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Abstract

Freshwater habitats in Arctic landscapes provide essential food resources to predaceous terrestrial fauna. However, climate
change threatens the continuation of aquatic resources as increased temperatures prompt widespread drying. We investi-
gated how declines in surface waters in the Arctic may have implications for the diets of the wolf spider Pardosa glacialis
(Araneae: Lycosidae), an abundant top predator in western Greenland known to consume both aquatic and terrestrial prey.
We estimated the abundance of ground-dwelling prey taxa near and far from shallow ponds to compare resource avail-
ability for P. glacialis. We also measured the stable isotopes ratios of carbon and nitrogen of potential prey taxa and used
linear mixing models to estimate the relative proportions of aquatic and terrestrial prey in the diets of P. glacialis collected
near ponds versus drier, upland locations. Overall, near ponds there was a 3.7 times greater abundance of ground-dwelling
organisms compared to locations far from ponds. Near ponds, depleted 8'°C values of P. glacialis compared to the upland
locations were explained by the consumption of aquatic insects, which were relatively depleted in '*C compared to terrestrial
ground-dwelling and canopy taxa. Our linear mixing model indicated that the mean relative contribution of aquatic taxa to
the diets of P. glacialis at pond locations was ~23% versus ~0% at upland locations, though these results were accompanied
by significant uncertainty. Our results emphasize the importance of Arctic ponds in providing habitat to potential prey of
terrestrial predators. We highlight how climate change, and the continued disappearance of aquatic habitats, could disrupt
critical linkages between aquatic insects and terrestrial predators.

Keywords Stable isotope analysis - Wolf spiders - Greenland - Climate change - Aquatic-terrestrial linkages - Resource
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Introduction

This article belongs to the special issue on the “Pathways and
impacts of biotically-mediated marine and other stored nutrient ‘ 3 -
transfer between polar ecosystems”, coordinated by Peter Convey, of the globe due to Arctic amplification (Rantanen et al.

Katarzyna Zmudczyriska-Skarbek, and Stef Bokhorst. 2022), a trend that is correlated with large-scale drying of
surface waters, including lakes and ponds (Finger Higgens
et al. 2019; Webb et al. 2022). Research has documented a
21% decrease in the number of lakes in a region in West-
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life (Culp et al. 2022) and provide water and food resources
to communities throughout the Arctic (Knopp et al. 2022
and refs therein). The input of terrestrial organic matter into
these freshwater systems is also increasing in some parts of
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the Arctic (Hobbie et al. 1999; Crump et al. 2003; Prowse
et al. 2006), which, coupled with changes in surface area, is
affecting the role they play in carbon cycling. Earlier arrival
of spring due to warming temperatures is also advancing
the timing of ice melt on freshwater lakes and ponds (Visser
and Holleman 2001; Cooper et al. 2014; Culler et al. 2015),
which changes the phenology of aquatic species and their
interactions in the broader Arctic ecosystem (Culler et al.
2015).

Abiotic changes, such as increasing temperatures and sub-
sequent pond drying, are producing changes in freshwater
food webs by modifying the distributions and abundances of
plants, arthropods, and fish (Culp et al. 2022). This addition-
ally impacts terrestrial predators that consume aquatic prey
such as emerging insects (Murakami and Nakano 2002; Sabo
and Power 2002; Sanzone et al. 2003; Paetzold et al. 2005).
In the Arctic, aquatic insects can emerge in large numbers
during short 2- to 4-week periods (Culler et al. 2015; Laske
et al. 2021). After emergence, adult aquatic insects such as
mosquitoes display an affinity for shallow ponds and lake
margins where they oviposit (Danks and Corbet 1973;
DeSiervo et al. 2022). Birds such as red-necked phalaropes
build their nests on these shallow ponds where they have
easy access to immature and adult aquatic insects as food
(Culler, personal observation). Nutrient rich aquatic insects
are consumed in many ecosystems by terrestrial arthropods,
providing a linkage of nutrients between aquatic and terres-
trial systems (Akamatsu et al. 2004; Kato et al. 2004; Krell
et al. 2015). In addition, terrestrial predators also consume
ground-dwelling soil invertebrates such as collembola (Eitz-
inger et al. 2019) that benefit from the high soil moisture
levels found adjacent to freshwater habitats (Verhoef and
Van Selm 1983; Kaneda and Kaneko 2011).

Notably, the extent to which terrestrial arthropod preda-
tors rely on food resources provisioned by freshwater habi-
tats has not been thoroughly quantified. The spider Pardosa
glacialis (Araneae: Lycosidae), a top predator in Western
Greenland, is considered to have a diverse diet, consum-
ing multiple prey items including emerging aquatic insects,
herbivores, ground-dwelling detritivores, soil invertebrates,
and conspecifics (Wirta et al. 2015; Eitzinger et al. 2019).
A recent study found some evidence that freshwater habitats
provide essential food resources for P. glacialis (Araneae:
Lycosidae) in western Greenland (Culler et al. 2021). Wolf
spiders near ponds had larger clutches (Culler et al. 2021),
which could result from access to abundant resources in the
form of emerging aquatic insects or higher abundances of
soil invertebrates during critical periods of reproduction. If
trophic connections between insectivorous terrestrial fauna
like P. glacialis and freshwater and adjacent food webs
are in fact critical, declines in surface waters in the Arctic
may have profound implications for the broader terrestrial
ecosystem.
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Stable isotopes are a useful tool for elucidating aquatic
and terrestrial food web linkages and the diet composition
of terrestrial predators (Bastow et al. 2002; Akamatsu et al.
2004). Carbon has multiple isotopes, including '*C and '*C.
The ratio of heavy to light carbon (B3C:120), also termed
8'3C (per mil enrichment of 'C relative to a standard), is a
signature that can be used to determine sources of carbon,
as 813C is incorporated by consumers at about the same ratio
as their resource base (Post 2002; Boecklen et al. 2011). The
ratio of heavy to light nitrogen, (ISN:MN), also termed 5"°N,
is a signature that reflects the trophic position of organisms
(Post 2002; Boecklen et al. 2011). Ratios of nitrogen iso-
topes in consumers become enriched from their resource
base, which allows for the resolution of predators versus
prey based upon their §'°N signature (Vander Zanden and
Rasmussen 2001; Post 2002). Thus, the stable isotope sig-
natures of carbon and nitrogen of an organism reflect what
they eat. 8'°C and 8'N values also vary between aquatic and
terrestrial prey (e.g., Akamatsu et al. 2004). These values
can be incorporated into linear mixing models, a quantita-
tive method based on mass balance equations (Phillips and
Gregg 2003), to quantify the relative proportion of different
sources to an organism’s diet such as the proportional contri-
bution of aquatic versus terrestrial insect prey (Bastow et al.
2002; Akamatsu et al. 2004).

The use of stable isotopes and linear mixing models to
identify current trophic linkages presents an opportunity to
help predict how the diets of terrestrial predators may shift
with Arctic drying. We worked in western Greenland, where
the surface area of freshwater ponds has declined by 15%
in the past 50 years (Finger Higgens et al. 2019), to inves-
tigate the relative contributions of aquatic versus terrestrial
prey in the diets of a dominant wolf spider species, Par-
dosa glacialis. In a preliminary study from three sites in
Kangerlussuaq, Greenland in 2018, we found that P. glacia-
lis collected near freshwater tundra ponds were significantly
depleted in '*C compared to P. glacialis collected at paired
upland locations with no ponds in proximity (Fig. 1; Culler
et al. 2021). This suggested consumption of different food
resources, €.g., more aquatic insects by spiders that forage
near tundra ponds. Alternatively, the depletion in '*C of P.
glacialis collected near ponds may be found if all prey taxa
in that location, not just the aquatic insects, are also depleted
in 13C. This would suggest that the diets of P. glacialis may
be relatively robust to changes in freshwater habitats. Other
factors, such as the relative abundances of soil invertebrates
near versus far from ponds, may also play a role in observed
differences in P. glacialis reproductive metrics (Culler et al.
2021).

We tested these hypotheses by (1) quantifying the relative
abundances of ground-dwelling soil invertebrates near ponds
and at adjacent upland habitats, and (2) measuring the stable
isotopes ratios of carbon and nitrogen in P. glacialis and in
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Fig. 1 Pardosa glacialis 8'3C
values (x axis) and 8"°N values

2018

2019

(y axis) in samples collected

in 2018 (left, reproduced from

Culler et al. 2021) and 2019

(right). P. glacialis from the 6
pond locations were signifi-

cantly depleted in *C compared

to upland locations (F, 4;=23.9, "
p<0.0001), and 8'3C values did 5 ‘
not vary by year (F, ;;=0.02, -
p=0.9). Location (F; 4,;=0.89,
p=0.35) and year (F, 4;=0.18,
p=0.68) did not have sig-
nificant effects on 8'°N values.
Small squares are individuals
from the pond (brown) and
upland (orange) locations.
Circles are the mean values for
the pond (brown) and upland
(orange) locations with error
bars representing + 1 standard
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the main groups of arthropods that could serve as prey for
P. glacialis in western Greenland. We considered aquatic,
ground-dwelling, and canopy arthropods and tested if their
8!3C and 8'°N values varied across three sites and between
pond and upland habitats to elucidate the diet of P. glacialis
in wetter versus drier Arctic conditions. By deciphering the
diet of this top predator across habitats, we aimed for better
understanding how a warming, drying Arctic may alter its
consumption patterns, impacting the flow of nutrients in a
critical food web.

Methods
Study site

Field work was conducted in the tundra surrounding Kanger-
lussuaq, Greenland (67.01° N, 50.72° W) (Fig. 2) from 17
June to 20 July 2019, a period of time that coincides with
peak arthropod activity and mosquito emergence (Culler
etal. 2015, 2021). This area features low-lying shrubs (dwarf
birch (Betula nana) and grey willow (Salix glauca)) and
grasses adjacent to numerous smaller ponds and large fresh-
water lakes (Fig. 1, Heindel et al. 2015) that have overall
been decreasing in extent since the 1960s (Finger Higgens
et al. 2019). A 40-km road from the town of Kangerlussuaq
to the margin of the Greenland Ice Sheet permitted access
to field sites (Figs. 2, S1, Online Resource 1).

We selected three sites (Pond 1, Pond 1b, and Pond 3b;
Fig. 2) that each had a shallow pond and were close to sites
used previously by our research group (Fig. S1, Online

2429 28  -27 26  -25 24

§'3c

26  -25

Resource 1; Culler et al. 2015; DeSiervo et al. 2020; Culler
et al. 2021). Each site had two locations: the margins of the
pond and an upland location approximately 70—100 m away
from the pond that was also separated by the road (Fig. S1,
Online Resource 1).

Arthropod sampling overview

We used pitfall traps, sweep net sampling, soil extractions,
and emergence traps from 24 June 2019 to 12 July 2019 to
collect arthropods that could serve as prey for P. glacialis
(Fig. 3). Potential prey were determined based on our field
collections and previously known information about the
feeding ecology and diets of P. glacialis (Wirta et al. 2015;
Eitzinger et al. 2019). Previous studies have established that
P. glacialis is known to consume multiple prey items includ-
ing emerging aquatic insects, herbivores, detritivores, and
conspecifics (Wirta et al. 2015; Eitzinger et al. 2019). We
also hand-collected P. glacialis individuals between 24 June
and 12 July from each of the locations (pond and upland) at
each of the three sites.

Composition and relative abundances
of ground-dwelling prey

To collect, identify, and quantify potential ground-dwell-
ing arthropod prey, we installed three pairs of pitfall traps
at each pond and upland location at each site (Fig. S1,
Online Resource 1). Three pairs were placed approxi-
mately equidistant along the margins of the pond (Fig. S1,
Online Resource 1). At the upland sites, pairs of traps
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Fig.2 Locations of the three sampling sites: Pond 1, 1b, and 3b near
Kangerlussuaq, Greenland (67.01° N, 50.72° W). Inset map shows
the sampling procedure at each site, in which we installed three sets

Fig.3 The four techniques used
to collect arthropods that could

Pitfall trap p

serve as prey for P. glacialis. Mite Springtail
Ground-dwelling prey were Spider Beetle larvae
collected and quantified in Shore fly

pitfall traps, aquatic prey using
sweep nets and emergence traps,
and canopy prey using sweep
nets. Ground-dwelling prey
were extracted using Burlese
(Tullgren) funnels to expose
soil samples to an overhead heat
source. All captures were sorted
to the lowest practical taxo-
nomic unit and counted. Created
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Springtail
Beetle larvae

were placed randomly within similar vegetation of mixed
grasses and dwarf shrubs. The two traps in a pair were
spaced approximately 1 m apart. Each trap was a yellow
plastic cup (5-cm radius, 10-cm depth) filled with water
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and a mild soap mixture. Due to their color, yellow cups
may attract greater abundances of pollinating insects, such
as bees and flies, potentially providing a bias for these taxa
in our abundance data (Buchholz et al. 2010). However,
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we were primarily focused on ground-dwelling arthropods
for which the color yellow is not likely to bias catches.
Traps were installed on 24 June 2019 and sampled every
7 days until 12 July 2019 for a total of three collections
(n=108 traps). At each collection, we emptied the con-
tents of each pair of pitfall traps into a container with 70%
ethanol for storage. Pitfall samples were sorted in the lab,
and all arthropods were counted and identified to the low-
est practical taxonomic unit.

To assess if the composition of potential ground-dwell-
ing arthropod prey varied among sites and between pond
and upland locations, we conducted a MANOVA to test
the effects of site (1, 1b, or 3b), location (pond or upland),
and site * location on the abundances of the most common
ground-dwelling taxa from the pitfall traps (proc glm, SAS
v 9.4). We summed the total number of individuals of each
taxon collected through the season in each replicate pair
of traps and used a log(x + 1) transformation to normalize
data prior to analysis. We also measured soil moisture at
our sites to investigate relationships between soil moisture
and ground-dwelling prey. At the second (7 July 2019) and
third (12 July 2019) pitfall collection, we measured the
soil moisture at each cup at each site’s near and upland
locations (Delta-T HH2 moisture meter, Dynamax, Online
Resource 2). From the soil moisture readings, we calcu-
lated the average soil moisture for each site’s near and
upland location.

Additional prey collection

In addition to the quantitative pitfall sampling and analysis
(described above), we aimed to identify additional prey taxa
within aquatic and canopy habitats that would not easily be
captured in a pitfall trap but may serve as a food resource
for P. glacialis. We collected sweep net samples to identify
potential prey taxa at each pond and upland habitat on 26
June, 1 July, and 12 July 2019. A sweep net sample typically
consisted of approximately 3 min of sweeping the dominant
vegetation type. Aquatic prey were further collected oppor-
tunistically by checking emergence traps that were installed
on each of the three ponds. Additional potential prey from
the soil community were identified by collecting 30X 30 cm
cubes of soil from each near and upland location at each site
repeatedly over the season (n=18 cubes). Soil samples were
placed in Berlese (Tullgren) funnels with an overhead heat
lamp for 12-24 h, which drove the arthropods out of the
soil and downwards into a plastic collecting cup. Extractions
were run a total of seven times. Due to time constraints, we
were unable to quantify the density of prey collected using
sweet nets, emergence traps, and Berlese (Tullgren) funnels.
All arthropods from sweep, emergence, and extraction sam-
ples were frozen and later identified in the lab.

Stable isotope sample preparation and analysis

We prepared replicate samples of P. glacialis (n=15 and
n="7 from pond and upland locations, respectively) and
three replicate samples of each of 12 potential prey taxa
from each location (pond or upland) from each site (1, 1b,
or 3b) for stable isotope analysis. Springtails (Entognatha:
Collembola) and beetle larvae (Insecta: Coleoptera) required
pooling samples across sites and locations to reach the
desired total biomass for stable isotope analysis. For smaller
organisms, individuals were combined to reach ~ 1.0 mg and
packaged in foil tins. Individual specimens over 1.0 mg were
ground and reduced to 1.0 mg before packaging. 181 sam-
ples of P. glacialis and potential prey were sent to the Stable
Isotope Facility at the University of California, Davis, for
analysis of 8!°C and 8'°N.

We used linear mixed models to test if '3C and §'°N
of P. glacialis varied among the years of collection (2018
and 2019), pond and upland locations, and the interaction
of year and location, including site as a random effect (proc
mixed, SAS v 9.4). All other analyses were conducted with
data collected in 2019 only. To test if the stable isotope sig-
natures of prey taxa varied across sites and locations (pond
or upland), we conducted a multiway analysis of variance
(MANOVA) to test the effects of site (1, 1b, or 3b), location
(pond or upland), and taxa on the 8'*C and 8'°N values of
potential prey (proc glm, SAS v 9.4). The model included
an interactive effect of taxa and location. We conducted an
additional MANOVA to test if prey from the three habi-
tats varied significantly in their §'°C and 8'°N values (proc
glm, SAS v 9.4). For both MANOVAs, we conducted post-
hoc multiple means comparison tests with a Tukey-Cramer
adjustment when appropriate. Some taxa were excluded
from the MANOVAs due to a lack of replication.

Biplots of 8'C versus 8'°N values of all taxa were cre-
ated for each site to examine the alignment of signatures of
P. glacialis with their potential prey. In addition, we used a
three-source carbon and nitrogen isotope mixing model, Iso-
Error, version 1.04 (Phillips and Gregg 2001), to determine
the contribution of aquatic, ground-dwelling, and canopy
prey sources to the diet of P. glacialis at the pond versus
upland locations (all sites combined). The equations were:

613CPAglm'izllix = & = fuquaric (613Caquati(’) + foround (513Cgmm1d) +f(’am)py(§]3Ccmmpv)
EISNP.glarmlu —a :faqum[( (515Naqual[r) +fgmu»td (515Ngmmd) +franopy({SISNmnup,\‘)
1= faquatic * Teround + Feanopy

ey
where fis the mean proportion of each source in P. glacialis
(the “mixture”), and a is the isotope fractionation coefficient
during the feeding process, which we assumed to be + 1.0%o
and + 3.4%o between spiders and their food sources for car-
bon and nitrogen, respectively (DeNiro and Epstein 1978,
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1981; Minagawa and Wada 1984; McNabb et al. 2001; Van-
der Zanden and Rasmussen 2001; Oelbermann and Scheu
2002; Akamatsu et al. 2004). When f was estimated to be
less than O for any given source by Eq. (1), we removed
that source from the model (f=0). The inputs to the model
included the mean 8'3C and 8'N isotopic signatures, stand-
ard deviations, and sample sizes for P. glacialis at either the
pond or upland locations (2019 data only, the “mixtures”)
and the mean 8'°C and 8"°N isotopic signatures, standard
deviations, and sample sizes of prey individuals from the
aquatic, ground-dwelling, and canopy habitats (2019 data,
the three sources). The §'°C and 8'°N isotopic signatures
for prey individuals from each habitat were calculated by
taking the average across all prey samples within each habi-
tat, without weighting for relative abundance as this was
not possible given our sampling effort, nor was it necessary
input into the mixing model. We did not include P. glacia-
lis as a potential source in this mixing model even though
some studies report evidence of cannibalism (e.g., Koltz and
Wright 2020).

Results
Spider and prey composition

From the pitfall trap, sweep net, emergence trap, and soil
extraction sampling, we identified 12 taxa as potential
prey, representing ground-dwelling, aquatic, and canopy
habitats. We also confirmed that P. glacialis was the most
common arthropod predator. Of the 5811 individuals col-
lected in the pitfall traps, 326 were wolf spiders (Lycosidae,
Arachnida: Araneae). P. glacialis was the most collected
(87.3%) followed by Arctosa insignita (11.8%) and P. groen-
landica (0.9%) (Fig. S2). 105 individuals were from six
other families of Araneae (Theridiidae, Thomisidae, Lin-
yphiidae, Philodromidae, Dictynidae, and Gnaphosidae)
(Fig. S2). Of the remaining 5,485 individuals, 96% were in
one of five ground-dwelling arthropod groups (Fig. 4), all
of which were considered potential prey taxa for P. glacia-
lis based on their previous studies (DeSiervo et al. 2020;
Culler et al. 2021; Wirta et al. 2015): mites (Arachnida:
Acari, n=2678,49% of all individuals), springtails (Entog-
natha: Collembola, n= 1356, 25% of all individuals), shore

Fig.4 The abundance (per 1000 4
pair of traps) of the five most B Pond
abundant ground-dwelling &1 Upland
prey—mites, collembola, shore 100 A — T T o
fly adults, small or immature T x T 1 o
spiders, and beetle larvae—col- T 1 i >
lected at each site at the pond 104 T T o
(brown) and upland (orange) I J_ 1 —
locations. Total abundance g
(all taxa combined) is also 8 14
shown on the right. Abundance ©
is shown using a log(n+ 1) : 1000
transformation. Error bars are o T
the back-transformed standard E L
-
errors. The y-axes are scaled the S 100- =i
same for comparative purposes © T g
o T 1 -
% =F I I b o e J_ o
o} 1 O T = —
T
5 I o
Ko}
<C 1 4
>
(0]
S
o
~ 1000 1
(@)
o
-
100 4 )
I T T - o
1 |ppe T a
107 T . 1 W
1 T O
N - |
Beetle Mite Shore fly ~ Spider  Springtail Total
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flies (Ephydridae, Insecta: Diptera, n=1502, 9% of all indi-
viduals), smaller/immature spider individuals (Arachnida:
Araneae, n=377, 7% of all individuals), and beetle larvae
(Insecta: Coleoptera, n=373, 7% of all individuals). Mites,
springtails, and beetle larvae were also collected in the soil
extraction samples. Three potential aquatic insect prey that
were commonly collected in sweep nets and emergence traps
in 2019 included adult mosquitoes (Culicidae), adult midges
(Chironomidae), and adult caddisflies (Trichoptera). Cater-
pillars (Lepidoptera), leafhoppers (Cicadellidae), jumping
plant lice (Psyllidae), and seed bugs (Lygaeidae) were the
commonly collected potential canopy prey in the sweep nets
and pitfall traps.

Composition and relative abundances
of ground-dwelling prey

The abundances of the five ground-dwelling prey taxa
varied significantly among sites and locations (pond vs.
upland), with an overarching pattern that the pond locations
had 3.7 times as many ground-dwelling individuals as the
upland locations (Fig. 4). The overall MANOVA indicated
a significant interaction of site and location on abundance
(Wilks’ Lambda=0.06, F,4=5.12, p=0.002), and this
was driven entirely by patterns found in the mites, which
were significantly more abundant at the pond location at
Pond 1b and 3b but not at Pond 1 (£}, ,=9.93, p=0.003).
Location was a significant predictor of ground-dwelling
arthropod abundance in the overall MANOVA (Wilks’
Lambda=0.15, Fsg= 9.03, p=0.004), attributable to
higher relative abundances of springtails (F j,=12.42,
p=0.004), shore flies (Fi1p=21.17, p= 0.0006), beetle
larvae (F ,=9.37, p=0.01), and mites (F; ,=18.57,
p=0.001) at the pond locations, where soil moisture tended
to be higher (23.4-82.0%) compared to the upland sites
(2.5-38.5%). There was no difference in abundances among
locations of the smaller/immature spiders (F ;,=0.20,
p=0.66). Site was also a significant predictor of ground-
dwelling arthropod abundance in the overall MANOVA
(Wilks’ Lambda=0.14, Fy; ;4=2.65, p=0.04). This was
driven by patterns in springtails (F, ;,=9.82, p=0.003),
which were significantly lower in abundance at Pond 3b,
and mites (F, ;,=4.98, p=0.03), whose abundances varied
significantly among the three sites (Fig. 4).

Variation in stable isotopes of Pardosa glacialis

Across 2018 and 2019, the mean (+SD) values of §'3C
for P. glacialis were significantly lower at the pond loca-
tions (— 26.71 +£1.09) compared to the upland locations
(= 25.61+£0.94; F ,7=23.90, p<0.0001; Fig. 1) with no
variation explained by year (F 4;=0.02, p=0.90) and no
interactive effect of year and location (F 4;,=0.31, p=0.58).

Location (F 4;=0.89, p=0.35), year (F| 4;=0.18, p=0.68),
and the interaction (F; 4,;=0.08, p=0.78) did not have sig-
nificant effects on 8'°N values (4.9 + 1.0 across years and
locations; Fig. 1).

Variation in stable isotopes of prey

Stable isotope signatures of potential prey did not vary
between pond and upland locations, but taxon was a
significant predictor of 8'°C and 8'°N values (Wilks’
Lambda=0.21, Fg,03=13.48, p<0.0001), as was site
(Wilks’ Lambda=0.46, F/; ,,4=28.83, p<0.0001). This was
attributable to significant differences in §'°C (Fy ;os=2.72,
p=0.007) and 8N (Fy 145 =32.63, p<0.0001) among the
potential prey taxa (Tables 1, 2) and significant differences
in 8'°C (F,54,=7.21, p=0.001) and 8"N (F, ,,=57.17,
p <0.0001) among taxa from the aquatic, ground-dwelling,
and canopy habitats (Table 3). Aquatic taxa were signifi-
cantly less enriched in '*C compared to ground-dwelling
(»=0.01) and canopy taxa (p=0.001; Tables 1, 3; Fig. 5).
Canopy taxa were significant less enriched in'>N com-
pared to aquatic (p <0.0001) and ground-dwelling taxa
(»<0.0001; Tables 2, 3; Fig. 5). Due to the necessary pool-
ing of springtail and beetle larvae samples to produce suf-
ficient samples for stable isotope analysis, we lacked repli-
cates for these taxa in our overall analysis. However, we note
that their 8'°C signatures were approximately equal to those
of other ground-dwelling taxa including smaller spiders and
mites (Table 1).

Compared to other ground-dwelling taxa, beetle larvae
were relatively enriched, and springtails were relatively
depleted in >N (Table 2), indicating different trophic lev-
els within the ground-dwelling community. Site was also a
significant predictor of §'°C and §'°N values in the overall
MANOVA (Wilks’ Lambda=0.88, F; ,03=3.39, p=0.01)
but this was driven entirely by patterns in §'*C (F. 2.105=4.55,
p=0.01). Prey were significantly enriched in *C at Pond 3b
(-26.6 +0.38) compared to Pond 1 (— 27.8+0.38) and Pond
1b (— 28.0+0.44), likely due to aquatic taxa, and especially
adult midges, collected at Pond 3b that were significantly
enriched in >C compared to those from other locations
(Fig. 5). The overall MANOVA indicated no effect of loca-
tion (Wilks’ Lambda=0.97, F, jo,=1.45, p=0.24) and no
interaction between taxa and location (Wilks’ Lambda=0.92
F5503=0.46, p=0.97) on §°C and "N values.

Mixing model results and biplot analysis

Visual examination of the biplots and the mixing models
provided two lines of evidence that feeding on aquatic
insects at the pond locations may explain the depleted
8!3C values of P. glacialis compared to upland location
(8"Cpopa=— 26.6+0.3 (SE), 8" Cyjjppa=— 26.0£0.3
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Table 1 The §'3C values of 12 potential prey taxa from the aquatic (black shading), canopy (white shading), and ground (grey shading) habitats.

Habitat Order Family Common Name and Life Stage n Mean8'3C SE Tukey's
Aquatic Trichoptera Caddisfly adults 11 -31.0 12 A
Aquatic Diptera Culicidae Mosquito adults 14 -285 0.6 AB
Canopy Lepidoptera Caterpillars 16 -279 0.6 AB
Ground Acari Mite adults 22 -278 0.5 AB
Ground Coleoptera Beetle larvae 2 -27.4 0.1
Ground Collembola Springtail adults 6 -274 0.1
Ground Araneae Spider immatues 13 -273 0.6 AB

- Aquatic Diptera Chironomidae Midge adults 14 =272 0.7 AB
Canopy Hemiptera  Psyllidae Plant lice adults 4 -27.1 1.3 AB
Canopy Hemiptera Lygaeidae Seed bug adults 10 -265 0.7 AB
Ground Diptera Ephydridae Shore fly adults 12 -262 0.8 B
Canopy Hemiptera Cicadellidae ~ Leafhopper adults 11 =255 0.7 B

Data are sorted in ascending order of 8'3C values (depleted to enriched). Beetle larvae and collembola were excluded from the overall analysis
due to lack of replicates. The order, family, and common name, when known, are given for each taxon (Collembola is a subclass). The number
of individuals analyzed for 8'3C (n) as well as the mean 8'C signature (mean), standard error (SE), and post-hoc test result (Tukey’s) indicating
statistically similar groups with shared letters are shown in table

Table 2 The §'3N values of 12 potential prey taxa from the aquatic (black shading), canopy (white shading), and ground (grey shading) habitats

Habitat Order Family Common Name and Life Stage n Mean 35N SE Tukey's
Canopy Lepidoptera Caterpillars 16 -42 04 A
Canopy Hemiptera  Psyllidae Plant lice adults 4 -2.7 1.0 A
Ground Collembola Springtail adults 6 0.3 0.2
Canopy Hemiptera Cicadellidae  Leathopper adults 11 0.9 05 B
Canopy Hemiptera Lygaeidae Seed bug adults 10 1.1 05 B
Aquatic Trichoptera Caddisfly adults 11 1.7 09 BC
Ground Acari Mite adults 22 2.5 04 BC
Ground Diptera Ephydridae Shore fly adults 12 29 05 BC
Ground Araneae Spider immatues 13 3.0 0.5 BC
- Aquatic Diptera Culicidae Mosquito adults 14 3.7 04 C
Ground Coleoptera Beetle larvae 2 3.8 2.1
- Aquatic Diptera Chironomidae Midge adults 14 39 05 C

Data are sorted in ascending order of 8'°N (depleted to enriched). Beetle larvae and collembola were excluded from the overall analysis due
to lack of appropriate replicates. The order, family, and common name, when known, are given for each taxon (Collembola is a subclass). The
number of individuals analyzed for 8'°N (n) as well as the mean 8'°N signature (mean), standard error (SE), and post-hoc test result (Tukey’s)
indicating statistically similar groups with shared letters are shown in table

(SE); Table 3, Fig. 1). Aquatic insects indeed had lower  aquatic taxa to the diets of P. glacialis at pond locations
8'3C values compared to the ground-dwelling and canopy ~ was estimated to be 23.1%, although we note that the 95%
taxa (Fig. 5, Table 1). The mean relative contribution of  confidence interval for this estimate overlapped 0 (Table 3).
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Table 3 Inputs to the equations (Eq. 1) for the three-source carbon
and nitrogen isotope mixing model (IsoError, version 1.04; Phillips
and Gregg 2001) and model outputs for the mean, standard error (in

parenthesis), and 95% confidence limits for f, the percentage of the
diet from each source for P. glacialis at the pond and upland locations

Prey Predator (P. glacialis)
Aquatic Ground Canopy Pond Upland
Input Mean 813C [%o] (SD) —28.9(3.9) —-27.3(1.5) —26.9 (1.5) —26.6 (1.3) —26.0(0.9)
Mean 815N [%o0] (SD) 3.3 (1.8) 2.7 (1.7) —-1.4.9) 5.0 (0.7) 4.6 (0.8)
Sample Size 39 47 41 15 7
Output pond Mean f[%] (SE) 23.1 (24.7) 46.9 (29.3) 30.0 (7.4)
95% Confidence limits (%) 0-74.0 0-100 15.2-44.7
Output upland Mean f[%] (SE) 0 63.4(9.2) 35.9(9.3)
95% Confidence limits (%) 43.7-83.1 15.8-55.9

All data used in this analysis were from 2019

In contrast, at the upland location, the mean relative contri-
bution of aquatic taxa was estimated as 0% from the three-
source mixing model (Table 3). Interestingly, at Pond 3b,
midges were significantly enriched in '3C (Fig. 5, see Dis-
cussion) and although not significant, the §!°C values of P.
glacialis at this site seemed to track this enrichment, further
suggesting that aquatic insects are part of their diet.

The 8'3C values of P. glacialis at both the pond and
upland locations also aligned with the 8'*C values of poten-
tial prey from the soil and canopy habitats (in Fig. 5, see
alignment of 8'°C values of P. glacialis with those of the
brown and green polygons), except at Pond 3b. The mix-
ing model results suggest that P. glacialis was consuming
a mixture of prey from different habitats (Table 3). Our
results suggest that ground-dwelling taxa may contribute
substantially to the diet of P. glacialis as they had the high-
est contributions to the diets of P. glacialis at both the pond
(46.9%, ¢54,C1 0-100%) and upland locations (63.4%, ¢54,CI
43.7-83.1%) relative to aquatic and canopy taxa (Table 3).
We note significant error associated with these estimates.
Canopy taxa were estimated to make up 30.0% (y54,CI
15.4-44.7%) and 35.9% (y54,CI 15.8-55.9%) of the diets
of P. glacialis at pond and upland locations, respectively
(Table 3).

Biplot analysis further deciphered relationships between
potential prey and P. glacialis on a site-by-site basis. At
the Pond 1b site, the depleted 8'3C values of P. glacialis
near the pond (8"°Cpypg. sie 1v="— 27.2+0.3 (SE)) could
also be explained by the consumption of mites, which were
very abundant near the pond (Fig. 4), relatively depleted
in 13C near the pond (8'3C=— 29.4 +1.4) compared to
other ground-dwelling taxa (Fig. 5), and approximately
one trophic position lower than P. glacialis near the pond
(8" N pites =2.1 £ 1.4: 8"Np y0iais=5.3£0.4; Fig. 5). At
Pond 1b, the §'°C and 8'°N values of P. glacialis at the
upland location overlapped mostly with seed bugs from the
canopy community (Fig. 4), which happened to be very

abundant at that location (Bliska and Culler, personal obser-
vations). At Pond 3b, mites and shore flies were abundant
ground-dwelling prey at the pond location (Fig. 4) and may
be likely prey for P. glacialis based on the alignment of their
8'3C and 8'N values with those of P. glacialis (Fig. 5).

Discussion

Our two key findings are that ground-dwelling prey were
nearly four times as abundant near Arctic ponds than in drier
upland locations and that aquatic insects are likely an impor-
tant food resource for P. glacialis that forage near ponds.
These findings, coupled with earlier research suggesting that
P. glacialis near ponds have larger clutches (Culler et al.
2021), suggests that freshwater habitats and the organisms
they support play an important role in the population dynam-
ics of P. glacialis, a prolific Arctic predator.

Our initial motivation for this study was driven by field
and lab observations of P. glacialis consuming mosquitoes
and preliminary stable isotope data suggesting diet variation
attributable to this aquatic-terrestrial linkage (Culler et al.
2021). We wished to quantify the proportion of P. glacialis
diets coming from aquatic versus terrestrial sources. How-
ever, our results have led to a much more compelling and
comprehensive understanding of the role that freshwater
habitats play in the broader tundra food web. Freshwater
habitats indeed support a diversity of aquatic and semi-
aquatic organisms that are consumed by P. glacialis and
other aquatic and terrestrial predators. However, our pitfall
trap sampling additionally showed increased abundances of
ground-dwelling and soil invertebrate taxa, especially for
mites and collembola, adjacent to freshwaters where soil
moisture was higher. Both mites and collembola are cited
as important food sources for wolf spiders (Eitzinger et al.
2019). When considering declines in Arctic freshwater habi-
tats, it is necessary to consider impacts on aquatic subsidies
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but also how the loss of these habitats affects nearby soil and
ground-dwelling invertebrate communities that also support
higher trophic levels. Soil organisms such as collembola may
be particularly sensitive to climate change because of the
effect that temperature has on soil moisture (Hodkinson et al.
1998; Koltz et al. 2018b).

The stable isotope signatures of carbon and nitrogen were
significantly different among prey from the aquatic, soil, and
canopy habitats and provided important inputs into the mix-
ing model. As predicted, the three aquatic taxa considered
in this study (mosquitoes, caddisflies, and midges) were
generally depleted in '*C compared to our five terrestrial
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ground-dwelling taxa (mites, shore flies, small/immature
spiders, beetle larvae, and collembola) and our four canopy
taxa (caterpillars, leafhoppers, jumping plant lice, and seed
bugs). 5N values were less useful at distinguishing aquatic
insects because the values were not statistically different
from those of the soil invertebrates. Aquatic and terrestrial
organisms vary in their 8'C signatures due to differences
in carbon isotope fractionation in water compared to plants
and soil (Bastow et al. 2002; Akamatsu et al. 2004). Within
the signal for aquatic insects, we found significant site-
level variation in 8'3C for midges (Chironomidae, Fig. 5).
Because we did not identify midges beyond the family level,
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we assume we captured and analyzed multiple species that
have different feeding strategies (herbivorous and preda-
ceous species), contributing to variable stable isotope sig-
natures. Species-level variation in stable isotopes has been
documented in this family (Reuss et al. 2013) and should be
considered in future studies if the objective is to determine
food web linkages at a finer resolution. Mosquitoes and cad-
disflies demonstrated less site-level variation in 8'3C and had
consistently depleted 8'>C signatures relative to terrestrial
taxa (Fig. 5). In sum, the 3'°C and 8"°N values of the prey
taxa and their degree of alignment with the §'°C and §'°N
values of P. glacialis provided an important visualization
that could be compared to our mixing model results, which
had significant uncertainty.

When we input our stable isotope data into the mixing
models, we found that aquatic insects constituted about
20% of P. glacialis diet at pond margins compared to 0% at
upland locations. We note significant uncertainty with these
estimates (Table 3), and therefore do not base our interpreta-
tion on the mixing model alone. Other studies have docu-
mented wolf spiders consuming adult midges and mosqui-
toes, along with other emerging aquatic insects (Wirta et al.
2015; Eitzinger et al. 2019). A previous study in Kangerlus-
suaq noted that P. glacialis can consume up to eight mos-
quitoes per day (Culler et al. 2021) and we found a stronger
alignment of P. glacialis near ponds with the stable isotope
values of aquatic insects. While we are not able to quantify
with confidence the relative proportion of P. glacialis diet
coming from aquatic insects, we do assert aquatic insects are
a food resource for those individuals foraging near ponds.
These aquatic insects are rich in carbon and nitrogen and
known to serve as resource subsidies to terrestrial predators
in many systems (Akamatsu et al. 2004; Kato et al. 2004;
Krell et al. 2015).

Our mixing model and stable isotope analyses revealed
that terrestrial taxa also contribute to the diets of P. glacia-
lis. The 8'3C and 8'°N signatures of canopy and ground-
dwelling taxa were very distinct from one another (Tables 1,
2), which can be attributed to variation in 8'3C and 6"°N in
their basal food sources (plants versus dead organic matter)
(Marakov 2008; Craine et al. 2009; Tahmasebi et al. 2017).
Although the 8'>N values of canopy taxa were far below the
8N signatures of P. glacialis (Fig. 5), the mixing model
indicated that canopy taxa made up approximately a third
of their diets at all locations, with high certainty (Table 3)
compared to the soil and aquatic taxa. Our biplots revealed
that all ground-dwelling taxa were likely prey for P. glacialis
(Fig. 3), and the mixing models estimated the mean relative
contribution of ground-dwelling taxa to be about 63% and
47% at the upland and pond locations, respectively (Table 3),
though significant uncertainty prevents confidence in the
exact magnitude of these estimates. Based on their abun-
dance in pitfall traps (~75% of all captures), we hypothesize

that springtails and mites are particularly important in the
diets of P. glacialis. This is consistent with findings from
Alaska, where researchers estimated that surface-dwelling
predators like Lycosidae derived approximately 46% of their
energy resources from the soil food web, noting that spring-
tails and mites were particularly important for food web sta-
bility (Koltz et al. 2018a).

Our study offers a preliminary and non-exhaustive list
of 12 taxa that may be prey for P. glacialis in the Kanger-
lussuaq area. Several taxa in our study were confirmed as
prey for P. glacialis in East Greenland using DNA barcod-
ing (Eitzinger et al. 2019), including Diptera (Culicidae and
Chironomidae), Acari, Lepidoptera, Collembola, Hemiptera
(Lygaeidae), and Araneae. Other prey that we included in
this study, including two families of Hemiptera (Psyllidae,
Cicadellidae), Trichoptera, Coleoptera, and Diptera (Ephy-
dridae) were not confirmed with DNA barcoding. These taxa
may not be present in East Greenland and/or they may not
be a food resource for P. glacialis, which is a hypothesis that
would require extensive field sampling, feeding trials, or the
use of DNA barcoding at our site. A comparison using DNA
barcoding of P. glacialis diets among Arctic locations and
habitat types would reveal additional information that would
support further exploration of the primary research objective
in this study. DNA barcoding would also help us identify
potential prey taxa that were missed with our field sampling.

Overall, our results suggest that aquatic insects are likely
consumed by the most common terrestrial arthropod pred-
ator, P. glacialis. If aquatic insects are indeed serving as
aquatic subsidies in this system, this linkage between aquatic
and terrestrial systems is likely threatened by the continued
disappearance of aquatic habitats. Prior research has shown
that P. glacialis near tundra ponds had larger clutches (Culler
et al. 2021), which could result from access along the mar-
gins of ponds to nutritious aquatic insects that subsidized
reproduction. Upland from tundra ponds (i.e., not within
access to emerging aquatic insects), P. glacialis produced
20% fewer eggs per egg sac (Culler et al. 2021), suggesting
that P. glacialis may experience declines in reproduction
and abundance because of decreases in aquatic subsidies in
a warmer and drier Arctic. Closely related Lycosidae spe-
cies, such as P. groenlandica, which are found in warmer and
drier habitats (Culler et al. 2021), may become more domi-
nant as the climate continues to change. Shifting population
dynamics of wolf spiders may affect higher trophic levels in
the Arctic food web, as birds and other terrestrial predators
are known to consume spiders (Wirta et al. 2015), as well as
insects that spiders consume.

As freshwater habitats decline in the Arctic (Webb et al.
2022), P. glacialis may increasingly on ground-dwelling
and other terrestrial prey. Our study indicated that ground-
dwelling taxa, including soil arthropods, may already play
an important role in transferring carbon and nitrogen to
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upper trophic levels through predation by P. glacialis in
upland areas. Prior research has similarly shown that the
soil food web contributes significantly to carbon and nitro-
gen cycling in the Arctic (Koltz et al. 2018a). Our results
suggest that the role of the soil food web in providing energy
sources to terrestrial predators may even expand in a drier
Arctic. Importantly, ground-dwelling prey will too experi-
ence consequences from a drier and warmer Arctic. Recent
research has demonstrated that changes in freeze—thaw
cycling caused by warming in the High Arctic have nega-
tively impacted springtail abundance and species diversity
(Koltz et al. 2018b; Gillespie et al. 2020). Surface detri-
tivores are expected to decrease in abundance, and the
impacts of warming have been projected to affect arthropod
community composition about five times greater in drier
habitats than in wetter habitats (Koltz et al. 2018b). Addi-
tionally, nitrogen availability is expected to further decline
with declines in soil moisture and increases temperature in
Greenland (Finger Higgens et al. 2021), which could have
further indirect effects on soil-dwelling invertebrates. This
necessitates further investigations as to the expanding role of
ground-dwelling organisms in the diets of terrestrial preda-
tors and how this role may be tempered by climatic controls
on their own populations.

Our study is one of the first to directly examine how a
warming and drying Arctic may impact a top-order terres-
trial predator via changes in prey availability. The decline in
freshwater habitats, widespread surface water drying due to
rapid permafrost thaw and subsequent drainage (Webb et al.
2022), and other related biotic changes (e.g., shrubification,
Asmus et al. 2018) will cause changes in the relative abun-
dances of aquatic, soil-dwelling, and canopy arthropods and
the species within those habitats. Generalist predator species
such as P. glacialis will probably respond by shifting their
diets but may nonetheless experience declines in abundance
(Culler et al. 2021). Although individual wolf spiders are
small, in total they have about 80-fold higher biomass per
hectare than mammalian predators in the Arctic (Koltz et al.
2018c). It follows that changes in their abundance can have
cascading effects on ecosystem function (Koltz et al. 2018c¢),
as well as on higher tropic levels that rely on wolf spiders for
food (Wirta et al. 2015).
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