Journal of Applied Ecology 2017, 54, 527–536

doi: 10.1111/1365-2664.12763

Semi-natural habitats mitigate the effects of
temperature rise on wild bees
€ hn1,2,3, Mark Frenzel1 and Oliver Schweiger1
Alexandra D. Papanikolaou1*, Ingolf Ku
1

Department of Community Ecology, Helmholtz Centre for Environmental Research–UFZ, Theodor-Lieser-Straße 4,
D-06120 Halle, Germany; 2Institute of Biology/Geobotany and Botanical Garden, Martin-Luther-University HalleWittenberg, Am Kirchtor 1, D-06108 Halle, Germany; and 3German Center for Integrative Biodiversity Research (iDiv)
Halle-Jena-Leipzig, Deutscher Platz 5e, D-04103 Leipzig, Germany

Summary
1. The effect of climate change on wild bee communities is of major concern since the decline
of bee species could imperil the provision of pollination services. Additionally, habitat loss
and fragmentation are major threats to wild bee populations, but improvements to the landscape structure could also improve the general conditions for wild bees. However, potential
interactive effects of climate change and landscape structure on wild bee communities remain
unknown.
2. In this study, we assessed the potential of semi-natural areas to maintain robust communities under changing weather conditions. We used bee monitoring data from six 4 9 4 km field
sites across Germany. Almost 30 000 bee specimens were collected from 2010 to 2012 in 16
local communities per site at six sampling occasions per year. Following a multimodel inference approach, we identified the most important weather and landscape variables as well as
interaction terms that affect wild bee species richness and total abundance.
3. Correcting for overall phenology, we found a strong negative relationship between bee
species richness and temperature, indicating that future increasing temperatures will lead to a
decrease in species richness. However, a high proportion of semi-natural habitats can considerably decrease the detrimental effect of warmer temperatures on bee species richness and
abundance.
4. Synthesis and applications. Semi-natural areas and green infrastructure elements within
agricultural landscapes become even more important under changing temperature conditions
to mitigate the negative effects of increasing temperatures on wild bee species richness and
total abundance. This has important implications for conservation decision making, suggesting that maintaining or restoring a fair amount of semi-natural areas could serve as a countermeasure against climate change for wild bees.
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Introduction
Pollinators provide a key ecosystem service, contributing to
the maintenance of wild plant communities as well as crop
production (Potts et al. 2010). Almost 90% of the angiosperm plant species depend at least partially on animal pollination (Ollerton, Winfree & Tarrant 2011), which is mostly
performed by insects and especially by bees (Kearns,
Inouye & Waser 1998). Additionally, about 70% of the
most important global crops that constitute 35% of the
*Correspondence author. E-mail: alexandra.papanikolaou@ufz.de

global food production rely to some extent on animal pollination (Klein et al. 2007). Although domesticated honeybees are often used for pollinating crops such as rape, wild
bees have been found to be more efficient pollinators in
agricultural landscapes (Garibaldi et al. 2013; Mallinger &
Gratton 2015). Furthermore, the stability of the pollination
service in time is dependent on bee species richness (Kremen, Williams & Thorp 2002) and abundance (Winfree
et al. 2015). In this context, the role of species-rich and
abundant communities of wild bees in agricultural landscapes is of paramount importance to protect biodiversity
and to maintain human welfare.
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Wild bees face several threats world-wide: among the
major pressures to pollinators are climate change and
land-use change (Potts et al. 2010; Winfree 2010; Goulson
et al. 2015). Climate change is expected to differentially
impact the abundance, distribution and phenology of bees
and their host plants, for example causing spatial and
temporal mismatches between them (Schweiger et al.
2010; Polce et al. 2014). Land-use change, involving the
processes of habitat loss and habitat fragmentation, may
lead to the limitation of food and nesting resources for
wild bees, decrease in abundances, isolation of populations and altered biotic interactions (Aizen & Feinsinger
2003).
However, the above-mentioned pressures do not act in
isolation but simultaneously upon pollinator communities.
The combination of multiple stressors can cause synergistic or antagonistic effects (Gonzalez-Varo et al. 2013),
exacerbating the spatial and temporal mismatches between
pollinators and pollinated plants (Burkle, Marlin &
Knight 2013). Recent studies have investigated the interactive effects between weather and landscape on organisms, focusing mostly on how the landscape context could
mediate the consequences of extreme weather events on
different taxa (e.g. Oliver, Brereton & Roy 2013; Newson
et al. 2014; Nimmo et al. 2015). For example, Nimmo
et al. (2015) showed that increasing the area of appropriate habitat increased the resistance of woodland bird
species richness to extreme drought, while Oliver, Brereton & Roy (2013) showed that butterfly sensitivity to
drought decreased and population recovery increased in
the presence of a large amount of well-connected habitats.
In this context, pollinator communities in differentially
structured landscapes may respond differentially to
climate change, so that detrimental effects (e.g. temperature rise) may be aggravated or mitigated. For example,
bee species that will have to shift their ranges to track
suitable climatic conditions may be further limited in fragmented landscapes with a small proportion of favourable
habitat and a large degree of isolation, while the implementation of green infrastructure elements might mitigate
impacts of climate change by rendering the landscape
more permeable (EEA 2011). Yet, management decisions
that ignore such interactive effects may turn out to be

perilous and undermine conservation efforts (GonzalezVaro et al. 2013; Oliver & Morecroft 2014). Measures
that aim to tackle climate change without considering the
landscape structure could be proven as a less efficient use
of resources. So far little is known on the combined effect
of climate and land-use change on wild bees.
In the present study, we tested the hypothesis that the
response of bee species richness and total abundance
(jointly termed ‘bee diversity’ hereafter, where appropriate) to changing weather conditions can be modulated by
landscape structure. For this purpose, we used data from
a monitoring programme of bee communities in central
Germany in order to test how landscape modification and
changes in temperature and precipitation synergistically
affect wild bees. The data were collected in six
agriculturally dominated landscapes for three consecutive
years (2010–2012) with multiple samplings within each
year, enabling us to take into account weather variability
within and among the sampling years and differences in
landscape structure among the landscapes. Focusing on
the interaction between weather and landscape, we
explore whether the effects of changes in weather conditions
are buffered by landscape structure. Given that climate is
intertwined with weather and climate change is identified
on the basis of changes in weather over time (Le Treut et al.
2007), we also consider the long-term implications of changing weather conditions on wild bee communities.

Materials and methods
BEE MONITORING DATA

The bee monitoring data were collected in six sites across the federal state of Saxony-Anhalt in Germany. The study sites are
monitored as part of the TERENO project (Terrestrial Environmental Observatories; www.tereno.net; Zacharias et al. 2011) and
of the German and European LTER (Long-Term Ecological
Research) network (M€
uller et al. 2010).
The six sites where the bee monitoring took place are representative of the agricultural land use in a wider region and largely
differ in terms of landscape structure, altitude and climatic conditions (Table 1). The monitoring took place for three consecutive
years (2010–2012), extending from May to September in two periods: early (May–June) and late (August–September) summer.

Table 1. Coordinates of site centroids and mean values ( one standard deviation) of environmental variables and species richness for
the six study sites. Mean temperature and precipitation were calculated using daily data from 6 years (2001–2002, 2010–2013). Landscape composition: percentage cover of semi-natural areas, landscape configuration: mean area-weighted proximity index of semi-natural
areas

Site

Latitude

Friedeburg
Greifenhagen
Harsleben
Siptenfelde
Schafstaedt
Wanzleben

516177°
516329°
518423°
516491°
513770°
520803°

N
N
N
N
N
N

Longitude

Elevation

Temperature
(°C)

Precipitation
(mm)

Landscape
composition

Landscape
configuration

Habitat
richness

Species
Richness

117096°
114340°
110753°
110526°
117224°
114518°

122
270
143
423
177
113

966
927
956
743
883
968

592
606
581
646
580
591

1691
1048
1630
1589
165
1026

7476
2823
259 943
56 589
898
63 332

24
24
18
19
18
21

129
104
121
73
101
101

E
E
E
E
E
E

(31)
(27)
(14)
(31)
(11)
(10)

(069)
(089)
(074)
(076)
(082)
(069)

(128)
(118)
(176)
(117)
(101)
(130)

(3)
(10)
(11)
(6)
(5)
(16)
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Each of the TERENO sites measured 4 9 4 km and was divided
into 16 squares of 1 km2. One combined flight trap (a combination of yellow funnel and window panel; Duelli, Obrist & Schmatz 1999) was arbitrarily placed within each square at ecotones
(i.e. transition area between two habitat types, usually between a
semi-natural habitat and an agricultural field). Although the colour of the traps might impact the captured species composition
depending on the predominant flower colour in the area, yellow
has been suggested as the most effective one (Duelli, Obrist &
Schmatz 1999) and our combination of a very large diameter and
the window panel (more details in Schweiger et al. 2005) proofed
an extremely high trapping efficiency as confirmed by local
experts (Frank Burger and Frank Creutzburg). Traps were active
for 2 weeks before being emptied. Then, the trapped insects were
collected and, subsequently, all wild bees were identified to species level. This sampling procedure was repeated for three fortnight sampling intervals per period. Species richness and total
abundance were determined for each trap and sampling interval
as the number of species and the total number of individuals
identified, respectively. Honeybees were excluded from the analyses to eliminate the possible anthropogenic effect caused by
honeybee management.

LANDSCAPE DATA

Digitized habitat maps of the six sites were derived from
orthorectified photographs at a resolution of 20 cm. Habitats
were classified to the third level of the EUNIS classification system, and the classification was verified by on spot observations
(see Frenzel, Everaars & Schweiger 2015).
Three different aspects of the landscape were taken into
account: composition, configuration and diversity. The landscape
metrics were calculated at the level of the 4 9 4 km sites. Landscape composition was assessed as the percentage of semi-natural
habitats per study site. The total number of EUNIS habitats
identified at a site was used as a proxy for habitat richness, while
the area-weighted mean proximity index of semi-natural habitat
patches was used as a measure of landscape configuration at the
site level. The proximity index (Gustafson & Parker 1992)
describes the geographical distance between habitat patches
weighted by patch size; thus, the index takes higher values in
landscapes with large patches situated close to each other and
lower values for small patches far from each other. A search
radius of 200 m was specified for the calculation of the proximity
index. A wide variety of habitats, including woodland, urban
areas and even agricultural land, can provide resources to wild
bees. However, for the above-mentioned calculations we focused
on what would be considered as typical bee habitat in an agricultural land, that is grasslands, hedgerows, shrublands. A full list
of the semi-natural habitat types is provided in Appendix S1
(Supporting Information). The calculation of the landscape
metrics was performed in FRAGSTATS v4.2 (McGarigal, Cushman
& Ene 2012).

WEATHER DATA

Data on air temperature and precipitation were obtained from
DWD (German Meteorological Service) weather stations in the
vicinity of each of the six sites. Mean daily temperature and total
daily precipitation were available at site level throughout the
years 2001–2002 and 2010–2013.
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Two different aggregation levels of weather variable sets were
incorporated in our analyses. The first variable set describes the
short-term weather conditions during each fortnightly sampling
interval by mean temperature and total precipitation. The second
variable set comprises two longer-term weather variables, which
were employed to account for systematic differences among the
six sites (caused by altitude, topography, etc.). To this end, mean
annual temperature and total annual precipitation per site and
year were computed for each of the 6 years we had available
weather data and, subsequently, the mean across all years was
calculated for both temperature and precipitation. For simplicity,
the two resulting variables are referred to below as ‘longer-term
temperature’ and ‘longer-term precipitation’.

STATISTICAL ANALYSES

Although species richness and total abundance were highly positively correlated (Pearson’s r = 08, P < 0001), we analysed them
separately following the same procedure, since they are by no
means perfectly correlated and, therefore, are not necessarily
expected to give the same results.
First, we accounted for the effects of phenology, since bee species abundance and richness usually peaks during the early
(cooler) monitoring period and levels off during the late (warmer)
period. To make the response of bee species richness to fluctuations in weather conditions independent from general phenological patterns (i.e. emergence in spring, peak abundance, levelling
off towards autumn) and, thus, from corresponding annual temperature cycles, we built a generalized additive mixed-effects
model (GAMM) with logarithmic link function for species richness using a third-order polynomial (including first- and secondorder terms) of the Julian day as an explanatory variable (the
central Julian day of each sampling interval was taken as reference point). Local species richness data at trap level were averaged per site and used as response variable. Site was included in
the analyses as a random effect. The GAMM explained 783% of
the variation in the data (proportion of null deviance explained).
The outcome of the GAMM was one phenology curve representing the expected changes in species richness along a year within
the entire region of the study (Fig. 1; see Fig. S1 for raw data).
The fitted model values were an estimation of the expected richness for the sampling intervals based on their positions within the
year. The same approach was followed for total abundance, with
the GAMM explaining 63% of the data variation in that case
(see Fig. S2 for phenology curve and Figs S3 and S4 for the
residuals of the two models plotted per site).
Secondly, to examine whether the effect of weather on bee species richness depends on the landscape structure, generalized linear mixed-effects models (GLMMs) were applied. Since the
species richness and abundance data were overdispersed, a negative binomial error distribution with a log link function was used.
The random structure of the model included two crossed random
intercepts: the trap nested within site and the sampling interval
nested within year. The expected species richness value for each
sampling interval according to overall phenology patterns (as previously calculated by the GAMM) was added to the model as an
offset (Schmucki et al. 2016). This approach enabled us to assess
anomalies in the relationship between particular weather conditions (e.g. overly hot or cold) and species richness (i.e. being independent of the general effects of annual weather cycles on the
phenology of bees). Thus, using the expected species richness as
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Fig. 1. Phenology curve displaying the
expected species richness per trap along
the total monitoring period within a year
(black curve). The dark-grey lines represent the 95% prediction intervals based on
predictions from the posterior distribution
with 10 000 replicates per Julian day
(black dots).

an offset, we assess deviations from the expected phenology curve
and investigate whether they can be attributed to changes in
weather conditions. Including that term prevented from misinterpreting mere phenological patterns as responses of species richness to weather anomalies.
All variables intended to be included in our main model were
tested for collinearity. To this end, Pearson’s correlation coefficients were estimated for each pair of explanatory variables and a
threshold of 07 was set as an indicator of high collinearity that
could distort model estimation (Dormann et al. 2013). None of
the pairwise comparisons resulted in a higher correlation value,
apart from the two negatively correlated longer-term weather
variables (r = 082). To select which one to include in the main
model, two additional models were built. The two models had
species richness as dependent variable and the random structure
and offset of the main model but only longer-term temperature
or precipitation as explanatory variable. The two models were
compared based on second-order Akaike Information Criterion
(AICc; corrected for sample size). Longer-term precipitation
resulted in the model with the lowest AICc value and, thus, was
retained for the main model.
Subsequently, we followed a multimodel inference approach
(Burnham & Anderson 2002). This circumvents problems with
null hypothesis testing of complex GLMMs, such as inflated type
I error (Ives 2015). To begin with, global models were fitted for
species richness and abundance. The initial explanatory variables
were temperature and precipitation for each sampling interval
and their quadratic terms, the three landscape variables and the
interactions between each one of the weather and landscape variables (two weather variables 9 three landscape variables = six
interaction terms). Furthermore, longer-term precipitation was
added to the set of explanatory variables. All explanatory variables were standardized to zero mean and unit standard deviation
to obtain comparable coefficient estimates (Quinn & Keough
2002). The model residuals were checked for spatial autocorrelation by computing Moran’s I correlograms (Moran 1950), but
none was detected. Additionally, all usual diagnostics were conducted and the statistical assumptions for GLMMs were met.
The amount of variance explained was estimated by calculating
the Nagelkerke pseudo R2 for the global models. More specifically, two values were calculated using the intercept-only model

once with and once without the random structure of our main
model in order to describe the variance explained by the fixed
effects only and by both the fixed and random effects, respectively.
Subsequently, all plausible candidate models including up to
four explanatory variables were developed and AICc values and
relative weights were calculated. The model with the lowest AICc
value was considered the best model. The models were compared
in terms of their difference in AICc value (dAICc) from the best
model, as well as their evidence ratio. The evidence ratio is calculated as the weight of the best model divided by the weight of
each one of the other models and represents the likelihood of a
model to be the best one relative to each of the others (Burnham
& Anderson 2002). A subset of models was derived from the list
of all candidate models for calculating relative variable importance and model averaging. The cut-off value for model inclusion
was an evidence ratio smaller than eight (Burnham & Anderson
2002). The relative importance of each variable in the selected set
was calculated as the sum of weights of all models in which the
specific variable occurs.
All analyses were implemented in the statistical software R
v3.1.2 (R Core Team 2014). The data analysed can be found in
Table S1. The GAMM was built with the package mgcv version
1.8-3 (Wood 2011), while the packages glmmADMB version 0.8.0
(Skaug et al. 2014) and MuMIn version 1.12.1 (Barton 2014)
were used for the GLMM and the multimodel inference, respectively.

Results
During the 3 years of monitoring, more than 28 000 individual bees of 261 bee species were collected.
The global GLMM testing weather and landscape
effects on species richness explained 511% of the data
variation, of which 6% was explained by the fixed component represented by all the weather and landscape variables and their interactions. In the context of multimodel
inference, 126 models were compared. Our set of three
selected models based on the evidence ratio had a cumulative weight of 651% and dAICc not exceeding four
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(Table 2a). The variables included in this set were mean
temperature of the sampling interval, longer-term precipitation, percentage of semi-natural areas in the landscape,
number of habitats, proximity index and the interaction
of percentage of semi-natural areas with mean temperature (Table 2b).
The percentage of semi-natural habitats occurred in all
the selected models and had the highest relative importance, followed by mean temperature and the interaction
between these two variables. Longer-term precipitation
also occurred in two models. The number of habitats and
the proximity index were of lesser importance, both of
them occurring in just one model.
The three selected models were supported to different
extent by our data (Table 2a). Based on the evidence
ratios, it seems that the first model is the one that best
represents the data compared to the second and the third
one.
Comparing the predictions of the model averaging of
the selected model set to those of the best model, no
important differences were observed (R2 = 099; additionally, the remainder of subtracting the predictions of the
averaged model from the predictions of the best model is
not different from zero, Wilcoxon signed rank test
P = 093). As a result and taking into account the simplicity of the model, the best model is presented hereafter.
According to the best model, phenology-independent
species richness increased with percentage of semi-natural
areas, but decreased with mean temperature of the sampling interval (Table 2b). However, the positive interaction between the two variables suggests that the effect of
temperature depends on the proportion of semi-natural
habitats within a site in a way that higher proportion of
semi-natural habitats decreases the negative effects of
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higher temperatures (see Fig. 2 for the interactive effect of
temperature and landscape composition on bee species
richness and Fig. S5 for the relationship between temperature and species richness in each study site). In addition,
longer-term precipitation also negatively affected species
richness (Table 2b).
The global GLMM for total abundance explained
521% of the data variation, of which 57% was explained
by the fixed effects. Our selected model set consisted of
six models with a cumulative weight of 987% and dAICc
not exceeding four (Table 3a). According to the relative
importance index, the most important terms included in
the set were mean temperature of the sampling interval,
percentage of semi-natural habitats in the landscape and
their interaction, while five other terms were of lesser
importance (Table 3b). Like for species richness, temperature had a negative effect on abundance, while the impact
of semi-natural areas was positive. Also similar to species
richness, we found a positive interaction between mean
temperature and percentage of semi-natural areas, but this
effect was stronger for abundance than for species richness (Fig. S6).

Discussion
We found that suitable habitat area is the most important
factor affecting local bee diversity (see relative importance
index, Tables 2b and 3b). The importance of a high proportion of favourable habitats has been previously supported by studies performed in the same area almost a
decade ago (Hendrickx et al. 2007) or elsewhere (e.g. Kremen, Williams & Thorp 2002; Steffan-Dewenter et al.
2002; Klein et al. 2012). However, we also found that bee
diversity (i.e. richness and abundance) is highly sensitive

Table 2. Selected set of models explaining species richness: (a) Statistics for model comparison; AICc, Akaike Information Criterion corrected for small sample size; d, difference to best model. (b) Variables included in each model and their relative importance based on the
whole set of models. Parameter estimates and their standard errors are displayed for each model; landscape composition: percentage
cover of semi-natural areas, mean temperature: mean temperature of the 2-week sampling interval, interaction: interaction between cover
of semi-natural areas and mean temperature, habitat richness: number of habitats, landscape configuration: mean area-weighted proximity index of semi-natural areas
(a)
Model

AICc

dAICc

Akaike weight

Cumulative weight

Evidence ratio

A
B
C

90498
90524
90528

000
256
300

0434
0121
0097

0434
0554
0651

100
360
447

(b)

Model

Landscape
composition

A
B
C
Relative importance

012 (007)
040 (008)
005 (01)
088

Mean
temperature

Interaction

005 (003)

004 (001)

005 (003)
081

004 (001)
068

Longer-term
precipitation

Habitat richness

Landscape
configuration

020 (007)
037 (006)

023 (007)

037 (009)

068

023

021
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Fig. 2. Interactive effect of temperature and landscape composition on bee species richness. The effect of temperature increase on species
richness is displayed for four different levels of percentage of semi-natural areas: (a) 2%, (b) 6%, (c) 10%, (d) 17%. The cover range in
the plot starts from the minimum cover of semi-natural areas in our study sites (i.e., 2%) and reaches the maximum coverage observed
(i.e. 17%). We, additionally, used 10% (as a representative value for two of our sites) and 6% (as the mean value between 2 and 10% to
cover the whole range). The y-axis is displayed on the logit scale. Grey bands indicate 95% confidence intervals.

to temperature. More specifically, an increase in temperature leads to a decline in bee diversity, even when corrected for the effect of phenology, corroborating the
worrisome reports about the potential negative effects of
climate warming on wild bees (Potts et al. 2010; Winfree
2010). Such a decline has been observed in studies assessing the effect of climate change on wild bees with use of
long-term data (Biesmeijer et al. 2006; Bartomeus et al.
2013) and can be inferred from range contractions of
bumblebees in Europe and North America especially at
their warm (southern) range margins (Kerr et al. 2015).
The variable ‘longer-term precipitation’ turned out to be
an important parameter, negatively affecting bee diversity.
This variable was highly negatively correlated with the
variable ‘longer-term temperature’. This indicates that drier
and hotter sites tended to have higher bee diversity, in
accordance with the species richness–energy hypothesis
(e.g. Currie et al. 2004). On the contrary, increases in the
short-term temperature (i.e. of the fortnightly sampling
interval) had a negative impact on bee diversity.

Temperature has a direct impact on development, survival,
range and abundance of bees (Bale et al. 2002) and is the
main determinant of pollinator activity (K€
uhsel & Bl€
uthgen 2015). The activity patterns of different species are
expected to be differentially affected by climate warming
(Rader et al. 2013), while the narrower thermal niches of
bees compared to other pollinators could render them more
susceptible to climate change effects (K€
uhsel & Bl€
uthgen
2015). Such divergent responses may lead to a decline in
bee diversity with temperature increase as we observe here,
especially when a threshold of high temperature is surpassed. Our results on temperature further reflect that
short-term and longer-term weather may have different,
even opposing, effects on bee diversity. One possible explanation might be that organisms can locally adapt to local
climate conditions, yet higher temperature deviations
around this longer-term mean might drive rapid declines.
Indeed, a recent review showed that the effects caused on
population growth by changes in mean temperature can be
altered or even reversed by variance in temperature
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Table 3. Selected set of models explaining total abundance: (a) Statistics for model comparison; AICc, Akaike Information Criterion
corrected for small sample size; d, difference to best model. (b) Variables included in each model and their relative importance based on
the whole set of models. Parameter estimates and their standard errors are displayed for each model; mean temperature: mean temperature of the 2-week sampling interval, landscape composition: percentage cover of semi-natural areas, interaction: interaction between
cover of semi-natural areas and mean temperature, habitat richness: number of habitats, landscape configuration: mean area-weighted
proximity index, total precipitation: total precipitation during the 2-week sampling interval
(a)
Model

AICc

dAICc

Akaike weight

Cumulative weight

Evidence ratio

A
B
C
D
E
F

1184567
1184669
1184849
1184861
1184863
1184871

000
102
282
294
296
304

0391
0235
0096
0090
0089
0086

0391
0627
0722
0812
0901
0987

100
166
410
435
439
457

(b)

Model
A
B
C
D
E
F
Relative
importance

Mean
temperature
009
008
009
008
008
008
100

(005)
(006)
(006)
(006)
(006)
(006)

Landscape
composition
016
005
005
004
008
005
099

Interaction

(014) 010 (002)
(017) 010 (002)
(017) 010 (002)
(017) 010 (002)
(019) 010 (002)
(017) 010 (002)
099

Longer-term
precipitation

Habitat
richness

(Mean
temperature)2

Landscape
configuration

Total
precipitation

028 (014)
001 (003)
005 (017)
006 (019)
040

(Lawson et al. 2015). Additionally, Vasseur et al. (2014)
found that whereas higher mean temperatures favoured
invertebrate ectotherms, simultaneous changes in mean
and variance resulted in diverse responses, leading temperate species to performance declines.
Yet, our most interesting finding is the interactive effect
of temperature and landscape composition. Increasing temperatures can have severe effects on bee diversity in landscapes largely dominated by agricultural areas, while
agricultural landscapes with higher amount of habitats suitable for bees (coverage of around 17%) are much less
affected. Thus, increasing agricultural area on the cost of
semi-natural habitats does not only decrease overall bee
species richness (Kormann et al. 2015), but also makes the
remaining species more vulnerable to rising temperatures.
The presence of semi-natural habitats provides a larger
variety of floral resources and nesting habitats to wild bees,
likely making them less vulnerable to changes in weather
conditions. Additionally, suitable habitats in a matrix of
exposed agricultural land can serve as refuges to
ectotherms, like bees, offering them an opportunity to cool
down when they reach extreme body temperatures (Sunday
et al. 2014). Such resources are limited in the agriculturally
dominated landscapes, permitting only the survival of the
nearby living species or the more mobile species.
In the context of climate warming, the high sensitivity
of wild bees to increasing temperatures, as observed in
our study, could imply a threat to their communities
given the temperature rise predicted by climate change

010

010

009

0004 (004)
009

scenarios. More specifically, RCP (Representative Concentration Pathways) scenarios for summer temperature
predict a median increase between 4 and 6 °C in Central
Europe by 2100 (IPCC 2013). Such an increase in summer
temperature is likely to cause a decrease in the diversity
of local bee communities by 20–30% in landscapes with
extremely low cover of semi-natural areas, for example
2% in our case (Fig. 2). Semi-natural areas are found to
be highly beneficial in terms of preserving bee diversity
according to our study, but also averting population collapse of single, sensitive species (Oliver et al. 2015). For
our calculations, potentially new species are not considered, but a recent study showed that northwards range
expansions of pollinators, such as bumblebees, are
surprisingly limited (Kerr et al. 2015).
In addition to a long-term climate change perspective,
the positive effect of semi-natural areas on the temperature sensitivity of wild bees is also relevant in a short-term
weather variability perspective. Although pollination of
many crops is dominated by few common species (Kleijn
et al. 2015) and their abundance (Winfree et al. 2015),
species-rich pollinator communities can still enhance crop
pollination (Garibaldi et al. 2014) and, moreover, increase
the resilience of the provided service against climate
warming (Rader et al. 2013) and environmental disturbances (Brittain, Kremen & Klein 2013). Thus, temperature-driven variability in wild bee diversity might signal a
risk for the provision of pollination especially in landscapes with low cover of bee habitats. Yet, yield deficits
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are the result of the cumulative actions of pollinators
across the key flowering seasons. Bees may be less apparent during hot spells, but they may as well be more active
for the rest of the year to compensate for the temporary
lack of activity, ultimately resulting only in a somewhat
lower overall impact on pollination service. How well
such a potential compensation mechanism may work
under future, warmer climates, however, still needs to be
resolved. Therefore, some implications for current pollination services may arise from our results, but such conclusions should be drawn with care.
The interactive effect of temperature and landscape composition on bee diversity could give rise to ground-breaking
applications in conservation. Pollinators have been found
to benefit from the implementation of agri-environmental
schemes in croplands located in simple landscapes covered
by 1–20% of semi-natural habitats (Scheper et al. 2013)
and especially in intensive agricultural areas where foraging
habitats are scarce (Carvell et al. 2011). Our findings further highlight that the proportion of semi-natural habitats
and green infrastructure elements within agricultural landscapes becomes even more important under the prism of climate change. Nevertheless, landscape configuration does
not seem to have a large impact on bee diversity (at least at
the scale of our study), although increasing landscape connectivity is included in the main goals of many climate
change management plans. In any case, weak or no effect
of landscape configuration on bees has been found in several studies testing different scales (e.g. Kennedy et al.
2013; Steckel et al. 2014).
SYNTHESIS AND APPLICATIONS

According to our findings, some regulations of the EU
Common Agricultural Policy (CAP) and the EU strategy for Green Infrastructure could be beneficial for the
conservation of bees. The article 46 of the EU Regulation 1307/2013 (EC 2013) focuses on the greening of
agricultural areas establishing a threshold of arable land
that should be designated as Ecological Focus Areas
(EFAs). In particular, the EFAs should cover 5% by
2015 and 7% later. The EFAs include what was classified as semi-natural habitat in the present study (hedges,
field margins, fallows, etc.). Consequently, the proposed
measure in combination with semi-natural areas in the
landscape matrix (e.g. grasslands, shrublands) could
contribute to limiting the dependence of bee diversity
on climatic conditions and function as a protective
shield against future temperature increase. Still, the
amount proposed by EU regulations is far too small
and is recommended to increase to about 17%. Note,
however, that our study measures differences in bee
diversity among sites with different landscape structure,
which we use to infer the effects of changes in the
habitat at a given site through time. This approach,
although reasonable and commonly used, carries
assumptions that might be important from a

management perspective, for example there could be a
substantial time-lag (Jackson & Sax 2010) before species
richness increases to the level predicted by the model.
Our results are promising regarding the potential measures that can be taken to mitigate the detrimental effects
of climate change. Considering that in the context of our
study, the highest percentage of semi-natural areas was
around 17%, it becomes apparent that a reasonable
increase in the amount of semi-natural areas within agricultural areas could yield important results. Hedgerows,
field strips and other human-made constructions of green
infrastructure are also regarded as semi-natural habitats,
making it more realistic to reach the aim of creation and
maintenance of these structures. Increasing and maintaining this amount of semi-natural habitat can have a twofold function: namely, such a change can buffer the
effects of both intra-annual weather variability and climate warming. Therefore, it could at the same time secure
the short-term income of farmers as well as the long-term
food security for humans.

Acknowledgements
We thank Frank Creutzburg for identifying all bee specimens. This
research was funded by the ERA-Net BiodivERsA, with the national funder BMBF, through the project BIODIVERSA/0003/2011.

Conflict of interest
The authors have no conflict of interests to declare.

Data accessibility
All data have been uploaded as online supporting information.

References
Aizen, M.A. & Feinsinger, P. (2003) Bees not to be? Responses of insect
pollinator faunas and flower pollination to habitat fragmentation. How
Landscapes Change (eds G.A. Bradshaw & P.A. Marquet), pp. 111–129.
Springer-Verlag, Berlin, Germany.
Bale, J.S., Masters, G.J., Hodkinson, I.D., Awmack, C., Bezemers, T.M.,
Brown, V.K. et al. (2002) Herbivory in global climate change research:
direct effects of rising temperature on insect herbivores. Global Change
Biology, 8, 1–16.
Bartomeus, I., Ascher, J.S., Gibbs, J., Danforth, B.N., Wagner, D.L.,
Hedtke, S.M. & Winfree, R. (2013) Historical changes in northeastern
US bee pollinators related to shared ecological traits. Proceedings of the
National Academy of Sciences of the United States of America, 110,
4656–4660.
Barton, K. (2014) MuMIn: Multi-Model Inference. R package version
1.12.1.
Biesmeijer, J.C., Roberts, S.P., Reemer, M., Ohlemuller, R., Edwards, M.,
Peeters, T. et al. (2006) Parallel declines in pollinators and insect-pollinated plants in Britain and the Netherlands. Science, 313, 351–354.
Brittain, C., Kremen, C. & Klein, A.M. (2013) Biodiversity buffers pollination from changes in environmental conditions. Global Change Biology,
19, 540–547.
Burkle, L.A., Marlin, J.C. & Knight, T.M. (2013) Plant-pollinator interactions over 120 years: loss of species, co-occurrence, and function.
Science, 339, 1611–1615.
Burnham, K.P. & Anderson, D.R. (2002) Model Selection and Multimodel
Inference: A Practical Information-Theoretical Approach. Springer,
Berlin.

© 2016 The Authors. Journal of Applied Ecology © 2016 British Ecological Society, Journal of Applied Ecology, 54, 527–536

Wild bees benefit from green infrastructure
Carvell, C., Osborne, J.L., Bourke, A.F.G., Freeman, S.N., Pywell, R.F.
& Heard, M.S. (2011) Bumble bee species’ responses to a targeted conservation measure depend on landscape context and habitat quality.
Ecological Applications, 21, 1760–1771.
Currie, D.J., Mittelbach, G.G., Cornell, H.V., Field, R., Guegan, J.-F.,
Hawkins, B.A. et al. (2004) Predictions and tests of climate-based
hypotheses of broad-scale variation in taxonomic richness. Ecology Letters, 7, 1121–1134.
Dormann, C.F., Elith, J., Bacher, S., Buchmann, C., Carl, G., Carre, G.
et al. (2013) Collinearity: a review of methods to deal with it and a simulation study evaluating their performance. Ecography, 36, 27–46.
Duelli, P., Obrist, M.K. & Schmatz, D.R. (1999) Biodiversity evaluation
in agricultural landscapes: above-ground insects. Agriculture, Ecosystems
& Environment, 74, 33–64.
EC (2013) Regulation (EU) no 1307/2013 of the European Parliament and
of the Council of 17 December 2013 establishing rules for direct payments to farmers under support schemes within the framework of the
common agricultural policy and repealing Council Regulation (EC) No
637/2008 and Council Regulation (EC) No 73/2009. Official Journal of
the European Union, L347, 608–670.
EEA (2011) Green Infrastructure and Territorial Cohesion: The Concept of
Green Infrastructure and its Integration into Policies Using Monitoring
Systems. Technical Report 2011/18. Publications Office of the European
Union, Copenhagen, Denmark.
Frenzel, M., Everaars, J. & Schweiger, O. (2015) Bird communities in agricultural landscapes: What are the current drivers of temporal trends?
Ecological Indicators, 65, 113–121.
Garibaldi, L.A., Steffan-Dewenter, I., Winfree, R., Aizen, M.A., Bommarco, R., Cunningham, S.A. et al. (2013) Wild pollinators enhance
fruit set of crops regardless of honey bee abundance. Science, 339,
1608–1611.
Garibaldi, L.A., Carvalheiro, L.G., Leonhardt, S.D., Aizen, M.A.,
Blaauw, B.R., Isaacs, R. et al. (2014) From research to action: enhancing crop yield through wild pollinators. Frontiers in Ecology and the
Environment, 12, 439–447.
Gonzalez-Varo, J.P., Biesmeijer, J.C., Bommarco, R., Potts, S.G., Schweiger, O., Smith, H.G. et al. (2013) Combined effects of global change
pressures on animal-mediated pollination. Trends in Ecology & Evolution, 28, 524–530.
Goulson, D., Nicholls, E., Botias, C. & Rotheray, E.L. (2015) Bee declines
driven by combined stress from parasites, pesticides, and lack of flowers.
Science, 347, 1255957.
Gustafson, E.J. & Parker, G.R. (1992) Relationships between landcover
proportion and indices of landscape spatial pattern. Landscape Ecology,
7, 101–110.
Hendrickx, F., Maelfait, J.-P., Van Wingerden, W., Schweiger, O., Speelmans, M., Aviron, S. et al. (2007) How landscape structure, land-use
intensity and habitat diversity affect components of total arthropod
diversity in agricultural landscapes. Journal of Applied Ecology, 44,
340–351.
IPCC (2013) Annex I: atlas of global and regional climate projections [van
Oldenborgh, G.J., M. Collins, J. Arblaster, J.H. Christensen, J. Marotzke, S.B. Power, M. Rummukainen and T. Zhou (eds.)]. Climate
Change 2013: The Physical Science Basis. Contribution of Working
Group I to the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change (eds T.F. Stocker, D. Qin, G.-K. Plattner, M.
Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex & P.M.
Midgley), pp. 1311–1393. Cambridge University Press, Cambridge, UK
and New York, NY, USA.
Ives, A.R. (2015) For testing the significance of regression coefficients, go
ahead and log-transform count data. Methods in Ecology and Evolution,
6, 828–835.
Jackson, S.T. & Sax, D.F. (2010) Balancing biodiversity in a changing
environment: extinction debt, immigration credit and species turnover.
Trends in Ecology & Evolution, 25, 153–160.
Kearns, C.A., Inouye, D.W. & Waser, N.M. (1998) Endangered mutualisms: the conservation of plant-pollinator interactions. Annual Review
of Ecology and Systematics, 29, 83–112.
Kennedy, C.M., Lonsdorf, E., Neel, M.C., Williams, N.M., Ricketts,
T.H., Winfree, R. et al. (2013) A global quantitative synthesis of local
and landscape effects on wild bee pollinators in agroecosystems. Ecology
Letters, 16, 584–599.
Kerr, J.T., Pindar, A., Galpern, P., Packer, L., Potts, S.G., Roberts, S.M.
et al. (2015) Climate change impacts on bumblebees converge across
continents. Science, 349, 177–180.

535

Kleijn, D., Winfree, R., Bartomeus, I., Carvalheiro, L.G., Henry, M.,
Isaacs, R. et al. (2015) Delivery of crop pollination services is an insufficient argument for wild pollinator conservation. Nature Communications, 6, 7414.
Klein, A.M., Vaissiere, B.E., Cane, J.H., Steffan-Dewenter, I., Cunningham, S.A., Kremen, C. & Tscharntke, T. (2007) Importance of pollinators in changing landscapes for world crops. Proceedings of the Royal
Society B: Biological Sciences, 274, 303–313.
Klein, A.-M., Brittain, C., Hendrix, S.D., Thorp, R., Williams, N. & Kremen, C. (2012) Wild pollination services to California almond rely on
semi-natural habitat. Journal of Applied Ecology, 49, 723–732.
Kormann, U., R€
osch, V., Batary, P., Tscharntke, T., Orci, K.M., Samu,
F. & Scherber, C. (2015) Local and landscape management drive traitmediated biodiversity of nine taxa on small grassland fragments. Diversity and Distributions, 21, 1204–1217.
Kremen, C., Williams, N.M. & Thorp, R.W. (2002) Crop pollination from
native bees at risk from agricultural intensification. Proceedings of the
National Academy of Sciences of the United States of America, 99,
16812–16816.
K€
uhsel, S. & Bl€
uthgen, N. (2015) High diversity stabilizes the thermal resilience of pollinator communities in intensively managed grasslands. Nature Communications, 6, 7989.
Lawson, C.R., Vindenes, Y., Bailey, L. & van de Pol, M. (2015) Environmental variation and population responses to global change. Ecology
Letters, 18, 724–736.
Le Treut, H., Somerville, R., Cubasch, U., Ding, Y., Mauritzen, C.,
Mokssit, A., Peterson, T. & Prather, M. (2007) Historical overview of
climate change. Climate Change 2007: The Physical Science Basis. Contribution of Working Group I to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change (eds S. Solomon, D. Qin,
M. Manning, Z. Chen, M. Marquis, K.B. Averyt, M. Tignor & H.L.
Miller), pp. 93–127. Cambridge University Press, Cambridge, UK and
New York, NY, USA.
Mallinger, R.E. & Gratton, C. (2015) Species richness of wild bees, but
not the use of managed honeybees, increases fruit set of a pollinatordependent crop. Journal of Applied Ecology, 52, 323–330.
McGarigal, K., Cushman, S.A. & Ene, E. (2012) FRAGSTATS v4: Spatial
Pattern Analysis Program for Categorical and Continuous Maps. Computer software program produced by the authors at the University of
Massachusetts, Amherst. Available at the following web site: http://
www.umass.edu/landeco/research/fragstats/fragstats.html.
Moran, P.A.P. (1950) Notes on continuous stochastic phenomena. Biometrika, 37, 17–33.
M€
uller, F., Baessler, C., Schubert, H. & Klotz, S. (2010) Long-Term Ecological Research: Between Theory and Application. Springer, Dordrecht.
Newson, S.E., Oliver, T.H., Gillings, S., Crick, H.Q.P., Morecroft, M.D.,
Duffield, S.J., Macgregor, N.A. & Pearce-Higgins, J.W. (2014) Can site
and landscape-scale environmental attributes buffer bird populations
against weather events? Ecography, 37, 872–882.
Nimmo, D.G., Haslem, A., Radford, J.Q., Hall, M., Bennett, A.F. &
James, J. (2015) Riparian tree cover enhances the resistance and stability of woodland bird communities during an extreme climatic event.
Journal of Applied Ecology, 53, 449–458.
Oliver, T.H., Brereton, T. & Roy, D.B. (2013) Population resilience to an
extreme drought is influenced by habitat area and fragmentation in the
local landscape. Ecography, 36, 579–586.
Oliver, T.H. & Morecroft, M.D. (2014) Interactions between climate
change and land use change on biodiversity: attribution problems, risks,
and opportunities. Wiley Interdisciplinary Reviews: Climate Change, 5,
317–335.
Oliver, T.H., Marshall, H.H., Morecroft, M.D., Brereton, T., Prudhomme,
C. & Huntingford, C. (2015) Interacting effects of climate change and
habitat fragmentation on drought-sensitive butterflies. Nature Climate
Change, 5, 941–945.
Ollerton, J., Winfree, R. & Tarrant, S. (2011) How many flowering plants
are pollinated by animals? Oikos, 120, 321–326.
Polce, C., Garratt, M.P., Termansen, M., Ramirez-Villegas, J., Challinor,
A.J., Lappage, M.G. et al. (2014) Climate-driven spatial mismatches
between British orchards and their pollinators: increased risks of pollination deficits. Global Change Biology, 20, 2815–2828.
Potts, S.G., Biesmeijer, J.C., Kremen, C., Neumann, P., Schweiger, O. &
Kunin, W.E. (2010) Global pollinator declines: trends, impacts and drivers. Trends in Ecology & Evolution, 25, 345–353.
Quinn, G.P. & Keough, M.J. (2002) Experimental Design and Data Analysis for Biologists. Cambridge University Press, Cambridge.

© 2016 The Authors. Journal of Applied Ecology © 2016 British Ecological Society, Journal of Applied Ecology, 54, 527–536

536 A. D. Papanikolaou et al.
R Core Team (2014) R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing, Vienna, Austria.
Rader, R., Reilly, J., Bartomeus, I. & Winfree, R. (2013) Native bees buffer the negative impact of climate warming on honey bee pollination of
watermelon crops. Global Change Biology, 19, 3103–3110.
Scheper, J., Holzschuh, A., Kuussaari, M., Potts, S.G., Rundlof, M.,
Smith, H.G. & Kleijn, D. (2013) Environmental factors driving the
effectiveness of European agri-environmental measures in mitigating
pollinator loss–a meta-analysis. Ecology Letters, 16, 912–920.
Schmucki, R., Pe’er, G., Roy, D.B., Stefanescu, C., Van Swaay, C.A.M.,
Oliver, T.H. et al. (2016) A regionally informed abundance index for
supporting integrative analyses across butterfly monitoring schemes.
Journal of Applied Ecology, 53, 501–510.
Schweiger, O., Maelfait, J.P., Van Wingerden, W., Hendrickx, F., Billeter,
R., Speelmans, M. et al. (2005) Quantifying the impact of environmental factors on arthropod communities in agricultural landscapes across
organizational levels and spatial scales. Journal of Applied Ecology, 42,
1129–1139.
Schweiger, O., Biesmeijer, J.C., Bommarco, R., Hickler, T., Hulme, P.E.,
Klotz, S. et al. (2010) Multiple stressors on biotic interactions: how climate change and alien species interact to affect pollination. Biological
Reviews of the Cambridge Philosophical Society, 85, 777–795.
Skaug, H., Fournier, D., Bolker, B., Magnusson, A. & Nielsen, A. (2014)
Generalized Linear Mixed Models using AD Model Builder. R package
version 0.8.0.
Steckel, J., Westphal, C., Peters, M.K., Bellach, M., Rothenwoehrer, C.,
Erasmi, S., Scherber, C., Tscharntke, T. & Steffan-Dewenter, I. (2014)
Landscape composition and configuration differently affect trap-nesting
bees, wasps and their antagonists. Biological Conservation, 172, 56–64.
Steffan-Dewenter, I., Munzenberg, U., Burger, C., Thies, C. & Tscharntke,
T. (2002) Scale-dependent effects of landscape context on three pollinator guilds. Ecology, 83, 1421–1432.
Sunday, J.M., Bates, A.E., Kearney, M.R., Colwell, R.K., Dulvy, N.K.,
Longino, J.T. & Huey, R.B. (2014) Thermal-safety margins and the
necessity of thermoregulatory behavior across latitude and elevation.
Proceedings of the National Academy of Sciences of the United States of
America, 111, 5610–5615.
Vasseur, D.A., DeLong, J.P., Gilbert, B., Greig, H.S., Harley, C.D.,
McCann, K.S., Savage, V., Tunney, T.D. & O’Connor, M.I. (2014)
Increased temperature variation poses a greater risk to species than climate warming. Proceedings of the Royal Society B: Biological Sciences,
281, 20132612.
Winfree, R. (2010) The conservation and restoration of wild bees. Annals
of the New York Academy of Sciences, 1195, 169–197.
Winfree, R., Fox, J.W., Williams, N.M., Reilly, J.R. & Cariveau, D.P.
(2015) Abundance of common species, not species richness, drives delivery of a real-world ecosystem service. Ecology Letters, 18, 626–635.

Wood, S.N. (2011) Fast stable restricted maximum likelihood and marginal likelihood estimation of semiparametric generalized linear models.
Journal of the Royal Statistical Society (B), 73, 3–36.
Zacharias, S., Bogena, H., Samaniego, L., Mauder, M., Fuß, R., P€
utz, T.
et al. (2011) A network of terrestrial environmental observatories in
Germany. Vadose Zone Journal, 10, 955.
Received 1 June 2016; accepted 3 August 2016
Handling Editor: David Kleijn

Supporting Information
Additional Supporting Information may be found in the online version
of this article.
Fig. S1. Phenology curve displaying the expected species richness
per trap with raw data overlaid.
Fig. S2. Phenology curve displaying the expected abundance per
trap along the total monitoring period.
Fig. S3. Residuals of the GAMM for species richness plotted per
site.
Fig. S4. Residuals of the GAMM for total abundance plotted per
site.
Fig. S5. Effect of temperature on bee species richness for each
site with raw data overlaid.
Fig. S6. Interactive effect of temperature and landscape composition on total abundance.
Appendix S1. List of EUNIS habitat types that were considered
semi-natural in our analyses.
Table S1. Monitoring, landscape and weather data used for the
analysis.

© 2016 The Authors. Journal of Applied Ecology © 2016 British Ecological Society, Journal of Applied Ecology, 54, 527–536

