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Climate change is advancing the onset of the
growing season and this is happening at a particu-
larly fast rate in the High Arctic. However, in most
species the relative fitness implications for males
and females remain elusive. Here, we present
data on 10 successive cohorts of the wolf spider
Pardosa glacialis from Zackenberg in High-
Arctic, northeast Greenland. We found marked
inter-annual variation in adult body size (cara-
pace width) and this variation was greater in
females than in males. Earlier snowmelt during
both years of its biennial maturation resulted in
larger adult body sizes and a skew towards positive
sexual size dimorphism (females bigger than
males). These results illustrate the pervasive
influence of climate on key life-history traits and
indicate that male and female responses to
climate should be investigated separately when-
ever possible.
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1. INTRODUCTION
Global warming is advancing physical and biological
indicators of spring across the Earth (Parmesan
2006) and this is happening at a particularly fast rate
in the far north (Høye et al. 2007). Yet, the conse-
quences of an expanded growing season for most
Arctic animal species are not well studied and, in par-
ticular, long-term studies of Arctic ectotherms are
virtually absent (Callaghan et al. 2005). Recent
evidence suggests that Arctic populations of ungulates
respond differently (Post & Forchhammer 2008) to
earlier spring phenology than populations at lower
latitudes (Pettorelli et al. 2005). Hence, the effects of
climate on phenotypic variation in the rapidly changing
Arctic region are largely unknown, particularly in
ectotherms.

Adult body size is a key life-history trait and con-
siderable effort has been devoted to demonstrate the
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existence of general rules of body size clines, e.g.
Rensch’s rule of larger variability of males than females
among species and Bergmann’s rule of increasing body
size with latitude within species (Chown & Klok 2003;
Karl & Fischer 2008). However, more empirical evi-
dence is needed to support a potentially unifying
theory to explain large-scale patterns of body size vari-
ation and sexual size dimorphism (SSD) (Blankenhorn
et al. 2006). It has been shown that male and female
body size respond differently to environmental vari-
ation in strongly dimorphic polygynous mammals
(Post et al. 1999; Garel et al. 2006), but it remains to
be tested whether climate has the capacity to affect
SSD in weakly dimorphic species. Here, we demon-
strate that adult body size and SSD in 10 successive
cohorts (1996–2005) of the weakly dimorphic wolf
spider Pardosa glacialis in High-Arctic Greenland was
significantly related to the timing of snowmelt during
both years of its biennial maturation.
2. MATERIAL AND METHODS
(a) Study area and data

The specimens used in this study were collected as part of the
Zackenberg basic monitoring programme (Klitgaard & Rasch
2008). The sampling was carried out at Zackenberg, northeast
Greenland (748280 N; 208340 W), which is in the High-Arctic climatic
zone. Arthropods were monitored during 10 consecutive years
(1996–2005) with samples from six pitfall trap plots (1–6) collected
weekly during June, July and August. Plots 5 and 6 were only in oper-
ation during the periods 1996–1998 and 1999–2005, respectively.
Each plot (10 � 20 m) consisted of eight pitfall traps. Trapping
started in June once the snow at each trap had melted (see Høye &
Forchhammer (2008) for additional information). At the onset of
each season, the timing of snowmelt in each plot was recorded.
The area hosts eight species of spiders. Here, we focus on the wolf
spider P. glacialis (Thorell, 1872), which is the only lycosid of the
region. A total of 27 516 specimens of P. glacialis have been caught
in the traps over the 10-year period. We measured the width of the
carapace on a subsample of 5000 specimens, 500 from each sampling
year. The width of the carapace has previously been identified as the
most generally useful measure to identify body size variation in lyco-
sids (Hagstrum 1971; Pickavance 2001). Digital images were taken
through a dissecting microscope using a Nikon Coolpix 990 digital
camera. Subsequently, the measurements were obtained using the
software IMAGEJ (Rasband 2008).

(b) Statistical analyses

First, we constructed a linear mixed model to test for an effect of
capture date on variation in carapace width (mm) among all adult
individuals, with sex and year as fixed factors, plot as a random
factor and capture date as a covariate. Subsequently, we averaged
carapace width of males, females and large juveniles (.1.7 mm car-
apace width) for each plot in each year to avoid pseudo-replication
when analysing effects of environmental variation between years
(sensu Post et al. 1999). Juveniles with carapace widths larger than
1.7 mm were assumed to be 1 year old, whereas adults are assumed
to be 2 years old (electronic supplementary material). Hence, juven-
iles should not be sensitive to the timing of snowmelt in the year prior
to capture, whereas adults potentially could be. We used linear mixed
models with sample size for each average value as weight. The full
models included plot as a random factor and the timing of snowmelt
(day of the year) in current (snowt ) and previous (snowt21) year as
covariates and all possible interactions. We used the same model
structure to analyse variation in SSD estimated as ((female size/
male size) 2 1) within each plot in each year with at least five speci-
mens of each sex. We characterized the timing of snowmelt in each
year by averaging the timing of snowmelt for the pitfall trap plots,
which were in operation throughout the study period. Model
reductions were based on F-tests (a ¼ 0.05) on type III sums of
squares for fixed effects and log-likelihood ratio tests for random
effects (Quinn & Keough 2002).
3. RESULTS
Body size of adults indexed by carapace width did not
vary through the summer season when corrected for
This journal is q 2009 The Royal Society
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Table 1. The effects of timing of snowmelt in current (snowt) and previous (snowt21) year on carapace width of males,

females and juveniles (.1.7 mm) of Pardosa glacialis. Parameter estimates and p-values are given for final reduced models. In
males and juveniles these included plot as a random factor. The full linear mixed models included snowt, snowt21, plot and
all interaction terms and observations were weighted according to sample size within plot and year

intercept snowt snowt21 snowt � snowt21

group parameter p-value parameter p-value parameter p-value parameter p-value

males 28.05 0.057 0.070 0.0025 0.070 0.0019 20.00046 0.0018
females 219.39 0.0001 0.147 ,0.0001 0.146 ,0.0001 20.00097 ,0.0001
juveniles 2.68 ,0.0001 20.0034 0.0098 — — — —

120

130

140

150

160

170

2.3

2.4

2.5

2.6

2.7

1995 1997 1999
year

2001 2003 2005

tim
ing of snow

m
elt (day of the year)

ca
ra

pa
ce

 w
id

th
 (

m
m

)

Figure 1. Inter-annual variation in body size of Pardosa glacialis
males (black circles), females (white circles) and juveniles
(triangles) given as the annual average width of the carapace in
mm (+s.e.) and average timing of snowmelt in the trap plots
in yeart (solid line) and yeart21 (dotted line). For juveniles,

the average is based on individuals larger than 1.7 mm. The
averages of juvenile carapace widths were added to 0.4 mm
to facilitate visual comparison among groups.
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Figure 2. The annual average body size of males plotted
against annual average body size of females (inset:
R2 ¼ 0.76, p , 0.001) and SSD ((female size/male size) 2 1)
plotted against timing of snowmelt (R2 ¼ 0.54, p , 0.015).
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sex, year and plot effects (F1,3248 ¼ 0.86, p ¼ 0.355).
The annual average carapace width of juveniles and
adults varied in concert between years, with large
body sizes occurring in years of early snowmelt
(figure 1). The reduced weighted linear mixed
models included all main effects and the interaction
between snowt and snowt21 for males, females and
juveniles except that there was no significant effect of
plot and snowt21 in females and juveniles, respectively
(table 1). SSD did not differ significantly between
plots, but annual estimates of adult body size varied
more in females than in males, and SSD was signifi-
cantly related to snowt (figure 2).
4. DISCUSSION
The annual average body size of males, females and
large juveniles (.1.7 mm carapace width) of P. glacialis
fluctuated synchronously across all 10 years. For
adults, snowmelt in the year of maturation as well
as in the previous year were significant predictors
of body size, whereas for 1 year old juveniles, only
snowmelt in the year individuals were trapped was
significant. The inter-annual size difference is probably
Biol. Lett. (2009)
caused by higher growth ratios (size after moult/size
before moult) in years of early snowmelt. An increased
growth ratio has also previously been documented for
lycosids in response to increased food availability
(Miyashita 1968). Alternatively, the variation in body
size could arise by completion of an additional moult
in early years. However, if all individuals completed
an additional moult, the inter-annual size difference
would have been larger than observed and if only
some individuals completed an additional moult it
would have been indicated by larger intra-annual vari-
ation in those years.

The timing of snowmelt could also explain the vari-
ation in SSD among cohorts of males and females.
Sexual selection on male size and natural selection
on female body condition is believed to shape the
male-biased size dimorphism observed in many species
(Fairbairn 1997). However, even within wolf spiders
such sex-specific life-history strategies differ (e.g.
male-biased allocation of resources to growth in
Lycosa tarantula (Fernández-Montraveta & Moya-
Laraño 2007) and female-biased allocation of
resources to growth in Hygrolycosa rubrofasciata
(Kotiaho et al. 1996; Vertainen et al. 2000)). The
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stronger response in body size of P. glacialis females to
variation in timing of spring snowmelt than in males
suggests that size is also a more important predictor
of reproductive success in females than in males in
this species. Egg mass production is likely to be limited
by female size and hence larger females may produce
more and/or larger eggs (Simpson 1993, 1995). In
the highly seasonal Arctic environment, a major deter-
minant of reproductive success in males may be the
timing of their final moult. Early moulting males may
be able to mate with more females than late moulting
males. This would favour early maturation over attain-
ing large size in males.

While snow depth at the end of winter has varied
unpredictably during the study period, spring tempera-
tures have increased dramatically (Klitgaard & Rasch
2008). Further warming is therefore likely to exacer-
bate SSD. Our study illustrates the pervasive influence
of climate on fitness-related phenotypic traits. We
suggest that male and female responses to climate
should be analysed separately in studies of the ecologi-
cal effects of climate change.
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