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Parasitoids can affect host population dynamics with community-level consequences.
In the Arctic, a high diversity of parasitoids relative to potential hosts suggests that
parasitoids may exert strong selection pressure on arthropods, but the extent to which
these interspecific linkages drive arthropod population dynamics remains unclear. Wolf
spiders are dominant and ecologically important arctic predators that experience high
rates of egg sac parasitism by wasps. We investigated potential changes in egg sac
parasitism rates at two rapidly warming sites in Greenland: a high-arctic site (18 years of
data, 1,088 egg sacs) and a low-arctic site (5 years of data, 538 egg sacs). While up to
13% of egg sacs were parasitized annually in the low-arctic site, we found no evidence
of it at the high-arctic site despite the presence of congeneric parasitoid species at both
locations. The surprising lack of parasitism in the north suggests that populations of this
widespread spider species have different eco-evolutionary histories and may respond
differentially to climate change.

Keywords: Arctic, Hymenoptera, Greenland, parasitism, parasitoid, wasp, wolf spider, Pardosa glacialis

INTRODUCTION

Host-parasite interactions may play a particularly important role in food web dynamics in
the Arctic, where arthropod communities exhibit a high diversity of parasitoids relative to
overall arthropod diversity (Stahlhut et al, 2013). Parasite impacts on arthropod hosts may
even increase in the future, because parasitoids are disproportionately benefitting from rapidly
warming temperatures relative to other arthropod groups (Koltz et al., 2018c). Unfortunately, while
vertebrate host-parasite dynamics are relatively well-described in the Arctic (e.g., Moerschel, 1999;
Hagemoen and Reimers, 2002; Kutz et al., 2002), little is currently known about parasitism among
arctic arthropods (Kukal and Kevan, 1987; Bowden and Buddle, 2012a, but see Avery and Post,
2013; Ernst et al.,, 2016). Addressing this important gap in our knowledge of arctic natural history is
critical because arthropods represent the most biodiverse group of multi-cellular organisms in this
region, and as herbivores, detritivores, pollinators, and predators, arthropods play important roles
in maintaining the health and functioning of arctic ecosystems (Hoye and Culler, 2018). Here, we
compare the strength of host-parasite interactions in one of the most abundant arctic arthropod
groups for two sites in Greenland.
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Koltz et al.

High-Arctic Wolf Spiders Are Parasitoid-Free

Wolf spiders inhabit nearly all terrestrial ecosystems and
are dominant predators in the Arctic (Wyant et al, 2011;
Bowden et al., 2018; Koltz et al., 2018a). They commonly prey
upon decomposers and thereby indirectly affect decomposition
rates and nutrient cycling in the tundra (Koltz et al., 2018b)
and elsewhere (Lawrence and Wise, 2000; Lensing and Wise,
2006). Additionally, wolf spiders themselves are preyed upon
by a variety of vertebrates (e.g., birds, Wirta et al., 2015) and
parasitic wasps, including egg predators and egg parasitoids
which target their egg sacs (both generally referred to here as
parasitoids; Bowden and Buddle, 2012a). Female wolf spiders
display maternal care by tethering their egg sacs to their
abdomens for one to several weeks. During this incubation time,
eggs develop into juvenile spiders and ultimately leave the egg
sac. Egg sacs are conspicuous, being blue-gray or silver in color
and large compared to a female’s body (Figure 1A). Given the
vulnerability of exposed egg sacs and the near global distribution
and high local abundances of wolf spiders, it is not surprising that
egg sac parasitism is commonly observed in temperate (Edgar,
1971; Cobb and Cobb, 2004) and arctic ecosystems (Bowden and
Buddle, 2012a). In some areas of the Arctic, wasps from the genus
Gelis, whose juveniles ultimately consume or destroy the entire
contents of egg sacs, are found in as many as half of all sampled
wolf spider egg sacs (Bowden and Buddle, 2012a). Such high
rates of parasitism could impose major selective pressures on the
phenology, physiology, and behavior (e.g., Godfray et al., 1994;
Fellowes and Godfray, 2000; Low et al., 2014) of wolf spiders,
with potential consequences for their population dynamics and
ecosystem functioning.

Wolf spiders in the Arctic are becoming larger as a
consequence of the longer growing seasons that have resulted
from recent climate change (Hoye et al., 2009). Because female
spider body size is positively associated with the number of
eggs per egg sac (Bowden and Buddle, 2012b), larger female
spider bodies are expected to result in higher fecundity (Marshall
and Gittleman, 1994) and potentially higher adult wolf spider
abundances. Similarly, access to more eggs and/or reproductive
females should presumably favor parasitoid wasps that feed upon
wolf spider eggs, but the extent to which parasitoid behavior and
abundances are being affected by changes in their typical prey are
currently unknown.

We investigated the spatial and long-term temporal variability
of egg sac parasitism in the dominant species of wolf spider
across most of Greenland, Pardosa glacialis (Lycosidae) (Hoye
and Hammel, 2010; Bowden et al.,, 2018) at two sites that
are warming rapidly under climate change. Specifically, we
quantified parasitism using museum samples of wolf spider
egg sacs that were collected over 18 years between 1996 and
2014 in Zackenberg, Greenland, a High-Arctic site (Meltofte
and Rasch, 2008). Additionally, in 5 years between 2010 and
2017, we assessed parasitism rates on P. glacialis egg sacs in
Kangerlussuaq, Greenland, a low-arctic site (Post, 2013). We
affirmed the identities of parasitoid species by using DNA
barcoding methods on a portion of parasitized egg sacs. We also
measured the body sizes of a subset of egg sac — carrying female
spiders to test whether parasitic wasps preferentially parasitize
egg sacs produced by larger individuals (Bowden and Buddle,

2012a). Prior studies have shown that the abundance of parasitoid
wasps in Zackenberg is higher in years with warmer summers
(Koltz et al., 2018c). Given that body sizes, and presumably
fecundity, of wolf spiders are increasing at Zackenberg as well
(Hoye et al., 2009), we predicted a general increase in parasitism
rates over our 18-year study period. Additionally, we predicted
that overall parasitism rates should be higher at Kangerlussuaq
than at Zackenberg because growing seasons and hence, potential
temporal overlap in host and parasitoid phenology are longer
at Kangerlussuagq.

MATERIALS AND METHODS
Study Sites

We sampled female arctic wolf spiders (Pardosa glacialis) and
their egg sacs from two locations in Greenland (Figure 2).
Samples from the first site were collected near the Zackenberg
Research Station (74.28°N 20.34°W), which is located in
Northeast Greenland in the high-arctic and is at the most
northern range of P. glacialis (Dondale and Redner, 1990).
The second site is an inland, mountainous tundra system
in West Greenland near Kangerlussuaq (67.11°N 50.37°W)
and is considered low-arctic (Bliss, 1981). Both sites are
characterized by continental climates with cold winters and
generally dry conditions, although overall climatic conditions
are harsher at Zackenberg. Over the study period, the average
temperature in July at Zackenberg was 6.5°C, whereas the average
July temperature in Kangerlussuaq was 13.2°C (Figure S1).
There are general warming trends of similar magnitude at
Zackenberg and Kangerlussuaq (Zackenberg: +9.0 summed
degree days/year between 1996 and 2017; Kangerlussuaq: +4.6
summed degree days/year between 1996 and 2013; Figure S1).
P. glacialis is the only wolf spider species present in the
samples collected at Zackenberg and is the most commonly
collected species in Kangerlussuaq (In 2017 at Kangerlussuaq,
89% of all wolf spiders collected were P. glacialis, 11% were
Arctosa insignita and <1% were Pardosa groenlandica, L. Culler
unpublished data).

Wolf spider egg sacs from Zackenberg were extracted from
samples of ground-dwelling arthropods that were collected using
pitfall traps from late May through at least the end of August
from 1996 to 2014 (excluding 2010) as part of the BioBasis
Monitoring Programme (Jensen et al., 2013). This sampling
period includes almost the entire active period for both wolf
spiders and potential parasitoid wasps; Table S1 contains specific
information on sampling dates and the number of trapping
days per year. Sampling plots were located in three different
habitat types: mesic heath, arid heath, and wet fen (Hoye and
Forchhammer, 2008). Pitfall traps were 10 cm in diameter, yellow,
and 1/3 filled with water and a few drops of detergent. Traps
were emptied once per week. All captured specimens were stored
in 70% ethanol. Samples were subsequently sorted and counted
by technicians from the Department of Bioscience at Aarhus
University, Denmark and spiders were identified and measured
by J.J.B.

We collected spiders in Kangerlussuaq in 2010, 2011, 2012,
2016, and 2017. In 2010-2012, sampling occurred from May 30
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FIGURE 1 | Egg sac parasitism of wolf spiders by parasitoid wasps is common in arctic and temperate ecosystems, including in SW Greenland, where populations of
P, glacialis are parasitized by the wasp G. micrurus. (A) Female P, glacialis with egg sac; (B) Egg sac contents with a mix of wolf spider eggs and parasitoid larvae;
(C) adult parasitoid G. micrurus. Photo credits: (A) Oskar L.P. Hansen; (B) Lauren E. Culler; (C) Ika Osterblad, Station Linné/Swedish Museum of Natural History,
License: CreativeCommons Attribution, Non-commercial ShareAlike (CC BY-NC-SA 3.0).
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FIGURE 2 | Map of the distribution of the arctic wolf spider Pardosa glacialis (Figure modified and reproduced with permission from Dondale and Redner, 1990). Egg
sacs of R, glacialis were sampled and inspected for evidence of parasitism from Zackenberg (74.47°N 20.57°W), a high-arctic site in NE Greenland, and

through July 21. During these 3 years, twenty pitfall traps were
deployed in mixed dwarf shrub / graminoid tundra habitat at
each of six trapping sites (Table S2) that were evenly distributed
between north- and south-facing slopes. Of the 20 pitfall
traps at each site, 10 were located within a large herbivore
exclosure treatment and the other 10 were outside the treatment
in open tundra. In 2011 and 2012, additional sticky traps
were deployed within 10 meters from the established pitfall
sampling plots. The contents of all traps were collected every
24-48h, preserved in 70% ethanol, and sorted at Pennsylvania
State University by Michael Avery before further processing.
Sampling in Kangerlussuaq in 2016 and 2017 was part of two
studies documenting the abundance and composition of ground-
dwelling arthropods in habitats of varying vegetation cover
and soil moisture (Table $3). Sampling was conducted over

approximately 2.5 weeks during the peak of the summer season
in 2016 (30 June to 16 July) and during a longer period of 9
weeks in 2017 (22 May to 25 July). In 2016, 72 pitfall traps
were evenly distributed among dwarf shrub and unvegetated
tundra at three distinct sites (total trap days = 1,152; Table 1,
Table S3). In 2017, 144 pitfall traps were distributed among dwarf
shrub, dry graminoid, wet graminoid, and unvegetated tundra at
eight distinct sites (total trap days = 3,117; Table 1, Table S3).
In each year, sample contents were collected every 4-5 days
and preserved in 70% ethanol for later processing at Dartmouth
College. Although these samples do not capture the entirety of
the growing season, in combination with the sampling from 2010
to 2012, they provide the best information available on wolf
spider phenology and potential overlap with parasitoids in the
Kangerlussuaq area.
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TABLE 1 | Number of sampled wolf spider (Pardosa glacialis) egg sacs and egg sac parasitism rates for each study year from the Greenland sites of Kangerlussuaq

(southern site) and Zackenberg (northern site).

Year Total trap N sampled N parasitized Parasitism rate Probability of detecting 0% Probability of detecting 0%

days egg sacs egg sacs parasitism given sample size parasitism given sample size
and 4.4% parasitism rate and 11.47% parasitism rate

KANGERLUSSUAQ, GREENLAND

2010 6,360 13 0 0% 0.558 0.205

2011 6,360 159 7 4.40% 0.001 0.000

2012 6,360 31 0 0% 0.247 0.022

2016 1,152 30 4 13.83% 0.258 0.026

2017 3,117 305 35 11.48% 0.000 0.000

ZACKENBERG, GREENLAND

1996 1,257 45 0 0% 0.132 0.004

1997 2,411 136 0 0% 0.002 0.000

1998 2,317 113 0 0% 0.006 0.000

1999 1,354 159 0 0% 0.001 0.000

2000 1,684 100 0 0% 0.011 0.000

2001 1,474 83 0 0% 0.024 0.000

2002 1,526 15 0 0% 0.509 0.160

20083 1,540 86 0 0% 0.021 0.000

2004 1,661 66 0 0% 0.051 0.000

2005 1,840 48 0 0% 0.115 0.003

2006 1,512 57 0 0% 0.078 0.001

2007 2,312 18 0 0% 0.443 0.112

2008 1,623 15 0 0% 0.509 0.162

2009 2,321 29 0 0% 0.270 0.030

2011 2,505 34 0 0% 0.216 0.016

2012 2,209 23 0 0% 0.356 0.060

2013 2,510 26 0 0% 0.311 0.042

2014 2,154 35 0 0% 0.207 0.014

Probability values denote the likelihood of detecting zero parasitism for a given sample size of egg sacs assuming a parasitism rate of either 4.4% or 11.475%, which were the rates
from Kangerlussuaq for years in which parasitism was detected from the lowest and highest sample sizes, respectively. Total trap days account for the number of trapping days and the

number of deployed pitfall traps in a given year (also see Tables S1-S3).

Determining Egg Sac Parasitism Rates

We inspected a total of 1,088 wolf spider egg sacs from
Zackenberg (high-arctic site) and 538 egg sacs from
Kangerlussuaq (low-arctic site) for evidence of parasitism
(Table 1). To investigate the extent to which sample sizes may
have compromised our ability to detect egg sac parasitism
events in certain sites and years, we evaluated the likelihood
of observing a given number of events under different
assumptions of parasitism rates. Specifically, we stochastically
simulated 100,000 samples from a population with either
4.4 or 11.5% parasitism rates (i.e., the rates of parasitism
observed in the southern site in years in which parasitism
was detected and sampling effort was, respectively, smallest
and largest) and compared the resulting distribution with the
observed value.

Body Size as a Predictor of Egg

Sac Parasitism
We used binary logistic regression models to test whether the
egg sacs of larger females have higher probabilities of being

parasitized. The body size of adult female P. glacialis that were
clearly identified as egg sac carriers was quantified by measuring
carapace width (Hagstrum, 1971) using digital calipers (Diesella,
Kolding, Denmark). All egg-sac carrying adult females from
Kangerlussuaq were measured in samples from 2010 to 2012
(N = 203). From Zackenberg, we were only able to measure
female body sizes for 292 of the 1,088 samples, as egg sacs were
frequently separated from the adult females. Sampling year and
date at which the egg sacs were obtained were also included as
predictors in our models. All statistical analyses were performed
in RCoreTeam (2017).

Identification of Egg Sac Parasitoids

We submitted the parasitoid tissue (either eggs or larvae) from
seven parasitized egg sacs that were collected from Kangerlussuaq
in 2017 to LifeScanner (http://lifescanner.net/) for sequence
analysis. LifeScanner is a DNA barcoding service that DNA
barcodes user-provided samples using standardized sampling
kits, a mobile app, and standardized laboratory workflow.
The project is based at the Centre for Biodiversity Genomics
(http://biodiversitygenomics.net/) at the University of Guelph;
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Taxonomic identifications are generated through the Barcode
of Life Data (BOLD) Systems ID Engine (Ratnasingham and
Hebert, 2007).

RESULTS

At Kangerlussuagq, we found evidence of egg sac parasitism in 3 of
the 5 sampling years. Rates of egg sac parasitism varied between 0
and 13.3% from these collection years (Table 1). In 2017, the year
with the largest sample size (N = 305), parasitism was observed
in 11.5% of all collected egg sacs (Table 1). Incidences of egg
sac parasitism were most commonly detected in wet graminoid
habitat at Kangerlussuaq (Table S4). While we did not find
evidence of parasitism in egg sacs from Kangerlussuaq in 2010
or 2012, our stochastic simulations suggest that these absences
are likely to be a product of low sample sizes in those years
(Table 1). Results from the binomial generalized linear model
indicated that incidences of egg sac parasitism at Kangerlussuaq
were not significantly related to female body size, sampling date,
or sampling year (all p > 0.087; Table S5).

The majority of parasitized egg sacs from Kangerlussuaq
were found in mid-July. However, we also detected parasitism
as early as June 21 in 1 year (TableS4). Each parasitized
egg sac contained between 1 and 10 wasp eggs, larvae, or
pupae (Figure 1B, TableS4). Of the seven samples from
2017 from Kangerlussuaq that were submitted for DNA
barcoding, three specimens were successfully identified
as Gelis micrurus (Forster, 1850; Figure 1C) with 100%
confidence using the BOLD database (Ratnasingham and
Hebert, 2013). The sequences and associated data for identified
parasitoids (i.e., GPS coordinates of collection locality and
images of parasitoid tissues) are available from BOLD (www.
boldsystems.org) through the following Barcode Index Number:
BOLD:ACF8182 and DOI: dx.doi.org/10.5883/DS-LSGNLD18.
We note that G. micrurus is a new species record for the area,
which is not included in the recent identification manual
for Greenland (Bocher et al., 2015). Identification attempts
for the other four samples were not successful, perhaps due
to the limited amount of tissue submitted for wasp eggs
and/or larvae.

In sharp contrast, we did not find any evidence of egg sac
parasitism at Zackenberg, the high-arctic site, despite having
sampled at that site over a longer time period (18 years)
and generally having larger samples than at Kangerlussuaq
(Table 1). Simulation tests indicate that failure to detect
parasitized egg sacs would have been highly unlikely given
our sample sizes if Zackenbergs parasitism rate was similar
to either the highest or lowest parasitism rate measured at
Kangerlussuaq (Table 1).

DISCUSSION

We found no evidence that the wolf spider P. glacialis,
a dominant tundra predator in Greenland, has experienced
any measurable predation pressure by egg sac parasitoids
at the northern edge of its range over an 18-year period

of the recent past. This finding is surprising because wolf
spider egg sacs in general, are commonly parasitized across
arctic (Bowden and Buddle, 2012a) and temperate (Edgar,
1971) ecosystems, and because our own measurements indicate
that P. glacialis in particular, is exposed to parasitism in
southwestern Greenland. Whether arctic wolf spiders have
“escaped” parasitism as a result of local extinction of the
parasitoid at the northern site or because this population of
wolf spiders has never been exposed to parasitism is unclear.
Nevertheless, our results demonstrate that geographic variability
in the rate of parasitism is high for this widespread wolf
spider species. In the context of a rapidly warming Arctic,
such high variability in the strength of host-parasite species
interactions also suggests that population-level responses to
environmental change are unlikely to be uniform throughout a
species’ range.

Understanding what drives wolf spider population dynamics
is important because these predators comprise a large proportion
of worldwide spider abundance and diversity (World Spider
Catalog, 2018). In the Arctic, this endeavor is even more relevant,
because wolf spiders are one of the most widespread and locally
abundant arthropods (Bowden and Buddle, 2010; Wyant et al.,
2011; Hansen et al., 2016a; Koltz et al., 2018b). In terms of host-
parasite dynamics, the absence of parasitism in Zackenberg is
especially surprising when considering that this site hosts two
wasp species (Wirta et al., 2016) of a genus known to parasitize
wolf spiders in North America (Bowden and Buddle, 2012a)
and Kangerlussuaq (this study). At least one of these species,
however, is a Lepidopteran parasitoid (on the family Erebidae;
Wirta et al., 2015) that is unlikely to prey on wolf spider egg
sacs. Given that the population viability of a species is typically
most fragile at the edge of its range (Lawton, 1993), it is possible
that a local absence of parasitism has enabled P. glacialis to occur
further north than would otherwise be expected. If that is the
case, then the possibility of parasitoid range expansions under
climate change (Chen et al., 2011) could threaten the continued
persistence of this species in the northern High Arctic. Because
wolf spiders generate trophic cascades at multiple levels within
the food web that can ultimately affect important processes like
decomposition and nutrient cycling (Wise et al.,, 1999; Scheu,
2001; Koltz et al., 2018b), such distributional changes, although
seemingly insignificant, could have important ecological impacts.

There are a number of possible explanations for the local
absence of a viable parasitoid of wolf spider egg sacs at
Zackenberg, including the fact that Zackenberg has a more
extreme climate than Kangerlussuaq (Figure S1). Likewise, slight
differences in plant community composition and other abiotic
conditions contribute to which arthropod species are present
at a given site (Hansen et al., 2016a,b). Local geological
and glacial histories also strongly affect the distribution of
species, the interactions between them, and their co-evolutionary
dynamics (Anderson and Ferree, 2010; Stewart et al, 2010;
Yeakel et al, 2013; Avila-Jiménez et al, 2019). Zackenberg
is more recently deglaciated compared to other areas of
the Arctic where wolf spider egg sac parasitism rates are
high, such as NW North America (Tarasov et al, 2012;
Lecavalier et al., 2014). Various barriers to dispersal, such as
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the Greenland ice sheet, may have prohibited potential egg
sac parasitoids from accessing NE Greenland. Such dispersal
barriers are likely to be particularly limiting to apterous, or
wingless, arthropods, including females from many Gelis species,
which may contribute to these parasitoids having more narrow
spatial distributions.

The geographic variability in the strength of predation
pressure by egg sac parasitoids on P. glacialis that we demonstrate
here suggests that life history strategies of this wolf spider
species and in turn, its population-level responses to climate
change, may vary across its range. For example, although
sampling date was not a significant predictor of parasitism
(Table S5), our data suggest that incidences of egg sac parasitism
occur during the peak of the growing season (Table S4). Early
season production of egg sacs by female wolf spiders could
thus be one strategy to avoid parasitism, but the timing and
duration of this period is expected to shift as the Arctic
continues to warm. The degree to which parasitism pressure
plays a role in dictating various life history traits of this
abundant predator and other arctic arthropods, including
their phenology, behavior, and foraging decisions (e.g., Schmid
Hempel, 2011), warrants further investigation, particularly where
climate change may affect the timing and strength of these
species interactions.

DATA AVAILABILITY

All datasets analyzed for this study are included in the manuscript
and the Supplementary Files.
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