and minimized the
effects of heavy sampling at particular locations.

As true absences were not available (it is not possible to accu-
rately say that a bee species is not present during sampling) we gen-
erated randomly distributed pseudo-absences for GBM and GLM
and selected a background sample for MAXENT (Elith et al., 2011,
Phillips et al., 2009). We used target-group sampling to select our
background points (Mateo, Croat, Felicisimo & Munoz, 2010; Phillips
et al., 2009). We specified that the background samples and pseudo-
absences could only be selected from areas where other bumblebees
have been recorded since 1970. This approach is more objective
than taking the background and pseudo-absence samples from sites
that have not been sampled, accounting for potential sampling bias
(Elith et al., 2011; Phillips et al., 2009) and providing more accurate
results (Mateo et al.,, 2010). To account for within algorithm varia-
tion we trained the models 10 times for each of the 48 species, the
three algorithms, the three model hypotheses, and the four grid res-
olutions. This resulted in 360 models per species. We used a boot-
strap approach where random subsets of 80% of the data were used
for model training and the remaining 20% to produce Area Under
the Curve (AUC) values to test model performance (Bahn & Mcgill,
2013; Jiménez-Valverde & Lobo, 2007). For each covariate included
in the model, we calculated variable contribution as the change in
correlation between the covariates and the response with and with-
out the selected variable (Thuiller et al., 2015). We then produced
an ensemble model for each of the three model hypotheses, creating
a median representation of the predictions of the 10 runs and three
algorithms together. We chose the median value as it is less sensi-
tive to extreme values than the mean.

We projected the models trained at 5 x 5 km, 10 x 10 km and
20 x 20 km, onto BENELUX. BENELUX comprises no novel condi-
tions under the scenarios (i.e., there are no conditions in BENELUX
in 2100 that do not already occur within Europe). Therefore, no
forecasting into unknown ecological space occurred (Fig. S2). We
also projected the data trained at 50 x 50 km onto the entire Euro-
pean study area. For each species we produced habitat suitability
maps of the median ensemble predicted distribution. One map was
produced for each of the three model types at 2050, and 2100
under the three change scenarios at the 4 grid resolutions. Habitat
suitability maps were converted to binary presence absence maps
using the values under which specificity and sensitivity is optimized
(Thuiller et al., 2015).
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2.6 | Statistical analysis

Analyses were conducted on the ensemble model map projections of
binary presence/absence. To compare the projected distributions of
the three model hypotheses we measured the change in three distri-
bution metrics. We calculated range change by looking at changes per
species in areas of occupancy between the current and future periods.
Specifically, we analysed the percentage of grid cells lost (present in
the current period and absent in the future) by each species under the
different scenarios and the percentage of grid cells gained (percentage
of absent cells in the current period occupied in the future). To exam-
ine spatial shifts we took the centroid of the species range from the
present (2000) and the future (2050 and 2100). A positive value indi-
cates northerly shift and negative, a southerly shift.

To determine the role of the different models, (i.e. climate-only
model [COM], dynamic LULC model [DLM] and static LULC model
[SLMY]), we created separate mixed effects models for each of the three
metrics for both Europe and BENELUX projections. We included spe-
cies as a random effect, as we were interested in how changes in distri-
bution of the species vary across the different model types, periods
and scenarios, and not in the inherent variation between species. Fur-
thermore, to determine if our results are related to the structure of the
data we also included the current range of the species as a covariate.
Due to large numbers of zeros both range loss and range gain at the
BENELUX scale were analysed with two separate mixed models: Ber-
nouli distributed models of the probability of gain or loss and a linear
mixed effects model of values given range loss/gain were projected.

Finally, in addition to presenting results for bumblebees as a group,
we chose two species, Bombus argillaceus (Scopoli, 1763; increasing in
range) and B. veteranus (Fabricius, 1793; decreasing in range), to look
more closely at the difference between model projections with and
without LULC covariates. We chose these two species as they are at
opposite end of the spectrum of climate risk, both had high model per-
formance values, both have a large number of collection records within
Europe and we believe them to be representative of two futures, i.e.
considerable range gain and considerable range loss, respectively (Ras-
mont et al., 2015). The current distribution of B. argillaceus is in South-
ern and South Eastern Europe as well as Western Asia (Rasmont &
Iserbyt, 2013). In previous climate-only models of future conditions B.
argillaceus was projected to increase its range considerably in Western
Europe (Rasmont et al., 2015). Bombus veteranus exhibits an already
patchy distribution in the plains of Northern Europe and has already
declined in Belgium, shifting from an abundant species to one which is
barely present (Rasmont & Iserbyt, 2013). Under future climate-only
projections B. veteranus is expected to decrease in range considerably
(Rasmont et al., 2015).

3 | RESULTS

3.1 | Model training fit and variable contribution

For models trained on the current period, we assessed model fit

using AUC scores. An AUC value below 0.5 indicates a model fit that
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is not better than random, values above indicate enhanced model fit.
We used AUC values to compare the change in model fit per species
with LULC vs. a COM (Figure 1). The mean AUC values for all spe-
cies are above 0.7, indicating better than random model fit. For all
48 species, model fit improves by the addition of LULC covariates. A
paired Wilcoxon rank sum test indicates that the mean difference
between the AUC values of the models with LULC and the COMs is
0.013 £ 0.004 (p value <.001).

We also compared the variable contributions of the different
explanatory covariates included in the models (Figure 2). Climatic
variables are the most important in explaining the current distribu-
tion of all species. The total annual number of growing degree-days
was included amongst the four most important variables for 44 of
the species modelled. The most important LULC covariate is the per-
centage cover of arable land but the percentage cover of forest is
also important for a number of species (Figure 2). Overall LULC vari-

ables contribute 15% of total variable importance.

3.2 | The future of bumblebees projected at the
BENELUX scale

Of the distribution change metrics analysed, the largest discrepancies
were found in the projected range loss (Figure 3a,b). There is consid-
erable variability between species and between scenarios but model
type has a significant effect on the projections of whether species

will lose range and how much range will be lost (Table 1). Overall
species are more likely to lose range under DLMs than both COMs
and SLMs (p <.001 and .002; Table 2). However, given range loss
occurs (i.e. excluding species that showed no range loss) then greater
loss is projected by COMs than both SLMs and DLMs (1.3%;
p < .001; Table 2). However, this relationship is highly variable and
species specific. Under COMs 11 species show greater mean range
loss averaged across scenario and resolution, however, five species
show greater range loss under DLMs (Figure 3a). The relationship
between projected range loss of SLMs and DLMs, while not signifi-
cant at the BENELUX scale, (Table 2) also appears to be species
specific, with some species below the equal projection line, indicat-
ing greater range loss under DLMs (Figure 3b). There are no signifi-
cant interactions between model type and other explanatory
variables, suggesting a consistent effect of model type across scenar-
ios, periods and resolutions (Table 1).

Model type, period, scenario and resolution at which the mod-
elling occurred significantly influence the probability of range gain
(Table 1). Only 50% of species were projected to gain any range at
all within BENELUX by 2100 (Figure 4a,b). The odds of range gain
are significantly higher for DLM projections than for COM and SLM
(p < .0001; Table 2). When range gain occurs there is no significant
difference between COMs and DLMs, however, both projected sig-
nificantly higher loss than SLMs (1.4 and 1.2%, p <.0001 & .03;
Table 2). This can be visualized in Figure 4a, where variation
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between species is evenly distributed and clustered at zero and Fig-
ure 4b, where seven species have a considerably greater range gain
under DLMs.

Period and scenario at which the modelling occurred significantly
influence the directional shift of the distribution centroid (p < .001;
Table 1 and Figure 1). Model type did not significantly affect the
projected shift.

3.3 | The future of bumblebees projected at the
European scale

At the European scale with lower spatial resolution (50 x 50 km),
SLMs project significantly less range loss than both COMs and DLMs
(2.9% and 1.7%; p = <.001 and .02, Table 2). Overall, all 48 species
are projected to lose at least some range and the relationships
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between the different model types shows a strong linear correlation,
but with considerable deviation from the assumption of the projec-
tions being equal (Figure 5a,b). Eighteen species are projected to
lose greater range under COMs whilst fourteen species are projected
to lose greater range under DLMs (Figure 5a). The relationship
between DLMs and SLMs is clearer with a higher number of species
below the equal protection line than above, which supports the sig-
nificant effect found in the mixed models (1.21%, p < .01; Figure 5b
and Table 1).

At the European scale greater range gain is projected by COMs
than SLMs and DLMs (2% and 1.6%; p < .001; Table 2). DLMs pro-
ject greater range gain than SLMs (1.2%, p value = .01; Table 2). This
relationship is visible in Figure 6a with the majority of species con-
siderably above the equal projection line. The same pattern is
observed for SLMs and DLMs, with 12 species below the equal pro-
jection line. The majority of species only illustrate modest range gain,
and the differences between model types are emphasized when
range gain is high (Figure 6a,b).

Centroid distributional shifts are greater under COMs than SLMs
and DLMs (48.2 and 51.7 km; p < .001). There is no significant dif-
ference in centroid distributional shift between SLMs and DLMs
(Figure 7).

3.4 | The role of other explanatory variables in the
mixed models

Scenario, period, and resolution are included in the majority of best
models. The effect of these explanatory variables is consistent across
the different distribution change measures and scales. The more
extreme change scenario (GRAS) projects greater loss and northern
shift of the centroid than business as usual (BAMBU) and sustainable
scenarios (SEDG). The probability of range gain is lowest under the
GRAS scenario and the largest range gain occurs under SEDG. In the
period 2000-2050 lower percentage range loss, and lower centroid
shift were projected. The SEDG scenario showed a significant inter-
action with period with range loss and centroid shift much lower for
the period 2050-2100. The effect of resolution at the BENELUX
scale did not interact significantly with model type, however, overall
lower range loss and greater gain occurs at the finer resolutions.
Finally, the current size of the distribution was also included in some
best models, at the European scale more widespread species lose
less and gain more range (for full details of all models see Table S3
and Figs. S3-510).

3.5 |
species

Focus on one atypical and one representative

Bombus argillaceus is atypical compared to the majority of European
bumblebees. It is one of only two species projected to increase in
range under climate change. At the 5 x 5 km resolution B. argilla-
ceus increases in range and latitude under all model types and sce-
narios. The projected range gain percentage is larger for COMs
(BAMBU: 16%, GRAS: 42%, SEDG: 14%; Figure 8a—c) than DLMs
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TABLE 1 Effects of SDM variability on the distributional change in bumblebees
BENELUX (20 x 20, 10 x 10, 5 x 5 km) Europe (50 x 50 km)

Percentage  Centroid Probability of Percentage  Centroid Percentage  Percentage  Percentage
Explanatory variables gain shift gain gain shift loss gain loss

Single terms

Range size present Europe A *kk = _ _ Hokok oKk *okok
Model Type (COM, DLM, SLM) kol koK ok — *okok okk sk
Period (2000_2050‘ 2050- kKK kookk kKK *k K EX TS kokk *kk Kok ok
2080)
Scenario (BAMBU, GRAS, - ok ok ok *k ok _ ook
SEDG)
Resolution (20 x 20, 10 x 10, Hokok _ _
5 x 5 km)

Two-way interactions
Range size present x model = - - = = = = —
type
Range size present x period otk s _ _ _ _ *okk _
Range size present x scenario — = = _ _ _ _ _
Range size present x resolution - _ _
Model Type x period - — *xk _ _ _ _ _
Model Type x scenario - - - - - _ _ _
Model Type x resolution — _ _
Period x scenario - *okk *Hk - - Hkk _ sk
Period x resolution - _ _
Scenario x resolution - _ _
Degrees of freedom 856 847 1617 726 1361 853 856 853
p values: 01 < p<.05= * .001 < p<.01=*%*and<001= %%
The most parsimonious models as chosen by Bayesian information criteria (BIC) for the percentage range loss, percentage range gain, and shift in the distri-

butional centroid for 48 bumblebee species at European and BENELUX scales. The significance of each term included in the model is shown. The symbol “-"
represents a variable not included in the best model. The random term for all models was ‘1 | species.’ For a detailed version of the table see Table S3.

(9%, 34%, 7%; Figure 8d-f) or SLMs (10%, 36%, 10%; Figure 8g-i). the few species to significantly increase in range. This range gain is
At the BENELUX scale only new areas of habitat suitability are pro- much less under SLMs and DLMs than COMs. Under COMs B. argil-
jected. At the European scale we observe that B. argillaceus is one of laceus is projected to gain considerable range in the West and East
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TABLE 2 Pairwise comparisons between model types

BENELUX (20 x 20, 10 x 10, 5 x 5 km) Europe (50 x 50 km)

Percentage  Centroid shift Probability of gain Percentage  Centroid shift Percentage Percentage Percentage

Contrasts gain (km) (Odds Ratio) gain (km) loss gain loss
COM— 1.62%%* 51.7%%x* 0.30%#* 1.17 NA 1.17 1.62%%* 1.17

DLM
COM— 1.97%%x* 48.2%%% 0.58* 1.45%* NA 2.91%*x 1.97%%* A0 Rk
SLM
DLM— 1.29%* -35 1.93%%#* 1.24* NA 1.74* 1.29%* 1.74%

SLM

p values: .01 < p<.05= * .001 < p <.01 = ** and <.001 = ***,

Showing the fixed effect and the significance of the best models as chosen by Bayesian information criteria BIC. Null hypothesis tested: that the differ-
ence between contrasts is equal to 0. Values are averaged over other explanatory variables included in the model (see Table S1.)
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FIGURE 4 Comparison of percentage gain projections between model types for BENELUX 2000-2050. (a) Climate-only Models (COM) and
Dynamic Land Use Models (DLM) and (b) Static Land Use Models (SLM) and DLM. (a) N = 25, (b) N = 35 bumblebee species in BENELUX for
2000-2050. Results are averaged across resolution (5 x 5, 10 x 10 and 20 x 20 km) and scenario (BAMBU, SEDG, GRAS), represented by
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FIGURE 5 Comparison of percentage loss projections between model types for Europe 2000-2050. (a) Climate-only Models (COM) and
Dynamic Land Use Models (DLM) and (b) Static Land Use Models (SLM) and DLM. N = 48. 50 x 50 km resolution. Results are averaged
across scenario (BAMBU, SEDG, GRAS), represented by standard error bars (dashed lines). The equal projection line (dashed line 0,0 to

100,100) represents the point at which the two model projections are equal. Red = above the equal projection line. Blue = below the equal
projection line. Grey = overlapping the equal projection line

of Europe (Figure 9). A large amount of the projected range loss is in

Bombus veteranus is one of the numerous European bumblebee
areas with novel

species projected to lose a large part of its suitable habitat under cli-

mate change; it is therefore representative of the majority of

climatic conditions, making the predictions

unreliable.
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bumblebees in Europe. Bombus veteranus under BAMBU and GRAS
is expected to lose almost its entire suitable habitat in BENELUX.
The species is not projected to go extinct at 5 x 5 km resolution,
but projections of the GRAS scenario show only a tiny pocket of
remaining suitable habitat in South-east Belgium (Figure 5k,n,q).
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Significant gain is only projected under SEDG for COMs (25%; Fig-
ure 8l). At the European scale B. veteranus loses more range under
COMs (54%, 67%, 38%; Figure 9j-l) than SLMs (32%, 50%, 19%; Fig-
ure 9p-r) and DLMs (40%, 55%, 26%; Figure 9m-o). Bombus veter-
anus is projected to expand into Northern Europe, further under
COMs. Overall SLMs project more persistence in the landscape but
less Northern shift. Finally, the centroid of the distribution of B.
veteranus is projected to shift further North overall under DLMs
than SLMs (BAMBU: +95 km, GRAS: +68 km SEDG: +98 km,
Figure 9m-r).

4 | DISCUSSION

This study shows that incorporating dynamic LULC change scenarios,
even those with low precision and few classes, can have significant
effects on the projected distributions of bumblebee species. Species
can only occur in a location at any time when a series of critical con-
ditions are met, including both suitable climate and land use and land
cover types that allow them to feed, grow, survive and reproduce.
Therefore, it is surprising that the use of climate change projections
is commonplace, whereas LULC change projections are rarely used
in species forecasting (Titeux et al., 2016). We tested the effect of
dynamic LULC variables on projecting future distribution changes for
48 European Bombus species in 2050 and 2100. Bombus being a
genus for which change in major land use classes has affected his-
torical distribution patterns (Aguirre-Gutiérrez et al., 2015; Senapathi
et al., 2015).

4.1 | Models including LULC compared to
climate-only models

All models improved in fit (AUC) when adding LULC covariates.
However, this refers to goodness-of-fit and does not necessarily
mean greater predictive ability (Thuiller et al., 2004). A number of
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FIGURE 8 BENELUX maps showing 5 x 5 km resolution of change in habitat suitability between 2000 and 2100 for two species, Bombus
argillaceus (a—i; atypical) and Bombus veteranus (j—r; representative of many species). Habitat suitability change is shown for three future change
scenarios (BAMBU, GRAS, and SEDG) and for three model types (Climate-only [a—c, j-I], Dynamic LULC [d-f, m—o], and Static LULC [g—i, p-r]).
Yellow: cells that have remained as suitable habitat; Red: cells that were suitable in 2000 but unsuitable in 2100; Green: cells that were
unsuitable in 2000 but suitable in 2100; Grey: cells that were never projected as suitable habitat
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FIGURE 9 European maps showing 50 x 50 km resolution of change in habitat suitability between 2000 and 2100 for two species,
Bombus argillaceus (a—i; atypical) and Bombus veteranus (j-r; representative of many species). Habitat suitability change is shown for three future
change scenarios (BAMBU, GRAS, and SEDG) and for three model types (Climate-only [a—c, j-I], Dynamic LULC [d-f, m—o], and Static LULC [g-
i, p—r]). Yellow: cells that have remained as suitable habitat; Red: cells that were suitable in 2000 but unsuitable in 2100; Green: cells that were
unsuitable in 2000 but suitable in 2100; Grey: cells that were never projected as suitable habitat

species are influenced by LULC covariates, in particular the percent-
age cover of arable land and forest. The results support research
showing that using only climate covariates may over-represent the
species range in the present (Luoto et al., 2007; Sohl, 2014; Stanton,
Pearson, Horning, Ersts & Resit Akcakaya, 2012). This is likely to
misrepresent species range change as well as the shift of species

range limits. The importance of LULC change is dependent on
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whether habitat requirements, namely nesting and feeding resources
(Busch, 2006), can be adequately captured by the relationship
between these six land use covariates and the climate change covari-
ates. Therefore, we saw variation for bumblebees as they differ sig-
nificantly in their landscape requirements (Goulson et al., 2010;
Persson, Rundlof, Clough & Smith, 2015). A result unique to our
study is that COMs (at the European scale) projected greater range
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loss and lower range gain than when land use covariates were
included. This is in part due to greater range size in the present
under COMs. However, there were also examples of areas that
became suitable for certain bumblebees with the introduction of
LULC covariates. These results suggest that for some species includ-
ing LULC covariates, projects, on average, a wider bioclimatic envel-
ope and is more likely to project persistence in the landscape. In
other words LULC covariates, provide a habitat filter over the cli-
mate prediction. However, we did not observe the same pattern for
all species, and there were species, which showed greater loss and
gain with dynamic land use covariates. Overall, the relationship was
highly variable (see Figs. S7-S10). This inconsistent relationship indi-
cates that dynamic LULC model predictions are not simply a level up
or down from climate-only models. Additionally, the introduction of
LULC covariates projected an inability of most bumblebees to com-
pletely track Northern climate shifts, particularly into Scandinavia,

supporting historical patterns (Kerr et al., 2015).

4.2 | Models including dynamic LULC compared to
static LULC models

Including static LULC change in SDMs is based on the incorrect
assumption that LULC will not change in the future or that this
change is negligible in comparison to climate change (Stanton et al.,
2012). In this study, loss and gain of suitable habitat was more likely
with dynamic LULC covariates. The distribution patterns of DLMs
represent more variable suitable habitat conditions in time than
SLMs under equivalent climate change, resulting in greater projected
range loss and gain. However, this pattern varied between species
and was more discernable for some over others. This variability is
supported by other studies; including dynamic LULC covariates pre-
viously led to more accurate model predictions for invasive bullfrogs
(Ficetola et al., 2010) and central European plants (Chytry et al.,
2012), but not so for a European butterfly species (Martin et al.,
2013). Our multispecies study indicates that a number species show
projected distribution changes under different model types, however,
some do not show any. This, in and of itself, is not surprising as spe-
cies differ in their dependency on specific characteristics of climate
and land use. Therefore, including dynamic LULC covariates, even at
coarse thematic resolution, can significantly alter the projected distri-

butional changes of certain species.

4.3 | Inclusion of LULC in models for individual
species distribution projections

We focused on the projections of two species, B. argillaceus was
atypical compared to the majority of species, demonstrating range.
The results suggest that dynamic LULC limits the availability of suit-
able habitat in the North. Overall, this illustrates the necessity of
dynamic LULC in prospective SDMs, and that change in major land
use classes such as grassland and urban affect observed species
range change under climate change. Bombus veteranus is representa-

tive of the patterns observed for many species. Climate drove the
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distribution but LULC models projected extra areas of suitable habi-
tat, which were rarely continuous and perhaps indicative of real
world patterns. Fragmented suitable habitat increases the probability
of losing local populations and decreases the probability of establish-
ing new populations, both of which severely affect a species’

tracking of global change.

4.4 | LULC-inclusive models for forecasting and
guiding conservation efforts

The importance of including LULC projections depends on the goals
and desired outcomes of the modelling process. As a tool, SDMs
explore unknown areas and periods where conditions may be suit-
able for species occurrence, observe the role of environmental
covariates and influence conservation management (Franklin, 2010).
However, due to limitations in data availability and modelling meth-
ods their value to conservation and ability to predict occurrence
should not be overestimated (Lobo, 2016), particularly in the case of
undersampled and geographically and taxonomically restricted insect
data (De Palma et al., 2016). Regarding covariate influence, we
observe that for at least some species dynamic LULC covariates sig-
nificantly affect projected distributions. Regarding conservation man-
agement, variation between model types, model performance and
projected distributions suggests that using DLMs to inform conserva-
tion practices would be suitable at the broad scale. The absence of
dynamic LULC covariates could lead to significantly underfitted
potential distributions for specific landscapes or species with implica-
tions for management. (Franklin, 2013; Porfirio et al., 2014; Wright,
Hijmans, Schwartz, Shaffer & Franklin, 2015). Overall, species and
purpose-specific approaches to covariate selection should be
preferred.

4.5 | The generation of dynamic LULC scenarios
deserves more attention

The observed patterns strongly support the case for more detailed
LULC change scenarios. This supports the conclusions of similar
studies (Barbet-Massin et al., 2012; Martin et al., 2013). The scenar-
ios presented here intend to provide a platform on which to relate
species conservation to socioeconomic factors and policy decisions,
they also aim to make it possible to assess which improvements at
landscape level are needed to improve species persistence (Van Vuu-
ren et al, 2011). However, it is likely that the LULC change maps
produced by these scenarios will become superseded by updated,
more detailed LULC change scenarios, linked to new climate change
models. Finer resolution and more detailed classes would greatly
improve LULC projections (Busch, 2006; Verburg, Van De Steeg,
Veldkamp & Willemen, 2009). In the case of bumblebees, we know
that to model wild bee species adequately we need ecologically rele-
vant LULC covariates that represent local management (Aguirre-
Gutiérrez et al., 2015; Marshall et al., 2015; Scheper et al., 2015).
New scenarios should emphasize a relevance to biodiversity and land
use management, for example, separating between natural-grassland
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and agricultural-grassland, and intensive and less intensive farming
systems. While the incidence of and change in forest and arable land
cover correlates with habitat suitability, this is an indirect effect. The
coarseness of these classifications does not provide an adequate
foundation to extract causal information or infer on the importance
of land use management (Thuiller et al., 2004). Moreover, national
and international policies, such as the CAP in Europe, tend not to
change land cover per se (grassland remains grassland), but the man-
agement level and thus biodiversity value. For example, arable land
cover is the most important LULC covariate for the majority of bum-
blebees as defined by the correlative variable importance values (see
Table S3). However, the ecological significance of this importance
could relate to agricultural intensification, pesticide use, availability

of floral resources, or most likely, a combination of these factors.

4.6 | Differences between the data sources

Among the 48 bumblebees modelled there are examples of polytypic
species representing significant intraspecific variation (Rasmont,
1983). For example, SDMs at subspecies level for B. terrestris per-
formed differently from aggregated models with all subspecies as a
single unit (Lecocq, Rasmont, Harpke & Schweiger, 2016). We did
not utilize this variation; we modelled the habitat requirements of
each species using all available records. Occurrence points were
selected to represent the highest resolution possible to model at
5 x 5 km resolution, and many points were removed. However, due
to the nature of the data and the multitude of sources it is still likely
that some point records were not accurately recorded, though we
expect this number to be minimal (Duputié, Zimmermann & Chuine,
2014).

There were distinctions between the resolution of the climate
and land use sources in the past and in the future. Due to the coarse
nature of Atmosphere-Ocean General Circulation Models (AOGCMs)
used to calculate the climate-change covariates they do not repre-
sent accurately fine scale effects (Fronzek et al., 2012). This means
at the 10 x 10 and 5 x 5 km resolutions that fine-scale topographic
effects of climate may be lost. This may result in a more homoge-
nous representation of climate at these resolutions, which may over-
represent range size and connectivity. However, this is representa-
tive of climate data often used in studies of this type to model in
the future, and in general climate is more homogenous than land
use, particularly at the BENELUX scale. To understand in detail the
climate effects on biodiversity, fine scale climate change projections
are required. The land-use change maps were downscaled to match
the availability of current LULC data at European scale. However,
the downscaling algorithm is likely to produce some clustering for
the future LULC covariates (Dendoncker et al., 2006). Therefore, we
focused on percentage cover covariates and it was not possible to
include covariates of connectivity and edge effects, as they would
not be comparable to present conditions. Furthermore, the land-use
change models were created in congruence with climate variables;
this means that present and future comparisons are valid at the dif-
ferent modelled resolutions (Rounsevell et al., 2006).
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Finally, there are many methods for SDM and changes to the
modelling algorithms, covariates and resolutions can affect the
results (Aguirre-Gutierrez et al., 2013; Warren & Seifert, 2011). We
chose to use simplified algorithms in an ensemble modelling

approach to account for this variation (Thuiller, 2014).

5 | CONCLUDING REMARKS

This work represents a detailed analysis of the effect of dynamic LULC
scenarios at different scales on the projected distributions of multiple
species. We show species dependent responses to the effect of
dynamic LULC, which demonstrates that these types of scenarios can
play a significant role in projecting species distributions under climate
change. Climate variables alone, whilst driving habitat suitability, are
unlikely to project accurately the detailed distribution patterns of all
species. Therefore, we advocate repeated use and testing of these
available scenarios with multiple species. However, new scenarios and
projections of LULC change at finer spatial and thematic resolutions
that indicate management practices will be necessary to better assess

biodiversity change in an uncertain future.
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