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Abstract
Aquatic insects are often consumed by terrestrial predators in Arctic tundra. However, this aquatic-terrestrial linkage may 
be disrupted by rapid warming that is causing a decrease in freshwater habitats across large areas of the Arctic. In this study, 
we investigated emerging mosquitoes (Diptera: Culicidae) as a resource subsidy for wolf spiders (Araneae: Lycosidae) in 
western Greenland, an area where significant pond drying has occurred in recent decades. We used pitfall trapping to com-
pare the abundance, size, and fecundity of wolf spiders collected near (< 1 m) versus far (75–100 m) from the margins of 
three tundra ponds before, during, and after mosquito emergence. Nearly 90% of the wolf spiders collected in our study were 
Pardosa glacialis, the species that subsequently became the focus of our analyses. P. glacialis abundances, sizes, and the 
proportion of females with an egg sac were similar throughout the season both near and far from ponds. However, females 
near ponds produced about 20% more eggs per egg sac. Stable isotope analyses and a laboratory experiment confirmed mos-
quito consumption by P. glacialis and demonstrated that individuals collected near tundra ponds were significantly depleted 
in 13C relative to those in upland habitats, indicating differences in food resources among habitats. Our evidence indicates 
that mosquitoes do indeed serve as a subsidy to wolf spiders in western Greenland, but the demographic effects on spiders 
appear to be modest. Thus, P. glacialis abundance in the landscape may be relatively robust to pond drying and associated 
biotic and abiotic changes. Further studies will be needed to assess the broader effects for tundra ecosystems of disruptions 
to this and other aquatic-terrestrial linkages via the drying of ponds.
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Introduction

The Arctic is warming at over twice the rate of the global 
average and has already experienced major ecological 
changes (Post et al. 2019). Advances in the timing of snow-
melt and spring are impacting the phenology of plants and 
invertebrates (Høye et al. 2007; Høye and Forchhammer 
2008), and extended growing seasons are causing shrub 
cover to increase in tundra ecosystems (Sturm et al. 2005; 
Myers-Smith et al. 2011). Some species may benefit from 
these changes if they gain increased access to resources 
(Kerby and Post 2013) whereas others may experience popu-
lation declines due to processes such as habitat change and 
phenological mismatch (McKinnon et al. 2012; Loboda et al. 
2018). Linking these ecological processes with their direct 
and indirect effects on populations is critical for predicting 
community and ecosystem level impacts in rapidly changing 
Arctic systems.
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One prominent effect of Arctic warming is changes to the 
distribution and abundance of freshwater habitats, which has 
the potential to disrupt aquatic-terrestrial linkages. Some 
areas of Arctic tundra are getting wetter (Walter Anthony 
et al. 2018) whereas others are becoming drier (e.g., Smith 
et al. 2005; Andresen and Lougheed 2015; Finger Higgens 
et al. 2019). Arctic freshwater ecosystems provide impor-
tant water access to plants and animals during the growing 
season especially because summer precipitation can be low 
(Elberling et al. 2008). They also support the production 
of large amounts of insect biomass (Gratton et al. 2008). 
Aquatic insect prey provide important subsides to terrestrial 
predators (Nakano and Murakami 2001; Fausch et al. 2002; 
Paetzold et al. 2005; Schindler and Smits 2017), including 
in the Arctic where they are very abundant and can alter 
terrestrial food webs and ecosystem function (Gratton et al. 
2008; Dreyer et al. 2012; Hoekman et al. 2012; Sanchez-
Ruiz et al. 2018).

Arctic drying and an associated decrease in the abun-
dance of emerging aquatic insects may have impacts on 
predator populations that rely on this aquatic subsidy. Wolf 
spiders (Araneae: Lycosidae) are dominant terrestrial arthro-
pod predators in Arctic tundra (Bowden and Buddle 2010; 
Wyant et al. 2011; Bowden et al. 2018; Gillespie et al. 2020) 
that often reside in wet tundra habitats (Böcher et al. 2015; 
Bowden et al. 2018) and are known to consume aquatic 
Diptera (Wirta et al. 2015a, b; Eitzinger et al. 2019). Their 
growth, survival, and reproduction are being impacted by cli-
mate change in various ways. For example, longer growing 
seasons are permitting the production of multiple clutches 
per year (Høye et al. 2020) but may also expose wolf spiders 
to increasing rates of egg sac parasitism (Koltz et al. 2019). 
Climate-induced shifts in wolf spider body size (Høye et al. 
2009) are also expected to affect rates of density-dependent 
cannibalism (Koltz and Wright 2020). Warming-induced 
decreases in freshwater habitat and aquatic insect prey could 
further impact survival, growth, and reproduction, but the 
effects of aquatic subsidies on Arctic wolf spider population 
dynamics have not been explored.

If aquatic insects are an important subsidy to wolf spi-
ders, this may manifest in their abundances, sizes, and 
fecundity varying across the tundra landscape and with the 
timing of aquatic insect emergence. Wolf spiders could have 
an aggregated spatial distribution, with higher abundances 
near freshwater habitats. If an increase in spider abundance 
occurs near freshwater habitats in synchrony with the tim-
ing of aquatic insect emergence, this could reflect an abil-
ity of spiders to move across the landscape in response to 
a resource pulse (Morse 2002). Regardless of patterns in 
abundance and distribution, wolf spiders near freshwater 
habitats may have greater access to food resources (i.e., 
aquatic insects), and thus, females may reach a larger size at 
reproduction and produce larger clutches (Kreiter and Wise 

2001; Puzin et al. 2011) compared to spiders without access 
to aquatic subsidies.

We tested these hypotheses using pitfall trapping to com-
pare the abundance, size, and fecundity of wolf spiders col-
lected near versus far from the margins of shallow tundra 
ponds in western Greenland. Mosquitoes emerge in large 
numbers from these shallow freshwater habitats once a year 
during a two- to four-week period, typically in early June 
(Culler et al. 2015). We have observed wolf spiders consum-
ing mosquitoes at pond margins, and in general, spiders are 
known predators of mosquitoes throughout various stages of 
the mosquito lifecycle (Garcia and Schlinger 1972; Service 
1973; Breene et al. 1988; Perevozkin et al. 2004; Futami 
et al. 2008; Becker et al. 2010, Jackson and Cross 2015). 
Our pitfall trapping covered the periods before, during, and 
after mosquito emergence, which allowed us to determine 
if and how wolf spiders responded to the presence of this 
ephemeral resource.

We paired the pitfall trapping with the use of stable iso-
topes and a lab experiment to confirm and quantify mosquito 
consumption by wolf spiders. The ratios of stable isotopes 
of carbon (13C:12C = δ13C) and nitrogen (15N:14N = δ15N) are 
an indicator of resources base and trophic position, respec-
tively (Post 2002; Boecklen et al. 2011). Spiders that con-
sume aquatic insect prey have δ13C values that more closely 
match those of aquatic versus terrestrial insects (Akamatsu 
et al. 2004) and predators tend to be enriched in 15N rela-
tive to their prey (Post 2002). Thus, if mosquitoes are being 
consumed by wolf spiders, we expected that the δ13C of 
wolf spiders collected near ponds, compared to spiders far 
from ponds, would more closely match the δ13C values of 
mosquitoes. In addition, we expected spiders to be enriched 
in 15N relative to mosquitoes. To test these predictions, we 
measured stable isotope ratios of field-collected wolf siders 
and ran a laboratory feeding experiment to determine how 
mosquito consumption impacted the δ13C and δ15N values 
of wolf spiders.

Methods

Study system

Our study was conducted in tundra near Kangerlussuaq, 
Greenland (Fig.  1). Freshwater lakes and ponds cover 
about 15% of the landscape (Heindel et al. 2015), and a 
recent analysis revealed that these lakes and ponds have 
been decreasing in size and number since the 1960s (Fin-
ger Higgens et al. 2019). Most of these habitats are fish-
less and instead support invertebrate assemblages consist-
ing of crustaceans (Ostracoda, Copepoda, Branchiopoda), 
molluscs (Gastropoda), and insects (Coleoptera, Diptera, 
and Trichoptera; DeSiervo et al. 2020). Diptera, and in 
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particular, mosquitoes (Aedes nigripes Zett; Culicidae), 
emerge in large numbers from a subset of the smaller and 
shallower freshwater habitats in Kangerlussuaq (Culler et al. 
2015, 2018). Mosquito emergence occurs once a year during 
an approximate two- to four-week period, typically in early 
June (Culler et al. 2015). Wolf spiders (Lycosidae) are con-
spicuous in this tundra landscape, including at the margins 
of ponds and on the water surface, but their abundances have 
not been quantified.

We selected three previously studied mosquito ponds, 
referred to as Pond 1, 1b, and 3 to match the names used in 
previous studies (Fig. 1; Culler et al. 2015, 2018; DeSiervo 
et al. 2020). These ponds represent potential areas of high 
aquatic insect resource subsidies for wolf spiders and were 
isolated from other ponds such that it was possible to com-
pare (1) wolf spiders at the pond margin (within 1 – 2 m) 
that were likely to regularly encounter emerging mosquitoes 
(hereafter referred to as the near location) and (2) wolf spi-
ders that were 70 – 100 m from the pond margin that would 
be less likely to encounter emerging mosquitoes from any 
pond (hereafter referred to as the far location, Figure S1, 
Online Resource 1). Although one study showed that wolf 
spiders can move more than 40 m in response to prey avail-
ability (Morse 2002), a mark-recapture study of wolf spider 
movement in Sweden indicated that the average distance 
covered by two Pardosa species during a growing season 
ranged from 7.9 to 45.2 m (Hallander 1967). We assumed 
that spiders would not be regularly moving 70–100 m among 
the near and far locations within the time of our sampling.

Pitfall trapping

To collect spiders for comparison of abundance, size, and 
fecundity near versus far from ponds, we installed pitfall 
traps that passively trapped spiders before, during, and after 
mosquito emergence. At each pond, we installed three pairs 

of pitfall traps within 1–2 m of the pond margin (near loca-
tion) and an additional three pairs of pitfall traps approxi-
mately 70–100 m from the margin of the pond (far location, 
Figure S1, Online Resource 1). At the near locations, we 
placed three replicate pairs of two cups around the pond, 
maximizing the distance between pairs of cups to the best 
extent possible (13–50 m between pairs, depending on the 
pond; for spatial arrangement and coordinates see Figure S1 
and Table S1 in Online Resource 1). At the far locations, we 
installed the three pairs of cups at least 70 m from the mar-
gin of any mosquito pond, with approximation of the spatial 
arrangement of the near cups, and in mixed shrub and grass 
vegetation that was as similar as possible to the near habitat 
(Figure S1, Table S1, Online Resource 1). The two cups in 
each pair were installed ~ 1 m apart.

Each pitfall trap was a plastic cup (5-cm radius, 10-cm 
depth) filled with 300 mL water and a few drops of dish soap 
to break the surface tension. The traps were buried so that 
the rim was flush with the ground such that we collected 
ground-dwelling organisms as they moved around the land-
scape. Traps were installed as soon as the ground thawed in 
2018 (between 19 and 25 May), and contents were emptied 
every 4–7 days until 16 July (10 or 11 sampling dates from 
each site, Table S2, Online Resource 1). On each sampling 
date, the two cups within a pair were combined to produce 
three replicates for each near and far location. Pitfall traps 
are passive traps, so catches were both a function of spi-
der abundance and spider activity, which could be related 
to temperature (Høye and Forchhammer 2008; Saska et al. 
2013). Thus, we also deployed two temperature loggers 
(Hobo, Onset, Bourne, MA, USA) that recorded hourly air 
temperatures at ground level at each pond and location. To 
compare temperatures among sites, we took the average of 
the hourly values recorded by each of the two data loggers 
and then calculated an average of hourly air temperatures 
for the period 25 May–13 July. We also calculated thermal 
sums as an indicator of spider activity (Høye and Forchham-
mer 2008) for each site and location from 25 May to 13 July 
(see Table S2, Online Resource 1) and during each sampling 
period (see Table S3, Online Resource 1) by summing all 
hourly air temperatures above 0 °C and dividing the daily 
sums by 24. On a subset of the sampling dates, we measured 
soil moisture at each site and location (Delta-T HH2 mois-
ture meter, Dynamax, Online Resource 2).

Pitfall samples were sorted in the laboratory, and each 
wolf spider was identified to species. Of the 2360 wolf 
spiders collected, nearly 90% were Pardosa glacialis (see 
"Results"), which became the species of focus for the rest 
of our study. Each individual P. glacialis was classified as 
either male, female, subadult (if clear male/female sexual 
organs were in the process of developing), or immature (if 
no evidence of sex organ development was present, Picka-
vance 2001). We measured carapace width as a metric of 

Fig. 1  Points represent the three study sites near Kangerlussuaq, 
Greenland (star on inset map of Greenland). Map data: Google Earth, 
Image 2018 DigitalGlobe. Modified with permission from Culler 
et al. (2018)
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body size (Hagstrum 1971; Jakob et al. 1996; Bowden et al. 
2013) using a dissecting microscope (Leica MZ12.5). Egg 
sacs within each sample (often disconnected from females) 
were dissected to count the number of developing eggs and 
spiderlings and to note parasitism by ichneumonid wasps 
(Gelis sp.; Koltz et al. 2019), which was indicated by the 
visual presence of wasp eggs, larvae, or pupae.

Data analysis

To test for patterns in abundances of P. glacialis, we fitted 
linear mixed models to our abundance data that included 
pond, location (near versus far), date (as a continuous vari-
able), pond × location, pond × date, and location × date 
as fixed effects, with cup as a random effect (nested within 
pond × location), as possible explanatory variables (proc 
glimmix SAS v9.4). The model also included number of 
days per trapping period (4–7) and thermal sum per trapping 
period (Table S3, Online Resource 1; Høye and Forchham-
mer 2008) as covariates. We fitted models for males and 
females separately. Abundance data were square root trans-
formed prior to analysis, which satisfied the assumptions of 
normality and homoscedasticity of residuals.

To test if spider size (carapace width) varied near versus 
far from ponds and in relation to mosquito emergence, we 
used general linear mixed models that evaluated fixed effects 
of pond, location, date (3 levels), and sex, with cup as a 
random effect (nested within pond × location; proc glm, 
SAS v9.4). We ran separate models for adults, subadults, 
and immatures. For all life stages, the model also included 
the two-way interaction of location × date because we were 
specifically interested in testing if sizes differed over time 
near versus far from ponds. For the adults and subadults, 
the model also included sex × date. The levels of date were 
before mosquito emergence (Sampling Periods 1–4), during 
mosquito emergence (Sampling Periods 5–7), and after mos-
quito emergence (Sampling Periods 8–11, Table S2, Online 
Resource 1).

We also used the trapping data to estimate the expected 
number of progeny produced per female at each pond and 
location, with consideration of the probability of produc-
ing an egg sac, the number of progeny if an egg sac was 
produced, and the incidence of egg sac parasitism. For each 
combination of pond × location, we estimated the proportion 
of females with eggs sacs (and its associated standard error; 
following Cochran 1977) as the slope of a regression (forced 
through the origin) of number of egg sacs versus number of 
female spiders across all trap samples. We restricted these 
analyses to the subset of later season dates at each loca-
tion when most adult females were carrying egg sacs. We 
standardized across sites to the same phenological interval 
in terms of thermal sums (dates 7–10 for ponds 1 and 1b 
and dates 8–11 for pond 3, Table S2, Online Resource 1). 

We similarly estimated the proportion of egg sacs that were 
parasitized at each pond × location. We compared female 
clutch size across study locations by comparing the number 
of eggs plus spiderlings per egg sac with a general linear 
model that included pond and location (proc glm, SAS v9.4).

Stable isotopes

To determine differences in resource base and trophic posi-
tion of wolf spiders, we hand collected 31 adult P. glacia-
lis from among the near (n = 18) and far (n = 13) locations 
at each pond for stable isotope analysis. Each individual 
spider was frozen, dried, ground, and analyzed at the Sta-
ble Isotope Facility at the University of California Davis 
for ratios of stable isotopes of carbon (13C:12C = δ13C, per 
mil enrichment relative to VPDP standard, decarbonation 
was not performed) as an indication of resources base and 
nitrogen (15N:14N = δ15N, per mil 15N enrichment relative to 
atmospheric  N2) as an indication of trophic position (Post 
2002; Boecklen et al. 2011). We tested how values of δ13C 
and δ15N of field-collected P. glacialis varied among ponds, 
locations, and sex using multivariate analysis of variance 
(proc glm; SAS v9.4).

Functional response experiment

We conducted a functional response experiment in June 
2018 to quantify consumption of emerging mosquitoes by 
P. glacialis and how mosquito consumption impacted δ13C 
and δ15N of wolf spiders. The experiment was conducted in 
two small refrigerators (Danby Maitre’D DWC350BLP) set 
to a temperature of 15 °C, the approximate local daytime air 
temperature during the time of the experiment. The refrig-
erators had glass doors that permitted natural lighting from 
the windows in the lab (24 h daylight) and humidity levels 
were not controlled. Eighteen P. glacialis adults (12 females, 
4 males, 2 unknown) were collected from the near location 
at pond 1 (Fig. 1) and housed individually in 20-mL vials 
for 20 h without food to standardize hunger levels. For prey, 
we collected pupae of A. nigripes from pond 1. Pupae were 
used in feeding trials because, as ground-dwelling spiders, P. 
glacialis were observed to hunt and consume newly eclosed 
adult mosquitoes.

Spiders were randomly assigned to six different levels 
of prey density (4, 8, 14, 22, 30, or 40 mosquito pupae; 
#Pupaeinitial). Each spider and its prey were was placed in 
a round 2-L plastic container (18 cm diameter by 11 cm 
height). Approximately 400 mL of pond water was poured 
into the bottom of each container along with 50 g (dry mass) 
of vegetation (Carex spp.) to simulate a natural pond margin 
environment. Midway through the experiment, containers 
were shuffled within and among temperature chambers to 
minimize possible effects of chamber positioning. On the 
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third day (74 h after the experiment started), spiders were 
removed from containers and we recorded how many mos-
quitoes they had eaten by counting the numbers of remaining 
live mosquitoes (adults and pupae), as well as dead pupae 
and exuviae.

For each spider, we calculated the number of prey avail-
able for consumption (Eq. 1) as follows:

where #Pupaeend was the number of pupae that had not 
emerged and thus remained unavailable as prey for the spi-
der. We calculated the number of prey consumed (Eq. 2) as 
follows:

where #Adultsend was the number of adult mosquitoes that 
were alive and thus were not consumed by the spider (Online 
Resource 2). We plotted the number of prey consumed 
(Eq. 2, y-axis) versus the number of prey available (Eq. 1, 
x-axis) and determined the shape of the relationship by fit-
ting both a linear model (estimating the slope with intercept 
set to 0) and type II saturating model (Holling 1959). We 
compared the goodness of fit of each model using Akaike’s 
information criterion (AICc; Anderson 2008).

We analyzed stable isotopes ratios of δ13C and δ15N of 
all spiders used in the experiment and four samples of mos-
quito pupae to test if and how the number of mosquito prey 
consumed impacted δ13C and δ15N of P. glacialis. We fitted 
general linear models (ANCOVAs) that included number of 
mosquitoes consumed, spider sex (male versus female), and 
the interaction of sex with the number of prey consumed as 
explanatory variables (proc glm; SAS v9.4).

Results

Wolf spiders in Kangerlussuaq

We collected a total of 2,360 wolf spiders across the six 
study areas (near and far locations at each of three ponds). 
Most wolf spiders (87.9%) were P. glacialis; 10.8% were 
Arctosa insignita; and 1.3% were P. groenlandica. P. glacia-
lis was ubiquitous in the study area but locally rare at the far 
location at pond 1 (Table S4, Online Resource 1). Similarly, 
A. insignita was found everywhere except at the far location 
at pond 1. Instead, at the far location at pond 1, which was 
the driest and warmest site (Table 1), we collected only 28 
wolf spiders throughout the entire season compared to an 
average of 488 at the other sampling locations. Most of those 
28 spiders were P. groenlandica, a species that was absent 
or at relatively low numbers at all other sites (Table S4, 
Online Resource 1). Further analyses focused exclusively 

(1)Prey Available = #Pupaeinitial − #Pupaeend,

(2)PreyConsumed = Prey Available − #Adultsend,

on P. glacialis because they represented nearly 90% of all 
wolf spiders collected. Most of the P. glacialis captures were 
adults (86%, n = 1,785) and males were caught at nearly a 
3:1 ratio to females (Fig. 2). P. glacialis captures included 
237 immature and 52 subadults (31 females and 21 males).

Abundances of Pardosa glacialis

We did not find evidence of higher abundances of P. glacia-
lis wolf spiders at the margins of ponds compared to the far 
locations (Fig. 2), except at pond 1 where the far location 
contained a different Pardosa species and retrospectively 
appeared to be a different habitat type (Fig. 2, Table S4, 
S5, Online Resource 1). For the remaining two ponds, 
there was no pattern of more spiders near ponds, although 
there was some tendency for more males near pond 3 and 
fewer females near pond 1b (Fig. 2). There was evidence 
of phenological differences in that peak captures occurred 
earlier at pond 1b (Fig. 2, Table S5, Online Resource 1). 
As expected, some variation in trap captures was related to 
number of days per trapping period and thermal sum per 
trapping period (Table S5, Online Resource 1). In all mod-
els, less than 2% of the random variance in trap captures was 
attributable to cup nested within pond × location (Table S5, 
Online Resource 1).

Body size variation

The body sizes of adult, subadult, and immature P. glacialis 
did not vary near versus far from ponds. Across all ponds 
and locations, adult size increased through the season (date: 
F2,1762 = 15.48, p < 0.0001) but patterns varied by sex (date 
× sex: F 2,1762 = 6.64, p = 0.0013): males increased in size 
later in the season whereas females increased in size early in 
the season (Fig. 3). There were no effects of pond, location, 
or date × location on adult size. There was marginal vari-
ation in the size of subadults among ponds: mean ± stand-
ard error = 2.46 ± 0.08 (n = 21), 2.26 ± 0.06 (n = 15), and 

Table 1  The soil moisture (% by volume averaged over multiple 
sampling dates), average of hourly air temperatures, and accumu-
lated thermal sums from 25 May to 13 July recorded at each pond 
and location. Online Resource 2 contains the raw data used for these 
calculations

Pond Location Soil moisture 
(% by vol)

Tempera-
ture (°C)

Thermal sum

1 Near 67.6 10.4 518
Far 12.8 10.8 545

1b Near 57.0 9.3 466
Far 32.1 10.2 514

3 Near 42.3 8.3 416
Far 32.7 8.6 431
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2.16 ± 0.07 (n = 16) mm at ponds 1, 3, and 1b, respectively; 
F2,9 = 4.37, p = 0.05). Carapace width of immatures did not 
vary among ponds, locations, or dates (mean ± standard 
error: 1.65 ± 0.03 mm, n = 237). The random effect of cup 
explained only 3, 7, and 8% of total random variance in size 
of adults, subadults, and immatures, respectively.

Egg sacs and fecundity

The proportion of females with an egg sac was not always 
higher near ponds but the number of immatures per egg sac, 
i.e., clutch size, was 14–20% higher near ponds (Table 2). 
Egg sacs collected at near locations had on average 73 
immatures per egg sac versus 63 from egg sacs at far loca-
tions (F1,73 = 8.16, p = 0.0056, Table  2). There was no 
effect of pond on number of immature spiders per egg sac 
(F2,73 = 0.47, p = 0.63). Pond 1b had the highest proportion 
of females with an egg sac and the lowest proportion of 
parasitized egg sacs compared to ponds 1 and 3. At the near 
location at pond 1b, all females had an egg sac and none 
were parasitized whereas 79% had an egg sac at the far loca-
tion and 10% were parasitized (Table 2). In contrast, at pond 
3, the proportion of females with an egg sac was slightly 
higher at the far location and parasitism rates were similar 
near versus far (Table 2). The near location at pond 1 had 

Fig. 2  The trap abundances of 
male (left panels) and female 
(right panels) Pardosa glacialis 
varied over time and by pond 
and location. Points represent 
the average number of adult 
spiders collected in two cups 
on each date (shown as the 
average of the three sets of two 
cups). Error bars represent ± one 
standard error of the back-trans-
formed means. Shaded areas 
indicate the approximate time 
period during which mosqui-
toes were emerging (Pond 1: 
6/20–7/2; Pond 1b: 6/6–6/15; 
Pond 3: 6/10–6/19)

Fig. 3  The average sizes of Pardosa glacialis adults changed through 
time with variations between females (solid lines) and males (dashed 
lines), but size did not vary among ponds or the near versus far loca-
tions. Points represent the average carapace width of females and 
males (averaged across all Ponds and Locations) ± SE relative to tim-
ing of mosquito emergence (Before, During, or After; see Table S2, 
Online Resource 1). The letters indicate significant differences 
revealed by a post-hoc multiple means comparison test with a Tukey-
Cramer adjustment
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the lowest proportion of females with an egg sac (Table 2). 
The expected number of spiderlings produced by a female 
P. glacialis varied from 27 to 72 (Table 2). In the absence of 
parasitism, being near a pond increased expected spiderlings 
by 44% at pond 1b but did not significantly change expected 
spiderlings at pond 3 (Table 2). Overall, parasitism reduced 
the expected number of spiderlings by up to 24%.

Stable isotopes

The multivariate analysis of variance indicated signifi-
cant variation in the stable isotope values of P. glacialis 
and that the main drivers of this variation were effects of 
pond, location, and sex on δ13C (resource base) but not 
δ15N (trophic position). Individuals from the near locations 
were significantly depleted in 13C compared to far loca-
tions (mean δ13C ± standard error: − 26.7 ± 0.15 (n = 19) 
versus − 25.5 ± 0.22 (n = 12); F1,26 = 20.4, p = 0.0001). 
Spiders collected at pond 1 and 1b were significantly 
depleted in 13C compared to pond 3 (− 26.8 ± 0.30 (n = 6) 
and 26.2 ± 0.17 (n = 13) versus − 25.3 ± 0.18 (n = 12); 
F2,26 = 11.2, p = 0.0003), and females were significantly 
depleted in 13C compared to males (− 26.5 ± 0.14 (n = 21) 
versus − 25.7 ± 0.22 (n = 10); F2,26 = 10.3, p = 0.0035). δ15N 
values ranged from 2.2 to 6.7, but none of the variation was 
explained by pond, location, or sex (F4,26 = 1.2, p = 0.35).

Functional response experiment

Pardosa glacialis individuals consumed between 1 and 9 
mosquito prey per day (Fig. 4) and those that consumed 
more mosquitoes tended to be depleted in 13C (F1,11 = 4.31; 
p = 0.06) and closer to the mean δ13C value (± standard 
error) for mosquitoes (− 33.2 ± 0.24, n = 4; Fig. 5). There 
were no effects of mosquito consumption rate on δ15N, 
but spiders were enriched in 15N relative to mosquitoes 
(mean ± standard error: 4.6 ± 0.16 (n = 15) versus 2.3 ± 0.07 

(n = 4), respectively). During the experiment, two spiders 
died and a third produced an egg sac and so were excluded 
from analysis. For the fifteen that completed the experiment 
(4 males, 11 females), a linear model with the intercept 
set to 0 was a better fit to our data versus a type II model 
(ΔAICc = 2.65, and 10.21 for females and males, respec-
tively). That is, there was no evidence of feeding satura-
tion even at consumption of 9 mosquitoes per day. Females 
consumed 0.71 prey per prey offered per day compared to 
0.31 for males (Fig. 4). Matching our field results, female 
spiders were significantly depleted in 13C compared to males 

Table 2  The total number of female Pardosa glacialis at each pond 
and location from all sampling dates. To standardize for phenologi-
cal variation among ponds, the proportion of females with an egg sac 
(± SE), the proportion of egg sacs parasitized (± SE), and the number 
of immatures per egg sac (eggs or spiderlings, non-parasitized egg 

sacs only) were calculated for sampling dates 7–10 at ponds 1 and 
1b and sampling dates 8–11 and pond 3 (see "Methods"; Table  S2, 
Online Resource 1). Expected spiderlings per female without (w/o) 
and with (w/) parasitism were calculated by multiplying the probabil-
ity of producing an egg sac by the # of immatures per egg sac

Pond Location Total # Females Egg Sacs per Female Proportion of Egg 
Sacs Parasitized

# Immatures 
per Egg Sac

Expected spiderlings per female

w/o parasitism w/parasitism

1 Near 60 0.42 (± 0.05) 0.14 (± 0.11) 76 (± 5) 32 27
Far 0 n/a n/a n/a n/a n/a

1b Near 56 1.00 (± 0.00) 0.00 (± 0.00) 72 (± 4) 72 72
Far 169 0.79 (± 0.08) 0.10 (± 0.05) 63 (± 3) 50 45

3 Near 97 0.57 (± 0.06) 0.17 (± 0.06) 71 (± 3) 40 33
Far 82 0.70 (± 0.06) 0.21 (± 0.04) 59 (± 3) 41 31

Fig. 4  The numbers of emerging mosquitoes consumed by individual 
female (closed circles, n = 11) and male (open circles, n = 4) Pardosa 
glacialis per 24 h varied based on prey availability. The lines are lin-
ear models fit to data for females and males. We found no evidence of 
saturation indicating that female and male spiders could eat upwards 
of 9 and 4 emerging mosquitoes per day, respectively
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(F1,11 = 8.00; p = 0.02; Fig. 5). The slope of δ13C versus the 
number of mosquitoes consumed did not vary for males ver-
sus females (F1,10 = 1.14; p = 0.31). 

Discussion

Collectively, our results indicate limited effects on spi-
der demographics from the resource subsidy of emerging 
mosquitoes. Contrary to the hypothesis of resource subsi-
dies, we found similar abundances and sizes of P. glacialis 
among most of our sites, and there was no indication that 
P. glacialis moved towards ponds to forage for emerging 
mosquitoes. Most females at our sites produced an egg sac 
during the summer, with no consistent differences between 
locations near and far from ponds. One line of evidence 
supporting demographic effects from aquatic subsidies was 
that clutch sizes of P. glacialis females were up to 20% 
larger near ponds versus far from ponds. Furthermore, our 
feeding studies and stable isotope analyses demonstrated 
that P. glacialis consumed mosquitoes in the laboratory 
and field. The ephemeral pulse of food from emerging 
adult mosquitoes could boost fecundity in spiders near 
ponds, but possible confounding effects near versus far 
from ponds include differences in vegetation structure 
and prey community composition. A causal relationship 
between prey consumption and fecundity could be tested 

with measurements of clutch size following experimental 
augmentation of spider diets with aquatic insects. Fecun-
dity data could be combined with estimates of spider sur-
vivorship, immigration, and emigration to quantify demo-
graphic effects of aquatic resource subsidies on landscape 
abundance of P. glacialis in tundra ecosystems.

Both P. glacialis and the second most common species, 
A. insignita, were ubiquitous in the most common habitat 
type of mixed grass and dwarf shrub tundra despite abiotic 
variation among these sites. The ecology of these species 
is, thus, relatively robust to at least some degree of varia-
tion in temperature and soil moisture. At the far location at 
pond 1, wolf spiders in general were less abundant and the 
dominant species was P. groenlandica. This location had 
the lowest percent soil moisture by volume (13%) and more 
closely resembled a dry erosion patch (Heindel et al. 2015), 
conditions that are known to favor P. groenlandica (Böcher 
et al. 2015). Although we matched vegetation types (mixed 
grass and dwarf shrub) at our near and far sites, the far loca-
tion at pond 1 had taller but less dense shrubs compared to 
all other sites. Vegetation structure is known to impact the 
diversity and abundance of tundra arthropods (Rich et al. 
2013), including spiders (Bowden and Buddle 2010; Hansen 
et al. 2016; Avila et al. 2017; Høye et al. 2018) and is a 
possible confounding factor in our study. Although P. gla-
cialis was the most common species of wolf spider found in 
this study, more sampling is necessary to characterize wolf 
spider distributions across the broader tundra landscape in 
Kangerlussuaq.

There was no evidence of increased wolf spider abun-
dances in areas with more mosquitoes. The trap abundances 
of P. glacialis increased consistently between near and far 
sites in early to mid-June, suggesting that activity of P. gla-
cialis is not related to the timing of mosquito emergence. 
Furthermore, trap abundances of P. glacialis were also simi-
lar among ponds and did not track variation in abundances of 
emerging mosquitoes, which were 5X and 2X higher at pond 
3 compared to pond 1 and 1b, respectively (DeSiervo et al. 
2020). Instead, wolf spider activity and abundance are likely 
a function of snowmelt timing, ground thaw, air temperature 
(Saska et al. 2013), solar radiation (Høye and Forchammer 
2008), general prey availability (aquatic and terrestrial), and 
the timing of mating (Høye and Forchammer 2008; Høye 
et al. 2020). Although pond 1 had the warmest air tempera-
tures during our study, it had a later date of ground thaw 
and consequently had a later peak in spider activity. Our 
models also indicated, as expected that thermal sum per trap-
ping period explained some of the variation in our spider 
abundance data. While this was not the focus of this study, 
further analyses (as in Saska et al. 2013) could reveal if 
temperature explains the variation in spider abundances that 
we found throughout the season, such as the second peak in 
abundances found at some of our sites.

Fig. 5  As male (open circles) and female (closed circles) wolf spiders 
(Pardosa glacialis) consumed more mosquitoes, there was a trend of 
depletion in 13C relative to 12C (p = 0.06) but the slope of this trend 
line was not different for males (dashed line) versus females (solid 
line). In general, and consistent with our field sampling, males were 
enriched in 13C compared to females. The dotted line at -33.2 repre-
sents the average δ13C value for mosquito pupae
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Variation in aquatic subsidies among the ponds and loca-
tions was also not related to wolf spider size. Wolf spiders 
are generalists with determinate growth that depends on food 
availability (Miyashita 1968). In our study, the similarity in 
adult size among ponds and locations lends further support 
to the idea that prey were readily available throughout our 
study area. For P. glacialis in Greenland, growing season 
length may be more important in determining adult body 
size than habitat differences (Høye et al. 2009; Høye and 
Hammel 2010). Female spiders at low elevation sites in 
north Greenland (Disko Island) were larger than females 
at high elevation sites (Høye and Hammel 2010) and adult 
P. glacialis from east Greenland (Zackenberg) were larger 
in years with early snowmelt (Høye et al. 2009). However, 
Ameline et al. (2018) found no differences in adult body 
sizes of P. glacialis along an elevation gradient in south 
Greenland. Determining controls on wolf spider growth and 
adult size warrant continued study because larger females 
can produce bigger clutches (Ameline et al. 2018).

The proportion of females that produced an egg sac var-
ied among sites (0.42–1.00), but there was no consistent 
relationship with mosquito availability. Females at pond 1b 
had the highest probability of producing an egg sac, and 
in fact, at the near location, every female we collected had 
produced an egg sac. In contrast, at the near location of pond 
3, where mosquito availability was highest (DeSiervo et al. 
2020), the proportion with an egg sac was only 0.57 (± 0.06) 
and was not significantly different from the proportion with 
an egg sac at the far location (0.70 ± 0.06). Even though we 
accounted for differences in thermal sums among our sites, 
we still expect that phenology and phenological variation 
among sites could explain the patterns we found in the pro-
portion of females the produced an egg sac. First, female 
wolf spiders in Greenland produce egg sacs into the end 
of August (Ameline et al. 2018; Høye et al. 2020) and had 
we continued our sampling, we could have better estimated 
the reproductive success of females over the course of the 
growing season. Second, phenological differences in the 
beginning of the season may have an impact on the timing 
of egg sac production. Although the warmest site (pond 1) 
had the lowest proportion with an egg sac (0.42 ± 0.05), it 
also had a later date of ground and pond thaw and started 
off colder compared to other sites. These factors may have 
delayed spider foraging and mating activity, resulting in the 
lower proportion of gravid females seen during our sam-
pling window. We have no reason to expect that variation in 
the proportion with an egg sac was related to the ability of 
females to find a mate. Males almost always outnumbered 
females (except at the far location at pond 1b) and can mate 
more than once (Vertainen et al. 2000).

Differences in potential fecundity near versus far from 
ponds were apparent when we looked at clutch size, i.e., the 
number of eggs produced per egg sac, suggesting that certain 

abiotic or biotic conditions near ponds may result in greater 
potential fecundity of an individual wolf spider. A similar 
pattern between reproductive output and habitat suitability 
was found in another species of lycosid spider, A. fulvoline-
ata, in France (Pétillon et al. 2009). Egg sacs collected near 
mosquito ponds had 14–20% more eggs (an average of 73 
compared to 63). A recent analysis of the clutch sizes of 
P. glacialis in northeast Greenland also found that females 
in wet areas produced larger clutches (Høye et al. 2020), 
estimating 97 and 75 eggs per egg sac in wet fen versus 
dry health locations, respectively (a 27% increase; Høye 
et al. 2020). We were unable to relate clutch size to female 
body size in our study because nearly all egg sacs became 
detached in the pitfall traps. We would expect female body 
size to impact clutch size because body size is typically 
associated with number of offspring produced (Honěk 1993; 
Brown et al. 2003; Hendrickx and Maelfait 2003; Hein et al. 
2015, 2018), including in P. glacialis in Greenland (Ame-
line et al. 2018; Høye et al. 2020). In addition, there could 
be hidden effects on clutch size if female size impacts the 
probability of producing an egg sac. Female sizes were not 
different near versus far from ponds, so we are unable to 
attribute the variation in the number of eggs per egg sac to 
size differences near versus far from ponds.

Emerging mosquitoes may likely provide an influx of 
easy to capture nutrients during the critical period of egg 
sac production and allow females to produce more eggs per 
egg sac. Studies have shown that the nutrients that a female 
wolf spider consumes in the weeks before and during egg 
sac development go directly into the production of the egg 
sac (Kessler 1971; Rickers 2006). In our functional response 
experiment, the timing of which coincided with the period 
just before wolf spiders produced an egg sac in the field 
(in fact, one of the females produced an egg sac during the 
experiment), spiders consumed up to 9 mosquitoes per day. 
In their natural environment, spiders could consume even 
more mosquitoes than in our feeding experiment, which did 
not offer enough prey to reveal feeding saturation (Holling 
1959). The degree to which wolf spiders preferentially con-
sume emerging mosquitoes versus other prey types is likely 
a function of prey nutritional quality (Greenstone 1979; 
Mayntz et al. 2005; Schmidt et al. 2012), prey size (Henr-
iques et al. 2021), encounter risk (Rendon et al. 2019), and 
the relative abundance of alternative prey (Kuusk et al. 2010; 
Wirta et al. 2015b; Eitzinger et al. 2019). It would be inform-
ative to compare the quality of mosquitoes as spider food 
compared to other prey, and though feeding trials, establish 
causal relationships between diet and fecundity (Toft 1999).

The significant differences we found in δ13C values of 
P. glacialis near versus far from ponds were consistent 
among the three sites and indicated that we were sampling 
populations with different resource bases. The lack of vari-
ation in δ15N values, both in our field-collected spiders and 
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the spiders used in the experiment, suggests that male and 
female P. glacialis in our study area operate at a similar 
trophic position whether they consume many aquatic insects 
or few. At the far locations, P. glacialis had less access to 
mosquitoes. The enrichment of these individuals in 13C 
could reflect the consumption of prey more enriched in 
13C compared to prey near ponds. The depletion in 13C of 
P. glacialis individuals collected at ponds could be due to 
consumption of emerging mosquitoes as was found in our 
lab experiment. Importantly, our functional response experi-
ment showed just how rapidly δ13C values can change in 
response to consuming one type of prey. P. glacialis became 
depleted in 13C after just 74 h of consuming mosquitoes. 
One alternative explanation for the depletion in 13C of indi-
viduals near ponds is decreased cannibalism and intraguild 
predation (Koltz and Wright 2020); however, there was no 
evidence that P. glacialis near ponds held a lower trophic 
position. We did find that spider sex explained some varia-
tion in δ13C in both the field-collected individuals and the 
lab experiment. This suggests different resource bases for 
males versus females; however, we note that male spiders 
were less represented in the field and laboratory study and 
that this small sample size could be influencing our statisti-
cal results. Studies of feeding ecology using DNA barcoding 
(e.g., Wirta et al. 2015a; Eitzinger et al. 2019) are reveal-
ing that wolf spiders are generalists and eat terrestrial and 
aquatic prey. However, the proportions of their diet coming 
from different sources remains unknown. Further analysis 
of variation in prey community composition and the δ13C of 
different prey taxa near versus far from tundra ponds would 
help to confirm the relative importance of aquatic insects 
to the diets of P. glacialis and other Arctic wolf spiders in 
Kangerlussuaq.

The presence of P. groenlandica and absence of A. 
insignita and P. glacialis at the far site at pond 1, which 
has characteristics of future drier and warmer Arctic 
conditions, suggest that continued climate change in the 
Kangerlussuaq area may favor dry-tolerant species such 
as P. groenlandica. P. glacialis¸ the most common spe-
cies in our study, may experience decreased fecundity in 
upland sites due to reduced aquatic subsidies or other fac-
tors, but drier conditions may also limit egg sac parasitism 
by wasps (Koltz et al. 2019). Although we did not find 
consistently lower rates of egg sac parasitism at our far 
sites in 2018, rates of egg sac parasitism in Kangerlus-
suaq in 2017 were lower in dry sites (Koltz et al. 2019). 
We found that parasitism can reduce the expected number 
of spiderlings produced per female by up to 24% and is, 
therefore, a potentially meaningful factor in spider popula-
tion dynamics. We do not have comparable size, fecundity, 
and parasitism data for A. insignita or P. groenlandica, 
the other two wolf spiders found in Kangerlussuaq. There 
would be value in comparing the traits of multiple wolf 

spider species that co-occur in the same area (e.g., Ame-
line et al. 2018) and how they are shaped by environmental 
variation in space and time.

Freshwater and terrestrial habitats in Greenland are 
indeed linked through spider consumption of emerging 
aquatic insects (Wirta et al. 2015a; Eitzinger et al. 2019), 
but the consequences for mosquito and spider populations 
are not yet fully described. This is a previously unquanti-
fied source of mortality for Arctic mosquitoes, which are a 
notable pest of humans and wildlife (Joly et al. 2020) and 
whose abundances and population dynamics are shaped by 
abiotic change and species interactions (Culler et al. 2015, 
2018; DeSiervo et al. 2020). For wolf spiders, we were 
only able to establish a correlative relationship between 
proximity to aquatic subsidies and the fecundity of P. 
glacialis. Confounding factors include differences in veg-
etation structure, soil moisture, and the soil invertebrate 
community that provides important food resources for 
Arctic wolf spiders (Koltz et al. 2017). Regardless of the 
mechanism, spiders are conspicuous and abundant arthro-
pods in Arctic terrestrial ecosystems and any change to 
their population dynamics has the potential to affect birds 
(Wirta et al. 2015b) and other potential spider predators, 
arthropod community composition (Koltz et al. 2018a), 
and ecosystem functions such as decomposition (Koltz 
et al. 2018b). Understanding how cross-system linkages 
and related ecological processes are shaped by climate 
change is central to anticipating consequences for the 
broader tundra ecosystem.
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