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warming will likely affect some bee species negatively by 
increasing energy expenditure, while others are less sensi-
tive presumably due to different physiology. Likewise, spe-
cies phenologies will respond differently to winter warm-
ing, potentially affecting plant–pollinator interactions. 
Responses are not independent of current flight periods: 
bees active in spring will likely show the strongest pheno-
logical advances. Taken together, wild bee diversity pro-
vides response diversity to climate change, which may be 
the basis for an insurance effect.
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Introduction

The consequences of global climate change for natu-
ral ecosystems can be severe (Sala et al. 2000; Parmesan 
2006) and may affect their functioning and services (Geyer 
et al. 2011). Biodiversity is threatened by climate change 
(Thomas et al. 2004), but it may also provide an insurance 
against environmental variation (Naeem and Li 1997; Yachi 
and Loreau 1999) including climate change. If species 
respond differently to climate, the function performed by 
diverse communities should be more persistent across dif-
ferent climatic conditions than the function performed by 
species-poor communities. This property is generally called 
‘response diversity’ (Elmqvist et al. 2003; Hooper et al. 
2005; Laliberte et al. 2010), but it has been rarely tested 
whether species within functional groups really differ in 
their response to environmental change. In contrast, many 
studies on insect physiology rely on single model spe-
cies (but see Addo-Bediako et al. 2002; Janion et al. 2009;  
Diamond et al. 2012). Pollination is an essential component 
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of both ecosystem functioning and services (Kearns et al. 
1998; Klein et al. 2007), and bees are the most important 
taxon contributing to this process (Kearns et al. 1998).

The phenology of many organisms is influenced by 
temperature. Increased temperature advances several phe-
nological events (Fitter and Fitter 2002; Visser and Both 
2005; Parmesan 2006), but the extent and direction of  
phenological shifts may vary between species (Fitter and 
Fitter 2002), potentially disrupting species interactions by 
phenological mismatch. While there are concerns about the 
integrity of plant–pollinator interactions (Memmott et al. 
2007), field experiments show limited effects of phenologi-
cal shifts on flower visitation (Parsche et al. 2011; Rafferty 
and Ives 2011).

Temperatures are predicted to increase disproportion-
ately during the winter at least in Europe (Christensen et al. 
2007). Effects of temperature during wintering are less 
studied than effects of temperature during periods of activ-
ity. Generally, metabolic rate increases with temperature 
(Brown et al. 2004), which might lead to increased loss of 
stored energy in overwintering animals. Negative effects of 
increasing winter temperature have been shown for a few 
insect groups (e.g. flies: Irwin and Lee 2003; butterflies: 
Fartmann and Hermann 2006). While dependence of bee 
activity on temperature during the activity period is well 
known (Corbet et al. 1993; Stone 1994; Vicens and Bosch 
2000), responses to winter temperature have only been stud-
ied in a few bee species with a focus on improving com-
mercial management (Krunic and Hinks 1972; Richards  
et al. 1987; Bosch et al. 2000; Bosch and Kemp 2003, 
2004; Sgolastra et al. 2010; Pitts-Singer and Cane 2011). 
These studies have shown that overwintering temperature 
influences the time of adult emergence and possibly sur-
vival and weight loss. In the studied species, higher temper-
atures tended to advance emergence and increase mortal-
ity and weight loss. Bee emergence time is also influenced 
by temperature during spring (Kemp and Bosch 2000; 
White et al. 2009; Forrest and Thomson 2011; Bartomeus 
et al. 2011). However, previous studies tested only a few 
contrasts of overwintering temperature, mostly outside the 
range of likely environmental change or natural interannual 
variation, and none of them tested multiple species within a 
single study.

In this study, we experimentally investigated the effect 
of overwintering temperatures on different wild bee spe-
cies, focusing on the potential effects on weight loss and 
changes in phenology (date of emergence). Using a finely 
resolved temperature gradient, we tested the hypothesis 
that there is response diversity in the reaction to tem-
perature among bee species (as one of two conditions 
required for an insurance effect of bee diversity; the other 
condition, functional redundancy, was not explicitly 
tested here).

Materials and methods

Experiment

We performed an experiment with overwintering cocoons 
or brood cells of nine species of solitary wild bees (Hyme-
noptera: Apiformes: Megachilidae and Colletidae; Table 1) 
in climate chambers with a temperature gradient from 1.5 
to 9.5 °C (at approximately 1 °C intervals). This gradi-
ent spans the whole range of temperature increases pre-
dicted by the IPCC (model projections for winter tempera-
ture increases in Northern Europe range between 2.6 and 
8.2 °C under the A1B scenario; Christensen et al. 2007). 
Given that the recent average temperature in Göttingen for 
November to February is 2.5 °C, our experimental gradient 
mainly simulated different degrees of warming and only 
limited cooling.

We used 17 climate chambers situated in different 
departments of the University of Göttingen. Climate cham-
bers included true climatic chambers (or cabinets) of differ-
ent types (12), but also cold storage rooms (2) and refrig-
erators (3); all cooling devices are considered as ‘climate 
chambers’ in this paper. All were set to a constant mean 
temperature between 1.5 and 9.5 °C. To avoid bias by the 
different types of climate chambers, we also chose tem-
perature settings to create a temperature gradient within 
each type and location of climate chamber. Apart from this 
constraint, temperatures were randomly assigned to climate 
chambers. One control set of bees was kept under outside 
conditions in Göttingen, Germany. Temperatures in each 
climate chamber were measured with iButton® data log-
gers every 90 min throughout the overwintering period. 
Mean temperatures across all measurements were used 
as explanatory variable in all analyses (=‘overwintering  
temperature’). The range of realized temperatures within a 
climate chamber was generally low (standard deviation of 
90-min interval measurements: 0.04–2.04 °C), with slightly 
higher within-day fluctuations in refrigerators than in other 
devices.

Bee nests were acquired from trap nests placed in 2009 
in the field, mostly at the experimental field of the Agroecol-
ogy group in Göttingen, Germany, and at an apple orchard 
close to Leipzig, Germany (see Gruber et al. 2011 for details 
of the study site). Before the start of overwintering treat-
ments, nests were stored in an unheated shed. Bee brood 
cells were isolated from the reed or bamboo internodes of 
the trap nests. Apparently intact brood cells were distrib-
uted in equal proportions to the different climate chambers. 
The same number of individuals and species proportion was 
used for all climate chambers (as far as possible). Individuals 
from the same nest were assigned to different climate cham-
bers. Additionally, cocoons of two species (Osmia bicornis 
and Osmia cornuta) were purchased from the open rearing 
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facilities of WAB Mauerbienenzucht in Konstanz, Germany. 
These cocoons were treated identically to the brood cells iso-
lated from trap nests. Brood cells were individually placed 
in ID-labelled glass test tubes and sealed with cotton wool. 
Cocoons of Osmia were weighed before overwintering. Pre-
winter weight could not be reliably measured for the other 
species, in which cocoons were not present or could not be 
feasibly separated from other nesting material.

Overwintering was started on 5 November 2009, locat-
ing trays with bee test tubes in the climate chambers, and 
lasted until 1 March 2010, when all trays were brought to 
an incubation room with a temperature of 12–17 °C (partly 
following variation in outside temperature) and 42 % rela-
tive humidity. Test tubes were checked at least daily for 
emerged bees. During the first 5 days from the start of 
incubation, cocoons of Osmia were weighed again on the 
same scales, successively taking sets of bees from all cli-
mate chambers to avoid imbalance or bias. Emerged bees 
were killed with ethyl acetate and stored at −18 °C. On 20 
April 2010, remaining bees were moved to a different incu-
bation room with a temperature of 17–23 °C until all bees 
had emerged (22 June 2010).

In total, nine bee species were represented by at least ten 
emerged individuals and considered in the analyses. They 
can be broadly separated in two groups according to the 
developmental stage during the winter: Osmia bicornis (Lin-
naeus 1758), Osmia cornuta (Latreille 1805) and Chelos-
toma florisomne (Linnaeus 1758) enter diapause after initi-
ating metamorphosis (overwintering as adult or late pupal 
stage, adult hereafter) and emerged earlier than 50 days after 
termination of wintering treatments, whereas Heriades trun-
corum (Linnaeus 1758), Megachile ligniseca (Kirby 1802), 
Megachile centuncularis (Linnaeus 1758), Megachile ver-
sicolor Smith 1844, Hylaeus communis Nylander 1852 and 
Coelioxys mandibularis Nylander 1848 overwinter as larva 
(prepupa) and emerged later than 50 days after end of win-
tering. The adult-overwintering species are naturally active 
in spring (‘spring bees’), while the species that finish meta-
morphosis after winter are naturally active later in the year 
(late spring or summer; ‘summer bees’).

Dry weight was determined by drying specimens for 
48 h (60 °C) and immediately weighing dried specimens 
(within 20 min after taking them from the drying oven, 
avoiding water absorption). Body size was measured for all 

Table 1  ANOVA tables of the 
linear mixed effects models of 
overwintering treatment effects 
on different bee species

a Incubation days is the 
number of days from when 
the incubation of all bees was 
started to the time the bee was 
weighed after winter
b Meconium refers to whether 
or not the bee had deposited 
meconium (a faeces-like 
residue) after emergence

Num. df Den. df F value p value

(a) Response variable: bee weight loss. i.e. log(fresh weight change pre- to post-winter in %); data were 
only available for Osmia bicornis and Osmia cornuta

 Species 1 550 12.3 <0.001

 Temperature 1 14 51.9 <0.001

 Relative humidity 1 14 14.4 0.002

 Incubation daysa 1 550 49.5 <0.001

 Interactions

  Species × temperature 1 550 4.9 0.027

(b) Response variable: bee dry-weight after winter. i.e. log(weight in mg); includes nine bee species

 Species 8 775 4,775.8 <0.001

 log(head width) 1 775 12,203.2 <0.001

 Sex 1 775 82.8 <0.001

 Meconiuma 1 775 192.0 <0.001

 Temperature 1 15 5.8 0.030

 Interactions

  Species × log(head width) 8 775 4.6 <0.001

  Species × sex 8 775 6.4 <0.001

  Species × temperature 8 775 5.2 <0.001

(c) Response variable: bee phenology. i.e. days to adult emergence after winter; includes nine bee species

 Species 8 1,050 15,788.7 <0.001

 Sex 1 1,050 1,429.8 <0.001

 Temperature 1 15 163.1 <0.001

 Interactions

  Species × sex 8 1,050 81.1 <0.001

  Species × temperature 8 1,050 50.2 <0.001

  Sex × temperature 1 1,050 27.9 <0.001

  Species × sex × temperature 8 1,050 5.9 <0.001
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specimens as maximum head width in mm, as this measure 
has been previously shown to be the best correlate of body 
mass among a number of morphometric variables (Bosch 
and Vicens 2002).

Mortality during the winter was generally very low 
(less than 5 % in Osmia bicornis and Osmia cornuta; see 
Electronic Supplement), or it was difficult to separate from 
pre-winter mortality (including damage caused by han-
dling). This applied especially to species overwintering 
in pre-imaginal stages, which had the additional problem 
that only developed specimens (i.e. survivors) could be 
assigned unequivocally to a species in most cases. There-
fore, we consider only surviving individuals in all analyses.

Analyses

Statistical analyses were performed using the statistical 
software R v.2.11.1 (R Development Core Team 2010) and 
the ‘nlme’ package (Pinheiro et al. 2011). We used linear 
mixed effects models including a random effect of ‘cham-
ber ID’ to be able to test for the interaction between species 
and temperature without pseudoreplication for the tem-
perature treatment. This approach is similar to the test for 
response diversity used in Winfree and Kremen (2009). A 
variance function (different standard deviation per species) 
was used to assure homogeneity of variances (Pinheiro 
et al. 2011).

We used mean temperature as explanatory variable in 
all linear models. For more accurately predicting the met-
abolic effects of temperature, it might be argued that the 
non-linear relationship between temperature and metabo-
lism should be considered. To explore whether this non-
linearity might influence our results, we calculated the 
sum of estimated metabolic rate for each measured tem-
perature (based on exponents given in Brown et al. 2004). 
This measure was highly correlated to mean temperature 
(r = 0.995) showing that the temperature–metabolism rela-
tionship is approximately linear for the range of tempera-
tures explored here, so we stick to mean temperature in the 
rest of the paper.

All explanatory variables of the respective models 
(one for each response variable, i.e. weight loss, weight 
at emergence and time to emergence) are presented in 
Table 1. To control for effects of body size on body 
weight, we used head width as a covariable in the models 
explaining dry weight. Body size might still change in bee 
species that have not completed metamorphosis before the 
winter. However, head width was not affected by tempera-
ture in our experiment (p > 0.5 for both the main effect 
of temperature and for the temperature by species inter-
action; mixed effects model with head width as response 
variable, including only bees overwintering in pre-imagi-
nal stages). In the dry weight model, we also included the 

factor ‘meconium’, indicating whether a bee had defecated  
(i.e., deposited meconium) after hatching and thereby lost 
some weight.

In weight loss models (fresh weight) for Osmia species, 
relative humidity (not significantly correlated with tem-
perature across climate chambers, r = −0.26, p = 0.31, 
n = 17) and the number of days from beginning of incuba-
tion to weighing of cocoons were used as covariables. The 
response variable was the logarithm of weight loss during 
winter as percent of pre-winter weight. No variance func-
tion was used in this model.

Results

Overwintering temperature did not influence mortality dur-
ing winter, which was generally low (Online Resource, 
Table S1). However, overwintering temperatures affected 
both the weight after winter and the date of emergence. Dif-
ferences among bee species were found for both responses, 
indicated by the significant interactions between tempera-
ture and species (Table 1).

The two species in which weight loss over the winter 
could be directly measured lost significantly more weight 
at higher overwintering temperatures (Fig. 1; Table 1). 
This effect was significantly stronger in Osmia cornuta 
(significant species × temperature interaction), in which 
weight loss doubled over a temperature increase from 1.5 
to 9.5 °C, reaching a mean of 8 % for the highest overwin-
tering temperature. As weight loss could not be accurately 
measured for most species, we used post-winter weight as 
an indirect measure of weight loss, controlling for body 
size and concentrating on dry weight to isolate metabolic 
effects (decreasing energy storage) from water loss. For 
effects on post-winter weight there was a significant tem-
perature × species interaction (Table 1). Negative effects 
of higher temperatures on weight at emergence were found 
predominantly for species flying in spring and overwinter-
ing as adults (Fig. 2; Table 1), but in different strength. For 
species flying in summer and overwintering in pre-imagi-
nal stages, winter temperature had positive, negative or no 
effects on final dry weight (Fig. 2; Table 1).

High overwintering temperature also had an effect on 
bee phenology (date of emergence), and this response dif-
fered significantly among species (Table 1): in some spe-
cies, adults emerged earlier when they had been exposed 
to higher temperatures (Fig. 3; Table 1). This also applied 
predominantly to ‘spring bees’ (advance by ~1–2 days 
per °C), while ‘summer bees’ showed delayed emergence 
or no response (shift by ~ −1 to <+2 days per °C). There 
was also variation in the phenological response to tempera-
ture among species within a phenological group. Sexes 
also responded differently, to a different extent in different 
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Osmia bicornis Osmia cornutaFig. 1  Loss of fresh 
cocoon + adult weight (relative 
to pre-winter weight) in relation 
to mean overwintering tem-
perature for the two bee species 
for which it could be meas-
ured directly. Solid lines show 
regression predictions from the 
mixed effects model, control-
ling for confounding factors 
(see Table 1). Unlike in Fig. 2, 
points here show the raw data

Osmia bicornis

Osmia cornuta

Chelostoma florisomne

Hylaeus communis Heriades truncorum

Megachile versicoloMegachile ligniseca

Coelioxys mandibularisMegachile centuncularis

Fig. 2  Dry weight of bees after emergence in relation to overwinter-
ing temperature (in climate chambers). Confounding effects of other 
factors are controlled for in this plot: the y-axis shows partial residu-
als of a linear mixed-effects model including the additional factors 

sex, defaecation and log(head width) (within species). One model 
was fit for all species, including differences among species and other 
factors (see Table 1), and this was also used for the regression lines. 
Note the log-scale of the y-axis
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species (significant three-way interaction; Table 1). When 
emergence date responses to temperature differed between 
sexes within a species, males tended to show less pro-
nounced advance or more pronounced delay than females. 
The control set of bees that overwintered under outside 
conditions (temperature: mean 0.76 °C, range −18 to 
+16 °C, SD = 5.6 °C; humidity: mean 96 %, range 25–
100 %) responded similarly to those under experimental 
conditions (Osmia bicornis and Osmia cornuta: weight loss 
slightly higher and emergence earlier than predicted by our 
models; Online Resource Table S2).

Discussion

In this study, we found that temperature during overwinter-
ing affects weight at emergence and the time of emergence 

in a number of solitary bee species, and that these species 
differ in their responses to overwintering temperatures. 
Interspecific differences in temperature response could be 
explained partly, but not entirely, by the life-history stage 
during overwintering.

The increase in weight loss found in a majority of bee 
species presumably reflects higher metabolic rates and loss 
of energy. There is a direct effect of temperature on meta-
bolic rates in most organisms (Brown et al. 2004), although 
the relationship may be weaker in insects during diapause. 
Effects of overwintering temperature on respiration rate in 
a solitary bee have been found in a recent study (Sgolastra  
et al. 2010). This effect may vary with diapause intensity, 
which, in turn, is influenced by many factors including 
ontogeny and pre-wintering conditions (Kemp and Bosch 
2000; Bosch et al. 2010; Pitts-Singer and Cane 2011; 
Sgolastra et al. 2011). Differences in diapause intensity 

Osmia bicornis

Osmia cornuta

Chelostoma florisomne

Hylaeus communis Heriades truncorum

Megachile versicoloMegachile ligniseca

Coelioxys mandibularisMegachile centuncularis

Fig. 3  Effect of overwintering temperature on the time of emergence 
for nine bee species. Regression lines are shown for sexes separately 
(males: circles and dashed line, females: triangles and solid line) 

from a model fit for all species. y-axis refers to the number of days 
from the beginning of incubation (1 March 2010). Points show the 
raw data
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and resulting respiration rate could also explain some of 
the differences among species including differences in 
the response to temperature. While Megachile rotundata, 
a bee overwintering as prepupa and active in summer, 
decreases respiration to a minimum during winter, adult 
wintering bees probably have a less intensive diapause and 
already increase respiration by the end of winter (Kemp 
et al. 2004). This differential temperature sensitivity could 
explain the generally weaker response in ‘summer bees’ 
and the strong effect in Osmia cornuta, the earliest emerg-
ing species in our dataset. For this species, negative effects 
of higher overwintering temperatures have been found in 
a previous study (Bosch and Kemp 2004). Even without 
lethal effects of higher winter temperatures, weight loss 
during winter probably affects fitness and vigour (Leather 
et al. 1993). Bosch et al. (2010) have shown that weight 
loss and fat body depletion entails decreased bee longevity.

It is surprising that the increase of weight loss with 
increasing temperature not only differently affected differ-
ent bee species, but post-winter weight even appeared to 
be positively related to temperature in some species (e.g. 
Hylaeus communis and Heriades truncorum). This might 
be explained by adaptations to warmer winters, tempera-
ture-induced changes in diapause intensity or up-regulation 
of cold-tolerance processes. For example, the production 
of metabolically costly cryoprotectants such as glycerol 
is independent of temperature in some insects, while it is 
a response to low temperatures in others (Leather et al. 
1993). Although these issues cannot be resolved without 
better knowledge of the physiology of the species studied, 
it became clear that some bee species are more tolerant to 
increasing temperature than others and thus bee diversity 
provides response diversity to winter climate warming. 
Whether this also leads to an insurance effect is uncer-
tain, because that would also require functional redun-
dancy among species (Hooper et al. 2005). As some of the 
response diversity was correlated to bee phenology, func-
tional redundancy among species with different responses 
might be limited. However, generalist species with overlap-
ping phenology (e.g. O. bicornis and O. cornuta), which 
most likely show some functional redundancy, also differed 
in their responses.

High overwintering temperature also had an effect on 
bee phenology—in some species, bees emerged earlier 
when they had been exposed to higher temperatures, as 
generally predicted (Gordo and Sanz 2005; Memmott et al. 
2007; Hegland et al. 2009), and reported for a few bee 
species in experimental studies mainly focusing on post-
wintering temperatures (Kemp and Bosch 2000; White 
et al. 2009; Sgolastra et al. 2011). Similar to the results for 
weight loss, the generally predicted effect of temperature 
on emergence was predominantly found in ‘spring bees’ 
(consistent with Bosch et al. 2000; Bosch and Kemp 2003, 

2004; Sgolastra et al. 2010), while ‘summer bees’ showed 
delayed emergence or no response. The importance of 
overwintering life-history stage for species’ response to 
climate change has been stressed for other holometabolous 
insects such as butterflies (Wallisdevries and Van Swaay 
2006), but previous studies on bees’ response to climate 
change have barely considered species overwintering as 
larvae (Willmer 2012), which we found to respond dif-
ferently to adult overwinterers. However, species within 
each group also responded differently to temperature treat-
ments. Again, while the overall stronger effect on ‘spring 
bees’ can be explained by their less pronounced diapause 
(Kemp et al. 2004), the tendency to delayed emergence in 
‘summer bees’ is difficult to explain. Although advanced 
mathematical models of emergence-response to tempera-
ture have been developed and the accumulation of degree-
days is a useful concept to predict the time of emergence 
(White et al. 2009; Forrest and Thomson 2011), the under-
lying biological mechanisms are not really known. The 
degree-day concept implying that the time to completion of 
development depends on the temperature-dependent meta-
bolic rate is less applicable for low temperatures and when 
diapause is involved. The delayed emergence after higher 
winter temperature in some species might be explained by 
relatively low temperature optima for their prepupal devel-
opment, leading to slowed development under higher tem-
peratures. Similar effects have been observed for prepu-
pal (summer) diapause in Osmia (Kemp and Bosch 2005; 
Radmacher and Strohm 2011; Sgolastra et al. 2012). This 
underscores the findings that the timing of climate warming 
is very relevant for phenological consequences (see also 
Fitter and Fitter 2002; Visser and Both 2005).

Phenological shifts caused by climate change may have 
multiple effects on organisms. Interestingly, the degree of 
protandry (i.e. males emerging before females) was reduced 
for several bee species in our experiment. Effects of tem-
perature on synchrony of emergence have been reported by 
previous studies (Krunic and Hinks 1972; Richards et al. 
1987). While the observed effect might be influenced by 
some Osmia cornuta males that emerged already during the 
winter under warmer treatments and were thus missed in 
our analyses (which considered only bees emerging after 
the start of incubation), sex-specific phenological responses 
were also found in other species that did not show emer-
gence during winter. This change in the relative appear-
ance of the different sexes might influence mating behav-
iour, which is related to territoriality, nesting behaviour and 
reproductive fitness in bees (Eickwort and Ginsberg 1980).

Our findings also complicate the predictions about cli-
mate change consequences for plant–pollinator interaction 
networks and potential temporal mismatches (Memmott 
et al. 2007; Hegland et al. 2009; but see Bartomeus et al. 
2011). While species responded differently in our study, 
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species with a similar phenology also showed more similar 
phenological shifts in response to warming. This might lead 
to a temporal gap in bee activity. Phenological mismatches 
might be limited if early blooming plants also show 
stronger advances in flowering than late blooming species, 
which has been found in some plant studies (Miller-Rush-
ing and Primack 2008; Rafferty and Ives 2011; Bartomeus 
et al. 2011).

For accurate predictions, the timing of warming is 
important, and temperatures will probably change to differ-
ent extents in different seasons (Christensen et al. 2007). 
This could also change winter duration, which can have 
severe consequences for bees (Bosch and Kemp 2004) 
aside from effects of winter temperature. Variable tempera-
tures or realistic temperature curves might have different 
effects than constant temperatures (Leather et al. 1993). 
In this study, we focus on differences in mean tempera-
tures in order to have a feasible number of replicates and 
to avoid confounding thresholds with variability or specific 
temperature histories. Weight loss and time of emergence 
of bees in the outside control did not deviate strongly from 
predictions based on mean temperature, suggesting that 
overwintering under experimental constant temperature can 
be used as a reasonable estimate of responses under natural 
conditions. A recent study by Bartomeus et al. (2011) used 
observational data and found larger phenological advances 
of spring bees per degree of temperature increase than our 
study. While they considered recent climate change across 
all seasons and found the strongest effects for April temper-
atures, we isolated the effect of winter temperature change. 
Our experimental approach has the further advantage that 
it is independent of field observations focusing on flowers, 
which might underestimate the degree of temporal mis-
matches (see also Forrest and Thomson 2011). Compared 
to previous experimental studies considering temperature 
effects on bees, we used a more realistic temperature gradi-
ent within the range of climate change predictions.

Our results show that bee diversity represents response 
diversity with respect to overwintering temperatures, sug-
gesting a potential for an insurance effect (Thomas et al. 
2004) of bee biodiversity for pollination (Winfree et al. 
2007; Winfree and Kremen 2009). These differences are 
partly (but not completely) determined by the life stage dur-
ing winter and likely corresponding differences in diapause 
intensity, which mediates differential temperature sensitiv-
ity. Therefore, future studies focusing on the relationship 
between temperature sensitivity and functional redundancy 
of different bee species (including soil-nesting species, for 
which overwintering has not yet been studied) are needed 
to fully evaluate the insurance potential of bee diversity for 
pollination. More generally, this highlights that relation-
ships between response and effect traits deserve to be stud-
ied in more detail. It should also be kept in mind that our 

experimental results show among-species differences that 
are potentially functionally relevant, but cannot be used to 
predict pollination function under climate change in natural 
communities, because many factors (e.g. plant responses) 
also influence that. The results on how winter temperature 
affects the time of emergence are also important for esti-
mating the consequences of phenological shifts caused by 
warming. Future studies on this topic should consider that 
bee phenologies respond to (winter) warming, but these 
responses cannot be assumed to be independent of a spe-
cies’ original phenology. Our study shows that climate 
warming may also affect bees during the season when they 
are inactive, and it highlights the need for deeper biological 
knowledge for predicting consequences of climate change.

Acknowledgments We kindly thank all departments of the Uni-
versity of Göttingen who helped by providing climate chambers, and 
Heinz Coners, Barbara Hohlmann, Evelyn Vorbeck and Hans-Otto 
Heise for technical assistance. We thank Bernd Gruber, Carsten Dor-
mann, Maximilian von Fragstein and Mike Hermann for providing 
bees and Susanne Schiele for practical advice, and Ignasi Bartomeus 
and Jordi Bosch for comments that greatly improved the manuscript. 
Funding was provided to J.F. by a scholarship of the DBU (German 
Federal Environmental Foundation), and to T.T. by DFG (Deutsche 
Forschungsgemeinschaft).

References

Addo-Bediako A, Chown SL, Gaston KJ (2002) Metabolic cold adap-
tation in insects: a large-scale perspective. Funct Ecol 16:332–338

Bartomeus I, Ascher JS, Wagner D et al (2011) Climate-associated 
phenological advances in bee pollinators and bee-pollinated 
plants. Proc Natl Acad Sci USA 108:20645–20649. doi:10.1073
/pnas.1115559108

Bosch J, Kemp WP (2003) Effect of wintering duration and tempera-
ture on survival and emergence time in males of the orchard pol-
linator Osmia lignaria (Hymenoptera: Megachilidae). Environ 
Entomol 32:711–716. doi:10.1603/0046-225X-32.4.711

Bosch J, Kemp WP (2004) Effect of pre-wintering and wintering tem-
perature regimes on weight loss, survival, and emergence time 
in the mason bee Osmia cornuta (Hymenoptera: Megachilidae). 
Apidologie 35:469–479. doi:10.1051/apido:2004035

Bosch J, Vicens N (2002) Body size as an estimator of production 
costs in a solitary bee. Ecol Entomol 27:129–137

Bosch J, Kemp WP, Peterson SS (2000) Management of Osmia lig-
naria (Hymenoptera: Megachilidae) populations for almond pol-
lination: methods to advance bee emergence. Environ Entomol 
29:874–883

Bosch J, Sgolastra F, Kemp WP (2010) Timing of eclosion affects 
diapause development, fat body consumption and longevity 
in Osmia lignaria, a univoltine, adult-wintering solitary bee. J 
Insect Physiol 56:1949–1957

Brown JH, Gillooly JF, Allen AP et al (2004) Toward a metabolic the-
ory of ecology. Ecology 85:1771–1789

Christensen J, Hewitson B, Busuioc A, et al. (2007) Regional climate 
projections. Climate change 2007: the physical science basis. 
Contribution of working group I to the fourth assessment report 
of the intergovernmental panel on climate change

Corbet S, Fussell M, Ake R et al (1993) Temperature and the pollinat-
ing activity of social bees. Ecol Entomol 18:17–30

http://dx.doi.org/10.1073/pnas.1115559108
http://dx.doi.org/10.1073/pnas.1115559108
http://dx.doi.org/10.1603/0046-225X-32.4.711
http://dx.doi.org/10.1051/apido:2004035


1647Oecologia (2013) 173:1639–1648 

1 3

Diamond SE, Sorger DM, Hulcr J et al (2012) Who likes it hot? A 
global analysis of the climatic, ecological, and evolutionary 
determinants of warming tolerance in ants. Glob Change Biol 
18:448–456. doi:10.1111/j.1365-2486.2011.02542.x

Eickwort GC, Ginsberg HS (1980) Foraging and mating behavior in 
Apoidea. Annu Rev Entomol 25:421–446

Elmqvist T, Folke C, Nyström M et al (2003) Response diversity, eco-
system change, and resilience. Front Ecol Environ 1:488–494

Fartmann T, Hermann G (2006) Larvalökologie von Tagfaltern und 
Widderchen in Mitteleuropa. Abh Westfälisch Mus Naturk 
68:11–57

Fitter AH, Fitter RSR (2002) Rapid changes in flowering time in  
British plants. Science 296:1689–1691. doi:10.1126/science. 
1071617

Forrest JRK, Thomson JD (2011) An examination of synchrony 
between insect emergence and flowering in Rocky Mountain 
meadows. Ecol Monogr 81:469–491

Geyer J, Kiefer I, Kreft S et al (2011) Classification of climate-
change-induced stresses on biological diversity. Conserv Biol 
25:708–715. doi:10.1111/j.1523-1739.2011.01676.x

Gordo O, Sanz JJ (2005) Phenology and climate change: a long-
term study in a Mediterranean locality. Oecologia 146:484–495. 
doi:10.1007/s00442-005-0240-z

Gruber B, Eckel K, Everaars J, Dormann CF (2011) On managing the 
red mason bee (Osmia bicornis) in apple orchards. Apidologie 
42:564–576. doi:10.1007/s13592-011-0059-z

Hegland SJ, Nielsen A, Lázaro A et al (2009) How does climate warm-
ing affect plant-pollinator interactions? Ecol Lett 12:184–195

Hooper DU, Chapin FS, Ewel JJ et al (2005) Effects of biodiversity 
on ecosystem functioning: a consensus of current knowledge. 
Ecol Monogr 75:3–35. doi:10.1890/04-0922

Irwin JT, Lee REJ (2003) Cold winter microenvironments con-
serve energy and improve overwintering survival and potential 
fecundity of the goldenrod gall fly, Eurosta solidaginis. Oikos 
100:71–78

Janion C, Worland MR, Chown SL (2009) Assemblage level variation 
in springtail lower lethal temperature: the role of invasive species 
on sub-Antarctic Marion Island. Physiol Entomol 34:284–291. 
doi:10.1111/j.1365-3032.2009.00689.x

Kearns CA, Inouye DW, Waser NM (1998) Endangered mutualisms: 
the conservation of plant-pollinator interactions. Annu Rev Ecol 
Syst 29:83–112

Kemp W, Bosch J (2000) Development and emergence of the alfalfa 
pollinator Megachile rotundata (Hymenoptera: Megachilidae). 
Ann Entomol Soc Am 93:904–911

Kemp WP, Bosch J (2005) Effect of temperature on Osmia lignaria 
(Hymenoptera: Megachilidae) prepupa-adult development, sur-
vival, and emergence. J Econ Entomol 98:1917–1923

Kemp W, Bosch J, Dennis B (2004) Oxygen consumption during the 
life cycles of the prepupa-wintering bee Megachile rotundata and 
the adult-wintering bee Osmia lignaria (Hymenoptera: Megachi-
lidae). Ann Entomol Soc Am 97:161–170

Klein AM, Vaissiere BE, Cane JH et al (2007) Importance of pollina-
tors in changing landscapes for world crops. Proc R Soc Lond B 
274:303–313

Krunic MD, Hinks CF (1972) The effect of temperature and of 
temperature pretreatment on diapause and on the synchroniza-
tion of adult emergence in Megachile rotundata (Hymenop-
tera: Megachilidae). Can Entomol 104:889–893. doi:10.4039/
Ent104889-6

Laliberte E, Wells JA, DeClerck F et al (2010) Land-use intensifica-
tion reduces functional redundancy and response diversity in 
plant communities. Ecol Lett 13:76–86

Leather SR, Walters KFA, Bale JS (1993) The ecology of insect over-
wintering. Cambridge University Press, Cambridge, UK

Memmott J, Craze PG, Waser NM, Price MV (2007) Global warm-
ing and the disruption of plant-pollinator interactions. Ecol Lett 
10:710–717. doi:10.1111/j.1461-0248.2007.01061.x

Miller-Rushing AJ, Primack RB (2008) Global warming and flower-
ing times in Thoreau’s Concord: a community perspective. Ecol-
ogy 89:332–341

Naeem S, Li S (1997) Biodiversity enhances ecosystem reliability. 
Nature 390:507–509. doi:10.1038/37348

Parmesan C (2006) Ecological and evolutionary responses to recent 
climate change. Annu Rev Ecol Evol Syst 37:637–669

Parsche S, Fründ J, Tscharntke T (2011) Experimental environ-
mental change and mutualistic vs. antagonistic plant flower-
visitor interactions. Perspect Plant Ecol Evol Syst 13:27–35. 
doi:10.1016/j.ppees.2010.12.001

Pinheiro J, Bates D, DebRoy S, et al. (2011) nlme: linear and non-
linear mixed effects models. R package version 3.1–98.http://
cran.r-project.org/web/packages/nlme/citation.html

Pitts-Singer TL, Cane JH (2011) The alfalfa leafcutting bee, Meg-
achile rotundata: the world’s most intensively managed solitary 
bee. Annu Rev Entomol 56:221–237. doi:10.1146/annurev- 
ento-120709-144836

R Development Core Team (2010) R: a language and environment for  
statistical computing. R Foundation for Statistical Computing, 
Vienna

Radmacher S, Strohm E (2011) Effects of constant and fluctuat-
ing temperatures on the development of the solitary bee Osmia 
bicornis (Hymenoptera: Megachilidae). Apidologie 42:711–720. 
doi:10.1007/s13592-011-0078-9

Rafferty NE, Ives AR (2011) Effects of experimental shifts in flow-
ering phenology on plant–pollinator interactions. Ecol Lett 
14:69–74

Richards KW, Whitfield GH, Schaalje GB (1987) Effects of tem-
perature and duration of winter storage on survival and period of 
emergence for the alfalfa leafcutter bee (Hymenoptera: Megachi-
lidae). J Kans Entomol Soc 60:70–76

Sala OE, Chapin FS, Armesto JJ et al (2000) Global biodiversity sce-
narios for the year 2100. Science 287:1770–1774. doi:10.1126/
science.287.5459.1770

Sgolastra F, Bosch J, Molowny-Horas R et al (2010) Effect of temper-
ature regime on diapause intensity in an adult-wintering Hyme-
nopteran with obligate diapause. J Insect Physiol 56:185–194

Sgolastra F, Kemp WP, Buckner JS et al (2011) The long summer: 
pre-wintering temperatures affect metabolic expenditure and 
winter survival in a solitary bee. J Insect Physiol 57:1651–1659. 
doi:10.1016/j.jinsphys.2011.08.017

Sgolastra F, Kemp WP, Maini S, Bosch J (2012) Duration of prepupal 
summer dormancy regulates synchronization of adult diapause 
with winter temperatures in bees of the genus Osmia. J Insect 
Physiol 58:924–933. doi:10.1016/j.jinsphys.2012.04.008

Stone GN (1994) Activity patterns of females of the solitary bee 
Anthophora plumipes in relation to temperature, nectar sup-
plies and body size. Ecol Entomol 19:177–189. doi:10.1111/ 
j.1365-2311.1994.tb00408.x

Thomas CD, Cameron A, Green RE et al (2004) Extinction risk from 
climate change. Nature 427:145–148. doi:10.1038/nature02121

Vicens N, Bosch J (2000) Weather-dependent pollinator activity in an 
apple orchard, with special reference to Osmia cornuta and Apis 
mellifera (Hymenoptera: Megachilidae and Apidae). Environ 
Entomol 29:413–420

Visser ME, Both C (2005) Shifts in phenology due to global climate 
change: the need for a yardstick. Proc R Soc Lond B 272:2561–
2569. doi:10.1098/rspb.2005.3356

Wallisdevries MF, Van Swaay CAM (2006) Global warming and excess 
nitrogen may induce butterfly decline by microclimatic cooling. Glob 
Change Biol 12:1620–1626. doi:10.1111/j.1365-2486.2006.01202.x

http://dx.doi.org/10.1111/j.1365-2486.2011.02542.x
http://dx.doi.org/10.1126/science.1071617
http://dx.doi.org/10.1126/science.1071617
http://dx.doi.org/10.1111/j.1523-1739.2011.01676.x
http://dx.doi.org/10.1007/s00442-005-0240-z
http://dx.doi.org/10.1007/s13592-011-0059-z
http://dx.doi.org/10.1890/04-0922
http://dx.doi.org/10.1111/j.1365-3032.2009.00689.x
http://dx.doi.org/10.4039/Ent104889-6
http://dx.doi.org/10.4039/Ent104889-6
http://dx.doi.org/10.1111/j.1461-0248.2007.01061.x
http://dx.doi.org/10.1038/37348
http://dx.doi.org/10.1016/j.ppees.2010.12.001
http://cran.r-project.org/web/packages/nlme/citation.html
http://cran.r-project.org/web/packages/nlme/citation.html
http://dx.doi.org/10.1146/annurev-ento-120709-144836
http://dx.doi.org/10.1146/annurev-ento-120709-144836
http://dx.doi.org/10.1007/s13592-011-0078-9
http://dx.doi.org/10.1126/science.287.5459.1770
http://dx.doi.org/10.1126/science.287.5459.1770
http://dx.doi.org/10.1016/j.jinsphys.2011.08.017
http://dx.doi.org/10.1016/j.jinsphys.2012.04.008
http://dx.doi.org/10.1111/j.1365-2311.1994.tb00408.x
http://dx.doi.org/10.1111/j.1365-2311.1994.tb00408.x
http://dx.doi.org/10.1038/nature02121
http://dx.doi.org/10.1098/rspb.2005.3356
http://dx.doi.org/10.1111/j.1365-2486.2006.01202.x


1648 Oecologia (2013) 173:1639–1648

1 3

White J, Son Y, Park YL (2009) Temperature-dependent emergence 
of Osmia cornifrons (Hymenoptera: Megachilidae) adults. J Econ 
Entomol 102:2026–2032

Willmer P (2012) Ecology: pollinator–plant synchrony tested by cli-
mate change. Curr Biol 22:R131–R132

Winfree R, Kremen C (2009) Are ecosystem services stabilized by 
differences among species? A test using crop pollination. Proc R 
Soc Lond B 276:229–237

Winfree R, Williams NM, Dushoff J, Kremen C (2007) Native bees 
provide insurance against ongoing honey bee losses. Ecol Lett 
10:1105–1113. doi:10.1111/j.1461-0248.2007.01110.x

Yachi S, Loreau M (1999) Biodiversity and ecosystem productivity 
in a fluctuating environment: the insurance hypothesis. Proc Natl 
Acad Sci USA 96:1463–1468

http://dx.doi.org/10.1111/j.1461-0248.2007.01110.x

	Response diversity of wild bees to overwintering temperatures
	Abstract 
	Introduction
	Materials and methods
	Experiment
	Analyses

	Results
	Discussion
	Acknowledgments 
	References


