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Abstract

The effect of environmental conditions on reproductive traits in spiders is not completely understood. We studied the trade-
off between the egg number and egg size of a common spider species along an elevational gradient in Norway. Life history
theory predicts that egg size should decrease and clutch size increase as temperatures rise. In 2006, 2010, and 2014, female
lycosid spiders (Pardosa palustris) carrying first egg sacs were hand sampled from 690 to 1460 m above sea level (a.s.l.).
The eggs were counted, and the body and egg sizes for each female were individually estimated using digital photography.
An analysis of covariance was performed using linear mixed-effects models to test for trade-off differences between sam-
pling years, and along the elevational gradient. Unexpectedly, the egg size versus number trade-off was consistent along the
elevational gradient, and thus appeared to be independent of elevation-induced temperature changes. However, this trade-off
varied considerably between years. Egg-size variations in relation to body size appeared to be independent of year and did
not vary along the elevational gradient. Our results revealed that the trade-off between egg number and egg size does not
always hold and might be more plastic than assumed. This suggests that P. palustris, which has a broad habitat niche and a
wide geographic distribution, will easily cope with temperature-regime shifts in cold environments. Consequently, this might
lead to advantages regarding the offspring survival rate relative to coexisting species, and thus to changes in the terrestrial
arthropod community of alpine-tundra ecosystems.
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Introduction

Ectothermic species often live below their optimal tem-
perature range in cold environments, especially in terms of
development and reproduction, during the relatively short
summer season (Danks 1999, 2004). Thus, ectotherms
show specific adaptation strategies to cope with these

This article belongs to the special issue on the “Ecology of tundra
arthropods”, coordinated by Toke T. Hgye and Lauren E. Culler.

Electronic supplementary material The online version of this critical conditions. Consequently, even small increases
article (https://doi.org/10.1007/s00300-018-2301-x) contains in temperature towards their optimal temperature range
supplementary material, which is available to authorized users. in these environments foster a wide range of physiologi-
54 Nils Hein cal processes in these species (Willmer et al. 2005). Pro-

nhein@uni-bonn.de gressive climate change with its higher temperatures and
. o increased season length is expected to affect the repro-

Department of Geography, University of Bonn, ductive success of ectothermic species (Hgye et al. 2009;

Meckenheimer Allee 166, 53115 Bonn, German . . . . .
! Y Pike 2014). Previous studies have shown how increases in

temperature and season length affect individual species
directly through alterations in body size (Gardner et al.
2011; Bowden et al. 2015), as well as indirectly by altering
their biotic interactions (Zarnetske et al. 2012; Post 2013).
Thus, one major aspect of ecological research should be to

Institute of Landscape and Plant Ecology, University
of Hohenheim, August-von-Hartmann Str. 3, 70599 Stuttgart,
Germany

Institute of Geography, FAU Erlangen-Niirnberg,
Wetterkreuz 15, 91058 Erlangen, Germany

4 26180 Rastede, Germany

@ Springer


http://orcid.org/0000-0002-5172-8531
http://crossmark.crossref.org/dialog/?doi=10.1007/s00300-018-2301-x&domain=pdf
https://doi.org/10.1007/s00300-018-2301-x

1608

Polar Biology (2018) 41:1607-1617

study the effect of temperature on the reproductive traits
of species in their natural environments (Kessler 1971;
Rickers and Scheu 2005). Environmental temperature is
extremely important for the metabolic rate of spiders, and
it controls various traits such as food utilization and egg
production (Palanichamy 1985; Schmalhofer 2011; Iida
et al. 2016). Lycosid spiders are considered a suitable
model organism for assessing the changes in reproduc-
tive success induced by climate change for several rea-
sons. First, lycosid spiders are speciose and occur in high
abundance, even in relatively cold environments (Bowden
and Buddle 2010; Finch and Loffler 2010; Visakorpi et al.
2015). Second, they are known to be highly sensitive,
especially reproductively (Hendrickx et al. 2003) or in
terms of body size (Legault and Weis 2013; Puzin et al.
2014), to changing environmental conditions on various
spatial scales. Third, female lycosidae are of particular
interest because they carry their eggs in a sac attached to
their spinnerets, which allows clutch and egg size to be
assigned to specific individuals.

In cold environments such as alpine-tundra ecosystems,
temperatures below 0 °C become critical for the spiders
because sub-zero temperatures can cause fatal damage
to the organism, slowing its metabolic rate and locomo-
tor capabilities (Kirchner 1987; Danks 2004). Previous
studies have shown that lycosid females tend to produce
larger eggs under harsh environmental conditions, which
increases offspring fitness (Hendrickx et al. 2003; Walker
et al. 2003; Pétillon et al. 2009). In these circumstances,
life history theory predicts a smaller but higher number of
eggs in response to increasing temperatures (Blanckenhorn
2000; Fox and Czesak 2000). This has been assumed to
be a consequence of the well-described trade-off between
clutch size and egg size in ectothermic species in response
to environmental conditions (Smith and Fretwell 1974,
Parker and Begon 1986).

However, our knowledge of how temperature variations,
both elevation-induced and inter-annual changes, control
spider fitness and reproduction in ectotherms in the field is
still limited (e.g. Bernardo 1996; Berger et al. 2008; Stahls-
chmidt and Adamo 2015). In our study, we assessed various
reproductive and fitness proxies such as egg size, clutch size,
and prosoma width of the mother spider along an eleva-
tional gradient and in three sampling years. We tested for
(a) a trade-off between clutch size and egg volume; (b) a
relationship between body size (prosoma width) and egg
volume; and (c) a relationship between prosoma width and
clutch size of the wolf spider Pardosa palustris (Linneaus
1758) in general, and specifically for any variations between
sampling years and along the elevational gradient. Addition-
ally, we investigated d) separate differences in egg volume,
clutch size, and prosoma width between sampling years and
in relation to the elevational gradient.
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We expected that higher elevations and years with less
favourable environmental conditions (e.g. lower tempera-
tures) would lead P. palustris to produce larger eggs but
smaller clutches.

Materials and methods
Study area

The study was conducted in central Norway (61°53'N,
9°15'E; Vaga, Oppland; Fig. 1a) in early July of 2006, 2010,
and 2014 along an elevational transect. To cover most of
the elevational range of the species at Blahg, the eleva-
tional transect extended from 690 m above sea level (a.s.l.)
to 1460 m a.s.l. and included nine sampling sites. These
nine sites consisted of sub-alpine sites (n=4) below and
alpine sites (n=35) above the treeline, the latter of which
were divided into low-alpine (n=3) and middle-alpine
(n=2) sites. According to an elevational decrease of approx.
0.6 °C for every 100 m of increase (Barry 2008), the over-
all decrease in temperature along our sampled elevational
gradient corresponded to approximately 4.6 °C. Based on
this elevation—temperature dependency, we used higher
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Fig. 1 a Location of the study site (Blahg 1617 m a.s.l.) and b distri-
bution of the nine sampling sites on the mountain slopes (WGS 84).
Elevation data were extracted from ASTER GDEM. ASTER GDEM
is a product of METI and NASA
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elevations as a proxy for more extreme environmental con-
ditions. The alpine environment starts above the treeline
located at approximately 1030 m a.s.l., with a transition zone
between the low-alpine and middle-alpine belts at approxi-
mately 1350 m a.s.l. Sampling sites were chosen for their
elevational range and the typical aspects of lycosid-preferred
habitats.

Pardosa palustris is found in high abundance in open and
sunny habitats; consequently, all of the sampling sites were
open, south-facing slopes (e.g. Hein et al. 2015). Shrub and
heather communities dominate the vegetation at the low-
alpine sampling sites, while graminoid species dominate
the vegetation at the middle-alpine sampling sites (Fig. 1b).

The study area is located in the most continental part of
Norway and has a very low annual precipitation of approxi-
mately 300-400 mm in the valleys (~350 m a.s.l.) and of
500-600 mm at the higher elevated sites (~ 1100 m a.s.L.).
According to Moen (1998), the study area is a part of the
“weak continental section” in Norway. During summer,
the low-alpine belt is characterized by an average of 16
(min= 13, max =19.3) snow-free weeks compared to only
11 (min=7, max = 14.6) snow-free weeks in the middle-
alpine belt. These values are based on weather station data
from 2010-2017, and the average, minimum, and maximum
values, including the following four different locations,
were calculated: A =ridge, B =depression, C =south-
facing slope, and D =north-facing slope in the low-alpine
belt at approximately 1100 m and the middle-alpine belt
at approximately 1400 m. The study area has an average
of 150-170 days with temperatures >5 °C, and the annual
average temperature is approximately 6 °C (Moen 1998).

Spider data

The lycosid wolf spider P. palustris has a holarctic dis-
tribution (World Spider Catalog 2016) and is one of the
most common lycosid species in the study area (Hein et al.
2014b). It is present in a large variety of open habitats from
coastal regions to high mountain areas (Hénggi et al. 1995).
Pardosa palustris has a biennial life cycle in the lowlands
and central Europe (Steigen 1975; Almquist 2005). How-
ever, Steigen (1975) concludes this species would overwinter
three times as juveniles at the higher elevations of Hardan-
gervidda in southern Norway. This is probably the result of
a prolonged life cycle at higher elevations because of their
slower growth in cold environments (Atkinson 1994; Danks
2004). After copulation, P. palustris females commonly pro-
duce two egg sacs (and sometimes three; see Bayram 2000),
but the second and third egg sacs have much smaller clutch
sizes and high mortality rates; they are therefore assumed to
not contribute to the population (e.g. Kessler 1973; Steigen
1975). In our study area, we observed that second egg sacs

are not produced before the beginning of August, which is
in agreement with Steigen’s (1975) observations.

In early July, shortly after females with their first egg
sacs were spotted, they were hand sampled along the eleva-
tional transect. One person sampled each of the nine sam-
pling sites for a maximum of 1 h per day for a maximum of
three consecutive days. This enabled the comparison of the
production of first egg sacs only during the study years and
reduced possible biases by varying sampling dates. Because
of time-dependent sampling, there are uneven sample sizes
for each sampled site and year (Online Resource 1).

Each female and its egg sac were stored separately in 70%
ethanol. We used prosoma width as a proxy for female body
size because it is a powerful trait when dealing with develop-
mental stage and overall spider size (Hagstrum 1971; Jakob
et al. 1996; Moya-Laraiio et al. 2008). The number of eggs
in each sac was counted to determine individual specific
clutch sizes. Egg sacs containing post-embryos (e.g. Breene
2005) were excluded (2006, n=21; 2010, n=28; 2014, n=5).
To determine the prosoma width and egg size, each female
and ten randomly chosen eggs (e.g. Hendrickx et al. 2003;
Pétillon et al. 2009) from the individual’s egg sac were digi-
tally photographed with a Sony Cybershot camera using a
binocular lens with 100 X magnification. Images were used
to measure the female prosoma width, egg length, and egg
width with an accuracy of 0.01 mm. The egg size (volume
mm?) was then calculated as described by Hendrickx et al.
(2003), using the egg length and width measurements.

Temperature data

We used the temperature data from a local weather station
situated at 1100 m a.s.l. to investigate whether the observed
variations between the three reproductive periods may be
related to, or may be influenced by, annual temperature
differences. The temperature data were obtained from a
weather station established in the study area in 1994 that is
situated at a ridge site in the low-alpine belt. The weather
station is part of the Long-Term Alpine Ecological Research
(LTAER) project [see Loffler (2002) for further details]. The
calculated temperature sums, which are the cumulative hours
with a mean 2-m air temperature >0 °C (#h,,), and degree
days were used as a proxy for the local climate for the three
focal reproductive periods. The degree days were calculated
following the basic equation using McMaster and Wilhelm’s
(1997) 2nd method.

To account for the unclear timing of adulthood and thus
the ability to reproduce, we calculated the #h_ , and number
of growing degree days (GDD; Thase =0) separately for the
following three different periods:

(1) From 1 January until the first day of sampling in the
trap year #h_ (tempO) and GDD (Thase =0°);
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(2) From 1 January of the previous year until the first day
of sampling #h,, (temp~!) and GDD (Thase =071);
and

(3) From 1 January of the two years previous until the
first day of sampling #h_, (temp~2) and GDD (Thase
= 072).

The calculated and plotted data for #h., and GDD for the
three respective periods are provided in Online Resource 2.

Analysis

An analysis of covariance was performed on linear mixed-
effects models (mixed-effects ANCOVA) to investigate
objectives a—c, as outlined in the Introduction. Addition-
ally, we tested for d) significant differences in mean values
(+ standard error of the mean) of egg volume, clutch size,
and prosoma width between sampling years and elevation
zones using Tukey’s honest significant difference test (Tuk-
ey’s HSD test, p <0.05) performed on separate models.

To explore possible synergistic effects with elevation on a
trade-off between clutch size and egg volume, a relationship
between body size (prosoma width) and egg volume, and a
relationship between body size and clutch size, we assigned
sampling sites within 690-1010 m a.s.l. to the sub-alpine
zone, sites within 1170-1290 m a.s.l. to the low-alpine zone,
and sites within 1390-1460 m a.s.1. to the mid-alpine zone
(each sampling site represents the core area of each elevation
zone). As a result of uneven sampling along the elevational
gradient (Fig. 1b), we explicitly opted for these three differ-
ent elevation zones because of prominent habitat changes
in the transition from the treeline to the low-alpine zone
(at approx. 1030 m a.s.l.) and from the low-alpine to the
mid-alpine zone (at approx. 1350 m a.s.l.), which resulted in
nonlinear variation in reproductive traits as shown by Hein
et al. (2015). Treating elevation as a categorical variable
is advantageous because we are able to specify, based on
slope estimates, if and how a general effect of clutch size and
prosoma width on the response parameter becomes weaker
or stronger by moving from the sub- to the mid-alpine zone.

The models tested for a trade-off between clutch size
and egg volume included clutch size, sampling year, and
elevation zone as fixed effects and the specific sampling
sites as a random effect. The latter is crucial to generate
more robust results by accounting for trait similarities of
female spiders sampled at a specific elevation zone. In
addition to these single explanatory variables, separate
interactions of clutch size with sampling year and eleva-
tion zone, respectively, were added as fixed effects. Both
sampling year (2006, 2010, and 2014) and elevation zone
(sub-alpine, low-alpine, and mid-alpine) were entered
as categorical variables with three levels each. The final
model was identified using significance levels revealed by
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stepwise backward selection (ANOVA-based) in conjunc-
tion with the Akaike information criterion (AIC). Fixed
effects were kept that were significant (p < 0.05), justifying
an increase in model complexity by increasing explana-
tory power.

The mixed-effects ANCOVA for a relationship between
body size (prosoma width) and egg volume and a rela-
tionship between prosoma width and clutch size followed
the same structure and included prosoma width, sampling
year, elevation zone, and their interactions with prosoma
width as fixed effects, whereas sample sites served as a
random effect. Models were also simplified by the proce-
dure of a stepwise backward selection. In addition to the
significance levels of the explanatory variables for each of
the final (simplified) models (a—c), the marginal R-squared
(explained variance of fixed effects only) is provided as a
measure for the overall explanatory power.

The interactions of sampling year and/or elevation zone
with clutch size and prosoma width are graphically dis-
played by separate model predictions for each elevation
zone in each sampling year. The strength in interactions
is supported by estimates on slopes of the final models,
which are listed together with the model structure. Herein,
the mean rates of change in response variables caused
by sampling year as a single predictor were referenced
to the baseline year 2006 and those of elevation zone to
the mid-alpine zone, potentially representing the harshest
environmental conditions among the sampling sites. The
slope estimates on interactions provide the opportunity to
specifically quantify if and how strongly the general effect
of a certain explanatory variable (clutch size or prosoma
width) varies between sampling years and elevation zones
(by calculating the sum between the slope estimate of the
single explanatory variable and those of its interaction
with sampling year or elevation zone, respectively).

In order to further investigate variations in an egg size
versus number trade-off, we tested for significant dif-
ferences in egg volume, clutch size, and prosoma width
between sampling years and elevation zones. The models
to address this objective included sampling year or eleva-
tion zone as categorical variable (fixed effect) and sample
sites as a random effect. If the explanatory variable was
significant (p <0.05, tested by ANOVA), Tukey’s HSD test
was subsequently applied, comparing the three different
sampling years and elevation zones with each other. This
procedure was repeated for the response variables, i.e. egg
volume, clutch size, and prosoma width, separately.

The assumptions of normally distributed residuals and
homogeneity of variance were consistently met for each
of the models (a—d) and all data analyses were conducted
using the R environment for statistical computing (R Core
Team 2017).



Polar Biology (2018) 41:1607-1617

1611

Results

A total of 241 P. palustris females with egg sacs contain-
ing eggs were sampled (2006, n = 66; 2010, n=101; 2014,
n=74) along the elevational transect (Online Resource
1). The sampled P. palustris egg sacs showed no signs of
parasitism.

Mixed-effects ANCOVA revealed a significant interac-
tion with sampling year for the trade-off between clutch
size and egg volume (Table 1). This trade-off was strongest
in 2014 (Fig. 2a), where the generally negative effect of
clutch size changed from 0.0005 to 0.0022 mm?® decrease
in mean egg volume per increase in clutch size of 1 (sum
between the slope estimate of clutch size as a single
explanatory variable and the slope estimate of clutch size

in interaction with sampling year 2014; Table 2). Com-
pared to 2014, the trade-off in 2010 is more than two times
lower, with a decrease of only 0.0009 mm? in mean egg
volume per increase in clutch size of 1 (Table 2). Overall,
the fixed effects in the model on the trade-off between
clutch size and egg volume account for an explained vari-
ance of 53% (marginal R?>=0.53; Table 1). As indicated by
the significant variation in egg volume between sampling
years (Table 3), the trade-off increase arises from the sig-
nificantly higher egg volume in the year 2014 compared to
the other sampling years (Tukey’s HSD test with p < 0.05;
Fig. 2d).

The relationship between prosoma width and clutch
size was found to interact significantly with elevation zone
(Table 1). In particular, this relationship appeared to be
more pronounced in the sub-alpine zone with a stronger

Table 1 Mixed-effects ANCOVA on (a) the trade-off between egg volume and clutch size, and the relationships between (b) egg volume and
prosoma width and c) clutch size and prosoma width in interaction (x) with sampling year and elevation zone

Degrees of Sum of Mean Fovalue p-value
freedom squares square
Response variable: Egg volume
Model a)
Fixed effects (R%,= 0.53)
Clutch size 1 0.017 0.017 8.521 0.004 **
Sampling year 2 0.083 0.042 20.782 <0.001 ***
Elevation zone 2 0.030 0.015 7.608 0.025 *
Clutch size x Sampling year 2 0.020 0.010 4.900 0.008 **
Residuals 2B 049 0.002
Model b)
Fixed effects (R*,=0.51)
Prosoma width 1 0.021 0.021 10.430 0.001 **
Sampling year 2 0.353 0.177 88.922 <0.001 ***
Elevation zone 2 0.027 0.014 6.882 0.030 *
Residuals 233 0.458 0.002
Response variable: Clutch size
Model ¢)

Fixed effects (R%,= 0.56)
Prosoma width 1 6945.40 6945.40 133.247 <0.001 ***
Sampling year 2 618.30 309.20 5.931 0.003 **
Elevation zone 2 217.40 108.70 2.086 0.127
Prosoma width x Elevation zone 2 400.40 200.20 3.841 0.023 *
Residuals 231 11931.40 49.51

#% p < 0.001; ** p < 0.01; * p <0.05

Different models on the same response variable are separated by a dashed line, models on different response variables by a

solid line. Marginal R-squared (R?,,) is given as the explained variance of fixed effects only.
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Fig.2 Scatterplots on a the trade-off between clutch size and egg vol-
ume, b the relationship between prosoma width and egg volume, and
c the relationship between prosoma width and clutch size. Prediction
lines are based on final models (see Table 1) and given for each ele-
vation zone (sub-alpine: sites within 690-1010 m a.s.l.; low-alpine:
sites within 1170-1290 m a.s.l.; mid-alpine: sites within 1390-
1460 m a.s.l) in each sampling year (2006, 2010, and 2014) to display
significant interactions (x) identified by the mixed-effects ANCOVA.
The trade-off between clutch size and egg volume is strongest in

increase of the generally positive effect of prosoma width
on clutch size from 29.38 to 49.35 (increase in mean clutch
size per increase in prosoma width of 1 mm; Table 2) com-
pared to the low-alpine zone where it increased to 36.82
(Table 2). Thus, the strength of the relationship between
the prosoma width and clutch size seems to weaken with
elevation, which is indicated by the decrease in slope
steepness from the sub- to the mid-alpine zone (Fig. 2c).
The total explained variance of the fixed effects amounts
to 56% for this model (marginal R>=0.56; Table 1). The
significant variation in clutch size between elevation zones
(Table 3) revealed that clutch size was increased in the
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Elevation zone

Elevation zone

2014, whereas the positive relationship between prosoma width and
clutch size is more pronounced in the sub-alpine zone and weakens
with elevation (as indicated by decreasing slope steepness). For the
relationship between prosoma width and egg volume, no interaction
was found with the sampling year or with the elevation zone (as indi-
cated by parallel slopes). Significant contrasts in the reproduction
traits (mean = standard error of the mean) between (d—f) sampling
years and (g—i) elevation zones are indicated by different letters (X, Y,
Z; based on Tukey’s HSD test with *p <0.05)

sub-alpine zone (Tukey’s HSD test with p <0.05; Fig. 2h).
However, prosoma width remained constant across all ele-
vation zones (Table 3; Fig. 2i). The combination of both
the increased clutch size in the sub-alpine zone and con-
stant prosoma width possibly led to the more pronounced
relationship as indicated by Fig. 2c.

The relationship between prosoma width and egg vol-
ume is independent of sampling year and elevation zone
as indicated by the parallel slopes of the model (Fig. 2b).
However, single predictor variables were significant
and explained 51% of the variance (marginal R>=0.51;
Table 1).
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Table 2 Intercept and slope estimates (plus standard errors) of fixed
effects and the structure of final models (including the random effect
of sample sites) for (a) the trade-off between egg volume and clutch

size, (b) the relationship between egg volume and prosoma width, and
(c) the relationship between clutch size and prosoma width in interac-
tion (x) with sampling year and elevation zone

Model a): Egg volume ~ Clutch size + Sampling year + Elevation zone +
Clutch size x Sampling year + (1 | Sample sites)

Intercept

Fixed effects

Clutch size

Sampling year 2010

Sampling year 2014

Elevation zone (low-alpine)
Elevation zone (sub-alpine)
Clutch size x Sampling year 2010
Clutch size x Sampling year 2014

Estimate Standard error
0.3921 0.0252
-0.0005 0.0005
-0.0574 0.0290
0.1261 0.0308
0.0181 0.0130
-0.0263 0.0122
-0.0004 0.0007
-0.0017 0.0007

Model b): Egg volume ~ Prosoma width + Sampling year + Elevation zone +

(1 | Sample sites)

Intercept

Fixed effects

Prosoma width

Sampling year 2010
Sampling year 2014
Elevation zone (low-alpine)

Elevation zone (sub-alpine)

0.2197 0.0481
0.0643 0.0199
-0.0250 0.0079
0.0681 0.0081
0.0299 0.0174
-0.0244 0.0165

Model c): Clutch size ~ Prosoma width + Sampling year + Elevation zone +
Prosoma width x Elevation zone + (1 | Sample sites)

Intercept

Fixed effects

Prosoma width

Sampling year 2010

Sampling year 2014

Elevation zone (low-alpine)

Elevation zone (sub-alpine)

Prosoma width x Elevation zone (low-alpine)

Prosoma width x Elevation zone (sub-alpine)

-23.193 14.600
29.384 6.414
-4.215 1.278
-1.535 1.301
-20.230 18.503
-34.132 16.848
7.443 8.328
19.965 7.632

Discussion

Our results suggest that egg volume is temporally and spa-
tially more variable than expected. The expected trade-off
between clutch size and egg volume in the three repro-
ductive periods was observed, meaning that larger eggs

accompanied smaller clutch sizes and vice versa. This trade-
off has been widely argued to be a consequence of limited
resource availability (Smith and Fretwell 1974). However,
our study during these three reproductive periods revealed
that under certain environmental conditions, bigger eggs
could be produced almost independent of the mother’s size.
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Table 3 ANOVA for models on (d) the contrast of egg volume, clutch size, and prosoma width between sampling years and elevation zones

Degrees of Sum of Mean
F-value p-value
freedom squares square
Response variable: Egg volume
Models d
Sampling year 2 0.369 0.185 88.951 <0.001 ***
Residuals 236 0.479 0.002
Elevation zone 2 0.045 0.022 6.173 0.036 *
Residuals 236 0.848 0.004
Response variable: Clutch size
Sampling year 2 3743.00 1871.50 20.970 <0.001 ***
Residuals 236 20607.77 85.51
Elevation zone 2 1841.20 920.62 8.728 0.023 *
Residuals 236 11931.43 49.51
Response variable: Prosoma width
Sampling year 2 0.800 0.400 18.672 <0.001 ***
Residuals 236 4.960 0.021
Elevation zone 2 0.201 0.105 4.284 0.074
Residuals 236 5.720 0.024

#% 5 <0.001; ** p < 0.01; * p <0.05

Different models on the same response variable are separated by a dashed line, and models on different response variables by

a solid line. Only significant models (of at least * p < 0.05) were used to perform Tukey’s HSD test.

Thus, the largest egg volumes (2014) are not accompanied
with the largest females, while clutch size is always depend-
ent on the mother’s size. Previous studies have shown that
variations in body size of lycosid spiders are related to the
timing of snowmelt and environmental gradients of resource
availability (Hgye et al. 2009; Bowden et al. 2013). Conse-
quently, these changes in body size will lead to alterations
in reproductive output.

A linear relationship between increasing elevation and
more extreme environmental conditions was not found in
our study because body size and reproductive rate in P.
palustris were not significantly affected at higher eleva-
tions. This supports previous findings where spatial pat-
terns of reproductive traits along an elevational gradient
could not be generalized, because elevation-related effects
are overlain by fine-scale site conditions (Bowden et al.
2013; Hein et al. 2015). In our data, changes in the habi-
tat type from sub-alpine to low-alpine and from low-alpine
to middle-alpine seem to be responsible for variations in
the reproductive traits of P. palustris. Franz (1979) stated
that there can be no bigger contrast than the transition from
sub-alpine to alpine conditions. Accordingly, several studies
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showed the importance of the treeline and the concomitant
changes in the environmental conditions for spider distribu-
tion, diversity, and competition within the respective habitat
types (Hauge and Refseth 1979; Frick et al. 2007; Muff et al.
2009). Additionally, the transition from the low-alpine zone
to the middle-alpine zone is characterized by a rather abrupt
change from shrub-dominated to more open and graminoid-
dominated vegetation. Daily maximum soil temperatures in
the middle-alpine zone regularly exceed temperatures in the
low-alpine zone during summer, because there is less veg-
etation coverage and more open ground (Loffler et al. 2008;
Wundram et al. 2010). Consequently, the environmental con-
ditions for P. palustris might be more favourable at higher
elevations than at lower elevations.

When comparing the three different reproductive peri-
ods studied, climatic variations in the number of GDDs and
the #h_, were observed. It is widely acknowledged that an
increased number of degree days has a strong impact on
the development of ectotherms (Blanckenhorn 1997; Dixon
et al. 2009; Chezik et al. 2013), but because of the small
sample size, the quantification of temperature-dependent
effects on the reproductive traits in P. palustris was not
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possible. However, the specific environmental conditions in
the respective reproductive periods had a more direct than
indirect effect on egg size as a result of the mother’s size.
Additionally, the egg sizes in 2010 were significantly smaller
than those in the other 2 years and were accompanied by the
lowest GDD and #h_, [except #h_, (Temp®)] values dur-
ing the reproductive periods. This contradicts our original
expectation that egg volume would decrease and clutch size
increase in response to higher temperatures at lower eleva-
tions. We expected a Bergmann’s cline in sensu lato in the
egg size of P. palustris (Blackburn et al. 1999; Chown and
Gaston 2010; Shelomi 2012), but instead the results showed
an increase in egg volume in the respective reproductive
periods. This is opposite of Bergmann’s cline (e.g. Mousseau
1997; Blanckenhorn and Demont 2004). However, interpre-
tation of the results might be affected by spatial pseudo-
replication (e.g. Oksanen 2001), because our sampling is
nested along the elevational gradient and measured repeat-
edly instead of effectively replicated.

Spider starvation is a commonly observed phenomenon
in the field (Wise 1993; Brown et al. 2003). Generally,
higher temperatures and prolonged summer seasons allow
for higher activity levels (Hgye and Forchhammer 2008;
Hein et al. 2014a) and foraging rates in ectothermic species
(Willmer et al. 2005; Hgye et al. 2009). Ford (1978) also
reported increased activity in the lycosid spider Pardosa
amentata (Clerck 1757) in response to higher temperatures.
Because of higher overall temperature sums and prolonged
summer seasons, the spiders would have access to more
resources earlier in the year, which enables them to accu-
mulate more reserves for egg production (Vollrath 1987).
This is in concordance with Riechert and Tracy (1975), who
reported an increase in egg size in response to higher prey
availability. Accordingly, Samu and Biro (1993) showed
that wolf spiders could modify their feeding behaviour with
multiple killings and increased feeding when higher prey
densities were present. A similar change of food web-related
interactions between the spiders and their prey may have
occurred at our site when the overall temperature sums and
GDDs increased, resulting in P. palustris investing in larger
eggs, with no decrease in clutch size. However, an increase
in egg volume is limited because there has to be a threshold
at which female spiders no longer invest in larger egg vol-
umes. This threshold could be related to the prey abundance
rate at which multiple killings become no longer worth the
additional energetic effort, because the likelihood of food
limitations on the offspring after dismounting is reduced, or
it could be related to egg storage capacity that is limited by
the mother’s size.

Generally, larger females should have a higher poten-
tial fecundity than smaller females (e.g. Stearns 1992;
Roff 2002; Steiger 2013). We found this relationship to
be highly significant in our study. Consequently, lycosid

spiders that grow larger in response to prolonged summer
seasons should have higher reproductive rates (Vertainen
et al. 2000; Hgye et al. 2009). Clutch size varied consist-
ently with prosoma width, but we found no such interde-
pendence between egg volume and female body size in our
study. This agrees with some of Kessler’s (1971) observa-
tions, who found no change in the number of eggs pro-
duced by P. palustris, but did find a tendency to produce
lighter eggs during food shortages. This effect also might
have been the reason for smaller egg sizes in response to
the environmental conditions in our study.

A recent study by Verdeny-Vilalta et al. (2015) showed
that actively foraging spider species have increased egg
volumes compared with “sit and wait” foragers. This
suggests that higher reproductive rates may be linked to
higher activity in response to higher temperatures, along
with the resulting higher foraging rates. Accordingly, more
resources lead to larger eggs without the influence by the
mother’s size in P. palustris. Larger eggs commonly result
in larger, healthier offspring that have a higher starvation
resistance (Simpson 1995; Fox and Czesak 2000; Grinsted
et al. 2014) and more resistance to desiccation (Fischer
et al. 2006). Larger offspring are also highly advantageous
in terms of intraguild predation, because they are less vul-
nerable as prey and probably more successful as preda-
tors (Rickers and Scheu 2005; Segers and Taborsky 2011;
Verdeny-Vilalta et al. 2015).

We assume the rapid adjustment of egg size to inter-
annual differences in environmental conditions by this gen-
eralist species supports the findings of extensive phenotypic
plasticity in P. palustris’s reproductive traits (Kessler 1971;
Hein et al. 2015). For example, when Ameline et al. (2017)
compared the reproductive traits of generalist and specialist
lycosid species in Arctic and temperate habitats, they found
that specialist species in Arctic habitats invested more into
the clutch size than did generalist species.

Species with high phenotypic plasticity will be more
likely to persist in response to climate change (Scharf et al.
2010; Gardner et al. 2011). Our results illustrate that a gen-
eralist predator species such as P. palustris could also per-
sist, and to some extent, benefit from rising temperatures by
achieving increased reproductive success. Further research
is needed to confirm whether the observed variations in the
trade-off between egg number and egg size in our study can
be applied to other generalist species, and how specialist
species in cold environments react to changes in abiotic con-
ditions such as higher temperatures and changes in snow-
cover duration.

Acknowledgements We would like to thank three anonymous review-
ers and the guest editor for their many helpful comments, which sig-
nificantly improved our manuscript. Nils Hein received funding by the
DAAD during fieldwork in 2010. The study also received financial
support from Color Line AS, Oslo.

@ Springer



1616

Polar Biology (2018) 41:1607-1617

References

Almgquist S (2005) Swedish Araneae, part 1, families Atypidae to Hah-
niidae (Linyphiidae excluded). Insect Syst Evol Suppl 62:284

Ameline C, Puzin C, Bowden JJ, Lambeets K, Vernon P, Pétillon J
(2017) Habitat specialization and climate affect arthropod fit-
ness: a comparison of generalist vs. specialist spider species in
Arctic and temperate biomes. Biol J Linn Soc Lond. https://doi.
org/10.1093/biolinnean/blx014

Atkinson D (1994) Temperature and organism size: a biological law
for ectotherms? Adv Ecol Res 25:1-58

Barry RG (2008) Mountain weather and climate. Cambridge University
Press, Cambridge

Bayram A (2000) A study of egg production in three species of wolf
spiders (Araneae, Lycosidae), Pardosa amentata, P. palustris and
P. pullata in the field. Isr J Ecol Evol 46:297-303

Berger D, Walters R, Gotthard K (2008) What limits insect fecundity?
Body size- and temperature-dependent egg maturation and ovi-
position in a butterfly. Funct Ecol 22:523-529. https://doi.org/10
.1111/5.1365-2435.2008.01392.x

Bernardo J (1996) The particular maternal effect of propagule size,
especially egg size: patterns, models, quality of evidence and
interpretations. Am Zool 36:216-236. https://doi.org/10.1093/
icb/36.2.216

Blackburn TM, Gaston KJ, Loder N (1999) Geographic gradients in
body size: a clarification of Bergmann’s rule. Divers and Distrib
5:165-174

Blanckenhorn WU (1997) Effects of temperature on growth, develop-
ment and diapause in the yellow dung fly—against all the rules?
Oecologia 111:318-324

Blanckenhorn WU (2000) The evolution of body size: what keeps
organisms small? The Q Rev Biol 75:385-407. https://doi.
org/10.1086/393620

Blanckenhorn WU, Demont M (2004) Bergmann and converse
Bergmann latitudinal clines in arthropods: two ends of a con-
tinuum? Integr Comp Biol 44:413—-424. https://doi.org/10.1093/
icb/44.6.413

Bowden JJ, Buddle CM (2010) Spider assemblages across elevational
and latitudinal gradients in the Yukon Territory, Canada. Arctic
63:261-272. https://doi.org/10.14430/arctic1490

Bowden JJ, Hgye TT, Buddle CM (2013) Fecundity and sexual size
dimorphism of wolf spiders (Araneae: Lycosidae) along an eleva-
tional gradient in the Arctic. Polar Biol 36:831-836

Bowden JJ, Eskildsen A, Hansen RR, Olsen K, Curle CM, Hgye
TT (2015) High-arctic butterflies become smaller with rising
temperatures. Biol Lett 11:20150574. https://doi.org/10.1098/
rsbl.2015.0574

Breene RG III (2005) Arachnid developmental stages: Current termi-
nology. College of the Southwest, Carlsbad, pp 1-5

Brown C, Sanford BM, Swerdon RR (2003) Clutch size and offspring
size in the wolf spider Pirata sedentarius. J Arachnol 31:285-296.
https://doi.org/10.1636/m01-62

Chezik KA, Lester NP, Venturelli PA (2013) Fish growth and degree-
days I: selecting a base temperature for a within-population study.
Can J Fish Aquat Sci 71:47-55

Chown SL, Gaston KJ (2010) Body size variation in insects: a macro-
ecological perspective. Biol Rev Camb Philos Soc 85:139-169

Danks HV (1999) Life cycles in polar arthropods—flexible or pro-
grammed? Eur J Entomol 96:83—-102

Danks HV (2004) Seasonal adaptations in Arctic insects. Integr Comp
Biol 44:85-94. https://doi.org/10.1093/icb/44.2.85

Dixon AFG, Honék A, Keil P, Kotela MAA, §izling AL, Jarosik
V (2009) Relationship between the minimum and maximum
temperature thresholds for development in insects. Funct Ecol
23:257-264. https://doi.org/10.1111/j.1365-2435.2008.01489.x

@ Springer

Finch OD, Loffler J (2010) Indicators of species richness at the local
scale in an alpine region: a comparative approach between plant
and invertebrate taxa. Biodivers Conserv 19:1341-1352. https://
doi.org/10.1007/s10531-009-9765-5

Fischer K, Bot ANM, Brakefield PM, Zwaan BJ (2006) Do mothers
producing large offspring have to sacrifice fecundity? J Evol Biol
19:380-391

Ford MJ (1978) Locomotory activity and the predation strategy of
the wolf-spider Pardosa amentata (Clerck) (Lycosidae). Anim
Behav 26:31-35

Fox CW, Czesak ME (2000) Evolutionary ecology of progeny size
in arthropods. Annu Rev Entomol 45:341-369. https://doi.
org/10.1146/annurev.ento.45.1.341

Franz H (1979) Okologie der Hochgebirge. Ulmer Verlag, Ulm

Frick H, Nentwig W, Kropf C (2007) Influence of stand-alone trees
on epigeic spiders (Araneae) at the alpine timberline. Ann Zool
Fenn 44:43-57

Gardner JL, Peters A, Kearney MR, Joseph L, Heinsohn R (2011)
Declining body size: a third universal response to warm-
ing? Trends Ecol Evol 26:285-291. https://doi.org/10.1016/j.
tree.2011.03.005

Grinsted L, Breuker CJ, Bilde T (2014) Cooperative breeding favors
maternal investment in size over number of eggs in spiders. Evolu-
tion 68:1961-1973. https://doi.org/10.1111/evo.12411

Hagstrum DW (1971) Carapace width as a tool for evaluating the
rate of development of spiders in the laboratory and the field.
Ann Entomol Soc Am 64:757-760. https://doi.org/10.1093/
aesa/64.4.757

Hinggi A, Stockli E, Nentwig W (1995) Lebensraume mitteleuropais-
cher Spinnen (Habitats of central European spiders). Miscel-
lanea Faunistica Helvetiae 4. Schweizerisches Zentrum fiir die
Erfassung der Fauna. Centre Suisse de cartographie de la faune,
Neuchatel

Hauge E, Refseth D (1979) The spider fauna of 5 alpine and subalpine
habitats in the Jotunheimen area, Southern Norway. Fauna norv
Ser B 26:84-90

Hein N, Feilhauer H, Finch OD, Schmidtlein S, Loffler J (2014a) Snow
cover determines the ecology and biogeography of spiders (Ara-
neae) in alpine tundra ecosystems. Erdkunde 68:157-172

Hein N, Pape R, Finch OD, Loffler J (2014b) Alpine activity patterns
of Mitopus morio (Fabricius, 1779) are induced by variations in
temperature and humidity at different scales in central Norway. J
Mt Sci 11:644-655

Hein N, Feilhauer H, Loffler J, Finch OD (2015) Elevational varia-
tion of reproductive traits in five Pardosa (Lycosidae) species.
Arct Antarct Alp Res 47:67-73. https://doi.org/10.1657/AAARO
013-111

Hendrickx F, Maelfait JP, Speelmans M, Van Straalen NM (2003)
Adaptive reproductive variation along a pollution gradient in a
wolf spider. Oecologia 134:189-194. https://doi.org/10.1007/
s00442-002-1031-4

Hgye TT, Forchhammer MC (2008) The influence of weather con-
ditions on the activity of high-arctic arthropods inferred
from long-term observations. BMC Ecol. https://doi.
org/10.1186/1472-6785-8-8

Hgye TT, Hammel JU, Fuchs T, Toft S (2009) Climate change and
sexual size dimorphism in an Arctic spider. Biol Lett 5:542-544.
https://doi.org/10.1098/rsbl.2009.0169

Iida H, Kohno K, Takeda M (2016) Seasonal fluctuations in offspring
body size in the wolf spider Pardosa astrigera (Araenae: Lycosi-
dae). Appl Entomol Zool 51:125-131. https://doi.org/10.1007/
s13355-015-0381-4

Jakob EM, Marshall SD, Uetz GW (1996) Estimating fitness: a com-
parison of body condition indices. Oikos 77:61-67

Kessler A (1971) Relation between egg production and food consump-
tion in species of the genus Pardosa (Lycosidae, Araneae) under


https://doi.org/10.1093/biolinnean/blx014
https://doi.org/10.1093/biolinnean/blx014
https://doi.org/10.1111/j.1365-2435.2008.01392.x
https://doi.org/10.1111/j.1365-2435.2008.01392.x
https://doi.org/10.1093/icb/36.2.216
https://doi.org/10.1093/icb/36.2.216
https://doi.org/10.1086/393620
https://doi.org/10.1086/393620
https://doi.org/10.1093/icb/44.6.413
https://doi.org/10.1093/icb/44.6.413
https://doi.org/10.14430/arctic1490
https://doi.org/10.1098/rsbl.2015.0574
https://doi.org/10.1098/rsbl.2015.0574
https://doi.org/10.1636/m01-62
https://doi.org/10.1093/icb/44.2.85
https://doi.org/10.1111/j.1365-2435.2008.01489.x
https://doi.org/10.1007/s10531-009-9765-5
https://doi.org/10.1007/s10531-009-9765-5
https://doi.org/10.1146/annurev.ento.45.1.341
https://doi.org/10.1146/annurev.ento.45.1.341
https://doi.org/10.1016/j.tree.2011.03.005
https://doi.org/10.1016/j.tree.2011.03.005
https://doi.org/10.1111/evo.12411
https://doi.org/10.1093/aesa/64.4.757
https://doi.org/10.1093/aesa/64.4.757
https://doi.org/10.1657/AAAR0013-111
https://doi.org/10.1657/AAAR0013-111
https://doi.org/10.1007/s00442-002-1031-4
https://doi.org/10.1007/s00442-002-1031-4
https://doi.org/10.1186/1472-6785-8-8
https://doi.org/10.1186/1472-6785-8-8
https://doi.org/10.1098/rsbl.2009.0169
https://doi.org/10.1007/s13355-015-0381-4
https://doi.org/10.1007/s13355-015-0381-4

Polar Biology (2018) 41:1607-1617

1617

experimental conditions of food-abundance and food-shortage.
Oecologia 8:93-109

Kessler A (1973) A comparative study of the production of eggs in
eight Pardosa species in the field (Araneida, Lycosidae). Tijdschr
Entomol 116:23-41

Kirchner W (1987) Behavioural and physiological adaptations to cold.
In: Nentwig W (ed) Ecophysiology of spiders. Springer, Berlin,
pp 66-77

Legault G, Weis AE (2013) The impact of snow accumulation on a
heath spider community in a sub-Arctic landscape. Polar Biol
36:885-894. https://doi.org/10.1007/s00300-013-1313-9

Loffler J (2002) Altitudinal changes of ecosystem dynamics in the cen-
tral Norwegian high mountains. Erde 133:227-258

Loffler UCM, Cypionka H, Loffler J (2008) Soil microbial activ-
ity along an arctic-alpine altitudinal gradient from a seasonal
perspective. Eur J Soil Sci 59:842-854. https://doi.org/10.111
1/§.1365-2389.2008.01054.x

McMaster GS, Wilhelm WW (1997) Growing degree-days: one equa-
tion, two interpretations. Agric For Meteorol 87:291-300

Moen A (1998) Nasjonalatlas for Norge: Vegetasjon (Norwegian
national atlas: Vegetation). StatensKartverk (Norwegian Map-
ping Authority), Hgnefoss

Mousseau TA (1997) Ectotherms follow the converse Bergmann’s rule.
Evolution 51:630-632

Moya-Larafio J, Macias-Ordéiiez R, Blanckenhorn WU, Fernandez-
Montraveta C (2008) Analysing body condition: mass, volume or
density? J Anim Ecol 77:1099-1108

Muft P, Kropf C, Frick H, Nentwig W, Schmidt-Entling MH (2009) Co-
existence of divergent communities at natural boundaries: spider
(Arachnida: Araneae) diversity across an alpine timberline. Insect
Conserv Divers 2:36—44

Oksanen L (2001) Logic of experiments in ecology: is pseudoreplica-
tion a pseudoissue? Oikos 94:27-38

Palanichamy S (1985) Effect of temperature on food utilization, growth
and egg production in the spider Cryfophora cicatrosa. ] Therm
Biol 10:63-70

Parker GA, Begon M (1986) Optimal egg size and clutch size: effects
of environment and maternal phenotype. Am Nat 128:573-592

Pétillon J, Puzin C, Acou A, Outreman Y (2009) Plant invasion phe-
nomenon enhances reproduction performance in an endangered
spider. Naturwissenschaften 96:1241-1246

Pike DA (2014) Forecasting the viability of sea turtle eggs in a warm-
ing world. Glob Chang Biol 20:7-15. https://doi.org/10.1111/
gcb.12397

Post E (2013) Ecology of climate change: the importance of biotic
interactions. Princeton University Press, Woodstock

Puzin C, Leroy B, Pétillon J (2014) Intra- and inter-specific variation
in size and habitus of two sibling spider species (Araneae, Lycosi-
dae): taxonomic and biogeographic insights from sampling across
Europe. Biol J Linn Soc Lond 113:85-96. https://doi.org/10.1111/
bij. 12303

R Core Team (2017) R: a language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria.
https://www.R-project.org/. Accessed 14 June 2007

Rickers S, Scheu S (2005) Cannibalism in Pardosa palustris (Araneae,
Lycosidae): effects of alternative prey, habitat structure, and den-
sity. Basic Appl Ecol 6:471-478

Riechert SE, Tracy CR (1975) Thermal balance and prey availability:
bases for a model relating web site characteristics to spider repro-
ductive success. Ecology 56:265-284

Roff DA (2002) Life History Evolution. Sinauer Associates Inc,
Sunderland

Samu F, Biro Z (1993) Functional response, multiple feeding and
wasteful killing in a wolf spider (Araneae: Lycosidae). Eur J
Entomol 90:471-476

Scharf I, Bauerfeind SS, Blanckenhorn WU, Schafer MA (2010) Effects
of maternal and offspring environmental conditions on growth,
development and diapause in latitudinal yellow dung fly popula-
tions. Clim Res 43:115-125. https://doi.org/10.3354/cr00907

Schmalhofer VR (2011) Impacts of temperature, hunger and reproduc-
tive condition on metabolic rates of flower-dwelling carb spiders
(Araneae: Thomisidae). J Arachnol 39:41-52

Segers F, Taborsky B (2011) Egg size and food abundance interactively
affect juvenile growth and behavior. Funct Ecol 25:166—176. https
://doi.org/10.1111/§.1365-2435.2010.01790.x

Shelomi M (2012) Where Are We Now? Bergmann’s Rule Sensu Lato
in Insects. Am Nat 180:511-519. https://doi.org/10.1086/667595

Simpson MR (1995) Covariation of spider egg and clutch size: the
influence of foraging and parental care. Ecology 76:795-800

Smith CC, Fretwell SD (1974) The optimal balance between size and
number of offspring. Am Nat 108:499-506

Stahlschmidt ZR, Adamo SA (2015) Food-limited mothers favour
offspring quality over offspring number: a principal components
approach. Funct Ecol 29:88-95

Stearns SC (1992) The evolution of life histories. Oxford University
Press, Oxford

Steigen AL (1975) Energetics in a population of Pardosa palustris L.
(Araneae, Lycosidae) on Hardangervidda. Fennoscandian Tun-
dra Ecosystems: Part 2 Animals and systems analysis. Ecological
Studies Vol. 17. Springer, Berlin, pp 129-144

Steiger S (2013) Bigger mothers are better mothers: disentangling
size-related prenatal and postnatal maternal fitness. Proc R Soc B
280:20131225. https://doi.org/10.1098/rspb.2013.1225

Verdeny-Vilalta O, Fox CW, Wise FD, Moya-Larano J (2015) Forag-
ing mode affects the evolution of egg size in generalist predators
embedded in complex food webs. J Evol Biol 28:1225-1233. https
://doi.org/10.1111/jeb.12647

Vertainen L, Alatalo RV, Mappes J, Parri S (2000) Sexual differences
in growth strategies of the wolf spider Hygrolycosa rubrofasciata.
Evol Ecol 14:595-610. https://doi.org/10.1023/A:1011080706931

Visakorpi K, Wirta HK, Ek M, Schmidt NM, Roslin T (2015) No
detectable trophic cascade in a high-Arctic arthropod food web.
Basic Appl Ecol 16:652-660

Vollrath F (1987) Growth, foraging and reproductive success. In:
Nentwig W (ed) Ecophysiology of spiders. Springer, Berlin, pp
357-370

Walker SE, Rypstra AL, Marshall SD (2003) The relationship between
offspring size and performance in the wolf spider Hogna helluo
(Araneae, Lycosidae). Evol Ecol Res 5:19-28

Willmer P, Stone G, Johnston J (2005) Environmental physiology of
animals. Blackwell Publishing, Oxford

Wise DH (1993) Spiders in ecological webs. Cambridge University
Press, Cambridge

World Spider Catalog (2016) World Spider Catalog. Natural His-
tory Museum of Bern. http://wsc.nmbe.chVertain. Version 17.0.
Accessed 18 April 2016

Waundram D, Pape R, Loffler J (2010) Alpine soil temperature vari-
ability at multiple scales. Arct Antarct and Alp Res 42:117-128

Zarnetske PL, Skelly DK, Urban MC (2012) Biotic multipliers of cli-
mate change. Science 336:1516-1518. https://doi.org/10.1126/
science.1222732

@ Springer


https://doi.org/10.1007/s00300-013-1313-9
https://doi.org/10.1111/j.1365-2389.2008.01054.x
https://doi.org/10.1111/j.1365-2389.2008.01054.x
https://doi.org/10.1111/gcb.12397
https://doi.org/10.1111/gcb.12397
https://doi.org/10.1111/bij.12303
https://doi.org/10.1111/bij.12303
https://www.R-project.org/
https://doi.org/10.3354/cr00907
https://doi.org/10.1111/j.1365-2435.2010.01790.x
https://doi.org/10.1111/j.1365-2435.2010.01790.x
https://doi.org/10.1086/667595
https://doi.org/10.1098/rspb.2013.1225
https://doi.org/10.1111/jeb.12647
https://doi.org/10.1111/jeb.12647
https://doi.org/10.1023/A:1011080706931
http://wsc.nmbe.chVertain
https://doi.org/10.1126/science.1222732
https://doi.org/10.1126/science.1222732

	Egg size versus egg number trade-off in the alpine-tundra wolf spider, Pardosa palustris (Araneae: Lycosidae)
	Abstract
	Introduction
	Materials and methods
	Study area
	Spider data
	Temperature data
	Analysis

	Results
	Discussion
	Acknowledgements 
	References




