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Abstract

Analysing the structure and dynamics of biotic interaction networks and the pro-

cesses shaping them is currently one of the key fields in ecology. In this paper, we

develop a novel approach to gut content analysis, thereby deriving a new perspec-

tive on community interactions and their responses to environment. For this, we use

an elevational gradient in the High Arctic, asking how the environment and species

traits interact in shaping predator–prey interactions involving the wolf spider Pardosa

glacialis. To characterize the community of potential prey available to this predator,

we used pitfall trapping and vacuum sampling. To characterize the prey actually con-

sumed, we applied molecular gut content analysis. Using joint species distribution

models, we found elevation and vegetation mass to explain the most variance in the

composition of the prey community locally available. However, such environmental

variables had only a small effect on the prey community found in the spider's gut.

These observations indicate that Pardosa exerts selective feeding on particular taxa

irrespective of environmental constraints. By directly modelling the probability of

predation based on gut content data, we found that neither trait matching in terms

of predator and prey body size nor phylogenetic or environmental constraints modi-

fied interaction probability. Our results indicate that taxonomic identity may be

more important for predator–prey interactions than environmental constraints or

prey traits. The impact of environmental change on predator–prey interactions thus

appears to be indirect and mediated by its imprint on the community of available

prey.

K E YWORD S
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1 | INTRODUCTION

Ecological communities can be represented as networks, where spe-

cies are represented as nodes connected by interactions. Analysing

the structure and dynamics of biotic interaction networks and

understanding the elements and processes shaping them are cur-

rently one of the key fields in ecology. In fact, biotic interactions are

considered some of the main drivers of species distributions (Mor-

ales‐Castilla, Matias, Gravel, & Araújo, 2015; Wisz et al., 2013) How-

ever, while earlier descriptions of interaction networks were based
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on the assumption of static structure (Memmott, Godfrey, & Gauld,

1994; Morris, Lewis, & Godfray, 2004; Summerhayes & Elton, 1923;

Van Veen, Müller, Pell, & Godfray, 2008), recent research empha-

sizes the dynamic nature of interactions along environmental and

spatial gradients (Desjardins‐Proulx, Laigle, Poisot, & Gravel, 2017;

Gravel, Poisot, Albouy, Velez, & Mouillot, 2013; Pellissier et al.,

2017).

Importantly, the abiotic environment may have a crucial impact

on the structure of local biotic interaction networks as well as on

the strength of the interactions (Pellissier et al., 2017; Poisot, Stouf-

fer, & Gravel, 2015). The way in which environment shapes these

interactions is a complex topic, as interactions are a sum of often

diverging responses of species to their environment. For instance,

increasing temperature in freshwater systems affects feeding interac-

tion strength and number of trophic links through changes in body

size distributions, prey abundances and changed metabolic demands

of the predator (O'Gorman et al., 2012). Current global environmen-

tal changes emphasize the need to understand such environmental

effects on biotic interactions, but empirical knowledge is still scarce

(Gilman, Urban, Tewksbury, Gilchrist, & Holt, 2010; Tylianakis, 2009;

Tylianakis, Didham, Bascompte, & Wardle, 2008; Van der Putten,

Macel, & Visser, 2010).

On top of environmental constraints, species’ traits also influ-

ence interspecific interactions (Bolker, Holyoak, Krivan, Rowe, & Sch-

mitz, 2003; Rossberg, Brännström, & Dieckmann, 2010). Approaches

based on how traits affect the outcomes of interspecific interactions

provide more mechanistic perspectives on network structure than

approaches focusing solely on species identities. In pollination net-

works, for example, studies have suggested that it will be essential

to know the match between plant and pollinator traits in order to

understand how the interaction network works, as well as for pre-

dicting changes in their structure (Garibaldi et al., 2015; Maglianesi,

Blüthgen, Böhning‐Gaese, & Schleuning, 2014), but see Bartomeus,

Cariveau, Harrison, and Winfree (2018); CaraDonna et al. (2017).

Likewise, results from experiments have shown that body mass can

largely influence biotic interactions, in particular predator–prey links

(Brose, 2010; Brousseau, Gravel, & Handa, 2018; Gravel et al.,

2013).

Predation is among the most important biotic interactions, con-

necting species over different trophic levels and affecting their distri-

bution, abundance and behaviour (Begon, Townsend, & Harper,

2005). Recent developments in molecular tools have revolutionized

the methods for describing food web structures (Roslin & Majaneva,

2016), especially for species for which the direct observation of the

interactions is difficult or even impossible (Traugott, Kamenova,

Ruess, Seeber, & Plantegenest, 2013; Valentini, Pompanon, & Taber-

let, 2009). This applies particularly to invertebrate food webs involv-

ing myriads of species, which in themselves are often difficult to

identify visually. Moreover, molecular diet analysis allows tracking of

predator–prey interactions in situations where soft prey remains in

gut or faeces contain no identifiable morphological structures—or

when a predator digests its prey extra‐orally, as is the case for cen-

tipedes or spiders (Eitzinger, Rall, Traugott, & Scheu, 2018; Wirta,

Weingartner, Hambäck, & Roslin, 2015). Molecular tools have thus

made it possible to track the multitude of invertebrate trophic inter-

actions of predators by screening gut contents by DNA barcoding

(Nielsen, Clare, Hayden, Brett, & Kratina, 2018; Traugott et al.,

2013). The resultant molecular data offer unique insights into eco-

logical network structure, by improving node and link resolution.

How interaction structure might be described and compared

along gradients is currently a field of active research (Pellissier et al.,

2017; Sundqvist, Sanders, & Wardle, 2013). Rather than measuring

interaction changes in controlled experiments, environmental gradi-

ents offer a wider perspective on biotic processes under varying

conditions (Sundqvist et al., 2013). In particular, gradients can be

used as a more integrative proxy for complex environments, where

the use of single environmental variables would only inadequately

describe variation in microclimate and habitat structure. This is

because in nature, several abiotic conditions tend to vary in concert

—just as multiple climatic characteristics are predicted to change

together in climatic predictions for the future (IPCC, 2013). Where

environmental gradients encompass suites of abiotic variables pro-

jected to change in future, they can be used as “space‐for‐time” sub-

stitutes (Körner, 2007). Observed changes in biotic interaction

structure along current, spatial gradients in abiotic and biotic vari-

ables can be studied as proxies of future, temporal shifts. While

sometimes criticized (e.g., Chuine, 2010), such assumptions form the

basis for a wide set of species distribution models, and for most pre-

dictions combining future scenarios of climate change with current

knowledge of species’ ranges (Araújo & New, 2007; Pereira et al.,

2010; Thuiller, Lavorel, Araújo, Sykes, & Prentice, 2005). Adopting

the same rationale for representing species interaction distribution is

a natural step forward.

In this paper, we draw on molecular analysis of predator gut con-

tent to derive a new take on feeding interactions and its responses

to environment. For this, we use an altitudinal gradient in the High

Arctic and examine how the environment, species traits and phyloge-

netic relationships shape trophic interactions. In the arctic biome,

recent research has revealed an increase in temperature and humid-

ity (Bintanja & Andry, 2017; IPCC, 2013), increased plant biomass

and extension of shrubs and subsequent changes in arthropod abun-

dances and community composition (Bowden, Hansen, Olsen,

Schmidt, & Høye, 2018; Høye, Post, Schmidt, Trøjelsgaard, & Forch-

hammer, 2013; Koltz, Schmidt, & Høye, 2018; Loboda, Savage, Bud-

dle, Schmidt, & Høye, 2018). Importantly, the very same parameters

vary along our elevational gradient, emphasizing the space‐for‐time

connection (IPCC, 2013). Our target predator species is the wolf spi-

der Pardosa glacialis, an abundant top arthropod predator in the

study area. We determined the composition of the available prey

community using pitfall traps and suction sampling along the altitudi-

nal gradient. We applied high‐throughput sequencing to analyse

predator gut contents. These data allow us to (a) assess how the

availability of prey changes along environmental gradients; (b) deter-

mine whether predators exert active prey choice by examining the

extent to which the consumed prey communities reflect available

prey communities; (c) model the interaction distribution as a function
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of the predator and prey functional traits as well as environmental

conditions. A priori, we expect (a) the richness and abundance of

available arthropod prey to decline with increasing elevation, (b) this

decline to be reflected in matching trends in the diversity and com-

position of prey found in the gut of P. glacialis; and (c) prey choice

to reflect trait matching, with the predator predominantly feeding on

abundant prey groups with an optimal predator–prey body size ratio.

We used a set of different approaches to tackle each of these

questions. Using joint species distribution models (JSDM), we first

relate the prey community available to the environmental parameters

defining our altitudinal gradient. In a second step, we use JSDM to

assess the match between the available prey community with the

consumed prey community detected in predator gut contents, and

thus test the level of selectivity in prey choice. In a third step, we

assess how predation probability changes with respect to the match

between predator and prey body size, prey phylogeny and environ-

mental conditions.

2 | MATERIAL AND METHODS

2.1 | Study system, study area and study design

The High Arctic is currently facing rapid transformation, making this

region an ideal system in which to explore the effects of environ-

mental change. Higher temperatures in combination with increasing

precipitation are shifting the flowering phenology (Høye et al., 2013;

Schmidt et al., 2016) and converting a predominantly graminoid veg-

etation into one dominated by shrubs (Myers‐Smith et al., 2011),

altering the timing, diversity and abundances of arthropods (Høye et

al., 2013; Nielsen & Wall, 2013). In the absence of ants and beetles,

wolf spider Pardosa glacialis (Araneae, Lycosidae) is at the top of the

arthropod food web, feeding on a wide range of prey (Wirta et al.,

2014; Wirta, Weingartner, et al., 2015). Pardosa itself is experiencing

a shift in body size distribution with warming, reflected by an

increase in female spider size over the last two decades (Høye, Ham-

mel, Fuchs, & Toft, 2009). These changes may also be coupled with

changes in female fecundity resulting in changes of spider abun-

dance and population structure (Bowden, Høye, & Buddle, 2013; but

see Bowden et al., 2018).

The Zackenberg valley (74°28′N, 20°34′W) is situated in the

Northeast Greenland National Park (for detailed description, see

Meltofte & Rasch, 2008). The area is characterized by a high‐arctic
tundra adapted to very cold and snow‐rich winters and cool sum-

mers with a mean summer temperature (June–August) of 4.7°C and

29 mm of precipitation. Time without snow cover lasts from July to

September (Kankaanpää et al., 2018). The tundra at Zackenberg

hosts a limited arthropod fauna of over 330 species, dominated by

Diptera and Hymenoptera (Wirta, Várkonyi, et al., 2015). As a speci-

fic asset for the current study, previous work has yielded a compre-

hensive reference library of DNA barcodes for almost all taxa

recorded in the area (Wirta, Várkonyi, et al., 2015).

To record elevation‐dependent changes in arthropod community

and interaction processes, we defined three parallel altitudinal

gradients on the south‐facing slopes of the Aucella mountain, span-

ning from 19 to 586 m above sea level (asl) (Figure 1). In each altitu-

dinal gradient, we placed six plots of c. 50 m × 50 m. We selected

plots according to the presence of Pardosa, thereby excluding very

wet sites (i.e., fen in low elevations) and high‐elevation sites without

vegetation (over 600 m asl). The vegetation in most of the study

plots is dominated by mountain aven Dryas octopetala × integrifolia

(Rosaceae). Beyond this species, Cassiope tetragona and Vac-

cinium uliginosum (both Ericaceae) are also abundant at lower eleva-

tions up to 200 m asl, whereas Salix arctica (Salicaceae), lichens and

mosses are abundant at higher elevations starting from 300 m asl. In

each study plot (except three: DX, IX and LX in Figure 1), we mea-

sured temperature and humidity. Given a general decline in tempera-

ture with increasing elevation (generally 0.4°C per 100 m in this

geographical region; Marshall, Sharp, Burgess, & Anslow, 2007), ele-

vation was used as a catch‐all metric of the main gradients in the

environment, with a direct link to projected future climate change

(see above).

2.2 | Data collection

We sampled terrestrial invertebrates every fifth day (i.e., on four

occasions) on each of the 18 plots through July 2015, the period of

maximum invertebrate activity. Pardosa glacialis individuals were col-

lected by hand, transferred individually to 2‐mL microcentrifuge

tubes and stored at −20°C on the same day. On average, we col-

lected ten Pardosa individuals per plot on each sampling day. In total,

we collected 670 spiders, which were determined for sex, develop-

mental stage and body length. Additionally, we used a mass–length
regression to infer Pardosa body mass from body length (see Sup-

porting Information).

We used two different collection methods to record the compo-

sition and abundance of the available prey community. Large flying

insects and running arthropods (e.g., butterflies, muscid flies, spiders)

were collected using two yellow pitfall traps per plot, which were

emptied every fifth day (i.e., three sampling time intervals). Yellow

pitfall traps (10 cm diameter; filled with water and a single drop of

Tween‐20 detergent (Sigma‐Aldrich, Munich, Germany) combine the

advantages of yellow pan traps with standard pitfall traps (Buchholz,

Jess, Hertenstein, & Schirmel, 2010). Litter‐dwelling and vegetation‐
associated arthropods (e.g., aphids, mites, sciarid flies) were sampled

using a suction sampling device (Stihl SH 56, Andreas Stihl AG & Co.

KG, Waiblingen, Germany) on two randomly chosen areas of

0.5 × 0.5 m per plot every fifth day on four occasions. While any

collection method will come with certain biases towards particular

taxa, we expected this combination of collection techniques to offer

a wholesale description of the arthropod community available to

predatory spiders. All specimens were stored in 75% ethanol and

identified to family level using the identification keys by Böcher,

Kristensen, Pape, and Vilhelmsen (2015). The complexity of the local

vegetation was described by vegetation mass, measured as the dry

weight of the organic layer sampled in two soil cores (5 cm diame-

ter) per site. This metric will specifically reflect the vertical dimension
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(i.e., topographical complexity) of the very short and essentially two‐
dimensional high‐arctic tundra vegetation.

2.3 | DNA extraction, PCR and library preparation

We extracted DNA of whole Pardosa individuals including prey DNA

using a salt‐based extraction protocol (Aljanabi & Martinez, 1997),

adopting the modifications proposed by Vesterinen et al. (2016).

DNA extracts were purified using a SPRI bead solution at a ratio of

1:2 (Vesterinen et al., 2016). A blank control was included within

each batch of 47 individuals to test for DNA carry‐over contamina-

tion. No contamination was detected when analysing PCR products

of these blank controls on agarose gel.

All Pardosa samples were analysed for arthropod prey DNA using

primers ZBJ‐ArtF1c and ZBJ‐ArtR2c (Zeale, Butlin, Barker, Lees, &

Jones, 2011), which amplify a 157‐bp‐long target fragment

cytochrome c oxidase subunit I (COI) region (Folmer, Black, Hoeh,

Lutz, & Vrijenhoek, 1994). In silico testing of these primers showed

their efficiency in detecting most insect prey present in Zackenberg,

as also empirically corroborated by recent studies (Schmidt, Mos-

bacher, Eitzinger, Vesterinen, & Roslin, 2018; Wirta, Vesterinen, et

al., 2015) for further justification of primer choice, see Supporting

Information). However, primers ZBJ‐ArtF1c and ZBJ‐ArtR2c perform

poorly in amplifying soil‐living prey such as Collembola and mites,

whereas they do amplify DNA of Pardosa spiders. This amplification

of the quantitatively dominant source of DNA, that is, the predator

itself, risks masking small amounts of prey DNA, resulting in high

detectability thresholds. We therefore screened all Pardosa samples

with additional primers ARCF3 and ARCR6 (Schmidt et al., 2018),

which amplify a 69‐bp‐long target fragment within the mitochondrial

cytochrome c oxidase subunit I (COI) region (Folmer et al., 1994). This

primer pair (ARCF3/ARCR6) does not amplify wolf spider DNA,

whereas it does efficiently amplify DNA of Collembola and Acari in

the spider gut content. A comparison of the efficiency of the two

primer sets to amplify local arthropod taxa is provided in Supporting

Information Table S4.

Each 10 μl PCR contained 5 μl MyTaq Red Mix PCR mastermix

(Bioline, London, UK), 0.5 μl bovine serum albumin (BSA, 3%; Roth,

Karlsruhe, Germany), 0.5 μl sterile water, 0.5 μM of each primer

and 3 μl of DNA extract. PCR cycling conditions for primers ZBJ‐
ArtF1c/ZBJ‐ArtR2c followed the protocol in Zeale et al. (2011),

while primers ARCF3/ARCR6 followed the protocol offered in Sch-

midt et al. (2018). Each PCR was carried out as two separate repli-

cates. After the first, locus‐specific PCR round, the second‐step
PCR followed directly including Illumina‐specific adapters with a

unique dual‐index combination for each single reaction, that is, also

PCR replicates were tagged with unique indexes. Indexed PCR

products were purified using a SPRI bead protocol (Vesterinen et

al., 2016). Sequencing was performed by the Functional Genomics

Unit of the University of Helsinki, Finland, using v2 chemistry with

300 cycles and 2*150 bp paired‐end read length on an Illumina

MiSeq platform.

F IGURE 1 Map of the Zackenberg
valley (74°28′N, 20°34′W) in the
Northeast Greenland National Park. Dots
indicate 18 study plots along altitudinal
gradients from 19 to 586 m asl
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2.4 | Bioinformatics

The sequencing run yielded 5806962 (Zeale fragment) and 2455031

(ARC fragment) paired‐end raw reads pre‐processed through Q20 fil-

ter by MISEQ software. The reads were uploaded to CSC servers (IT

Center for Science, www.csc.fi) for trimming and further analysis fol-

lowing the bioinformatics pipeline as described in Kaunisto, Roslin,

Sääksjärvi, and Vesterinen (2017). We first merged and trimmed

paired‐end reads using USEARCH version 9 (Edgar, 2010). We then

removed primers using CUTADAPT version 1.11 (Martin, 2011). The

reads were then collapsed into unique sequences (singletons

removed), chimaeras were removed, and reads were clustered into

zero‐radius OTUs (ZOTU; Edgar, 2016) and mapped back to the orig-

inal trimmed reads to establish the total number of reads in each

sample using USEARCH version 9. Our final data set consisted of

3087049 (COI) reads for Zeale sequences and 1143355 (COI) for

ARC sequences, respectively. Zeale products were assigned to a tax-

onomic level using BLAST (Altschul, Gish, Miller, Myers, & Lipman,

1990) and the PYTHON script package “bold‐retriever,” version 1.0.0

(Vesterinen et al., 2016), while ARC products were assigned to a

local database build on Greenlandic arthropod species (unpublished).

About 90% of all reads could be identified to at least order level

(98% similarity threshold) and were thus retained for further analy-

ses, whereas the rest of the reads (10%) were discarded.

2.5 | Statistical analyses

We first analysed the prey family × plots matrix, where we pooled

the data of all captured Pardosa individuals for each plot, as well as

the data from different trapping methods for each plot. For gut con-

tent analyses, we pooled data derived by primer pairs ZBJ‐ArtF1c/
ZBJ‐ArtR2c and ARCF3/ARCR6, respectively, into prey family × plot

matrix, where each entry denotes a joint observation of presence

and interaction. The abundance of specific prey families in the gut

was calculated as the sum of Pardosa individuals containing DNA

from specific prey families. The abundance of prey families per plot

was calculated as prey individuals caught per trap‐day and number

of prey individuals per m2, for pitfall traps and for suction sampling,

respectively.

2.5.1 | Modelling variation in available prey
community

We used a three‐step approach to assess changes in prey availabil-

ity along the altitudinal gradient. First, we fitted two versions of

joint species distribution models (JSDM) using Hierarchical Model

of Species Communities (HMSC) R package (Ovaskainen et al.,

2017; R Core Team, 2018). We fitted one JSDM to the presence–
absence data matrix using a probit link function and another one to

the abundance data matrix using a log‐normal link function. As

explanatory variables, we used elevation and (log‐transformed) veg-

etation mass, both treated as continuous variables. The visit time

and plot identity were included as random effects. We also

included a phylogenetic tree of prey species to assess whether

relatedness of prey families influences their occurrences along the

altitudinal gradient (details about how the phylogenetic tree of prey

taxa was constructed are provided in the Supplementary Informa-

tion) and calculated phylogenetic signal as explained in Ovaskainen

et al. (2017). We used the variance partitioning described in Ovas-

kainen et al. (2017) to characterize the effect of each of the

explanatory variables as well as how much the species’ responses

were influenced by the insect feeding type (i.e., whether they are

carnivores, herbivores, detritivores or parasitoids). Second, we mod-

elled the total available prey species richness (i.e., family count per

plot) by fitting a Poisson model with lme4 (Bates, Mächler, Bolker,

& Walker, 2014) in R software. Third, we modelled the total avail-

able prey abundance (i.e., sum of the abundances per plot) by fit-

ting a log‐normal model with lme4.

2.5.2 | Comparing consumed vs. available prey
communities

As the next step, we examined what prey was consumed out of the

prey available. We first compared the differences in species (family)

richness between the consumed vs. available prey communities. For

this, we computed species richness for each sample as the number

of distinct families identified. We then examined how the consumed

community composition differed from the available prey community

composition, by applying non‐metric multidimensional scaling analy-

sis (NMDS) with Bray–Curtis dissimilarity distance using the vegan R

package (Oksanen et al., 2018). We assessed the differences in com-

munity composition both for the presence–absence data and for

(square root transformed) abundance data. We used the betapart R

package (Baselga & Orme, 2012) to assess whether the differences

in community composition originated from changes in species identi-

ties (i.e., species turnover) or differences in species richness

(i.e., nestedness).

We analysed whether and how the consumed prey community

composition depends on the available prey community composition.

We used the data matrix where the consumed (i.e., families found in

spider gut) and available (i.e., families found in the study plots) prey

were combined. We fitted one JSDM to the presence–absence data

of this data table (using a probit link function) and another one to

the abundance data (using a log‐normal link function), in both cases

using the HMSC R package (Ovaskainen et al., 2017). In both models,

we included information on whether the families were identified in

the spider gut or in the field as a categorical explanatory variable,

and the elevation of the plots and the local vegetation mass as con-

tinuous explanatory variables. To control for the non‐independence
of data collected during individual visits to individual plots, we

included the visit time and plot identity as random effects. We also

included the combination of plot and time as a random effect to

examine whether the composition of the available prey community

matched that of the prey community consumed. As in the previous

analyses, we also included a phylogenetic tree and prey feeding type

into the models.
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2.5.3 | Modelling prey consumption

We examined which variables determined prey consumption by fit-

ting two alternative mixed‐effects logistic regression models to the

binary data indicating whether the insect families were consumed or

not. The first alternative model included prey family as a categorical

explanatory variable, and the second alternative model included log‐
transformed prey body mass (measured at the family level) as a con-

tinuous explanatory variable. In both alternative models, we included

elevation and vegetation as continuous explanatory variables. To

account for the structure of the study design, we included the plot

and sampling time as random effects. We selected the most parsi-

monious model following a backward variable selection procedure

based on Akaike information criterion (AIC) (Burnham & Anderson,

2004). The models were fitted using the lme4 R package (Bates et al.,

2014).

2.5.4 | Modelling predation probability

We examined how occurrence of predatory interaction depends on

predator traits, prey traits, prey phylogeny and the environment by

applying a model based on the matching‐centrality formalism (Brous-

seau et al., 2018; Rohr, Naisbit, Mazza, & Bersier, 2016). In this

modelling approach, the interaction probability, that is, the encounter

probability between the predator and prey, is hypothesized to be

constrained by the match of the predator and prey traits given envi-

ronmental conditions. The explanatory part of the model includes

both “matching” and “centrality” components (Rohr et al., 2016). In

our fitted model, the matching component included the matching

between predator and prey body mass, whereas the centrality com-

ponents included non‐matching traits (prey feeding type), prey phy-

logeny (i.e., the first and second PCoA axes applied to the

phylogenetic correlation matrix; Brousseau et al., 2018) and environ-

ment (elevation and vegetation mass). The mathematical details of

the fitted model are provided as Supplementary Information. We

selected the most parsimonious model following forward variable

selection and comparing model's performance based on AIC

(Burnham & Anderson, 2004).

3 | RESULTS

3.1 | Prey community composition and interactions

The available prey community was composed of 26 arthropod fami-

lies representing five different orders: Araneae, Diptera, Hemiptera,

Hymenoptera and Lepidoptera. Specimens of four other arthropod

orders (Collembola, Mesostigmata, Oribatida and Prostigmata) were

not identified to a lower taxonomic level. Pitfall traps and suction

sampling yielded complementary information on the available prey

community composition. Catches from pitfall traps were dominated

by relatively large flying and cursorial taxa, whereas suction samples

consisted mostly of small, litter‐associated prey. In pitfall traps, most

individuals belonged to Diptera in families Muscidae (20.3%),

Chironomidae (12.1%) and Phoridae (9.9%) and mites in Prostigmata

(14.2%) and Mesostigmata (10.9%) (Supporting Information

Figure S2). Suction sampling showed a dominance of mites in Orib-

atida (38.8%) and Mesostigmata (28.9%), followed by Diptera in fam-

ily Chironomidae (16.6%), and Collembola (10.5%) (Supporting

Information Figure S3).

Of 670 collected Pardosa individuals, 668 were found to contain

DNA of 172 different prey species representing 51 families and 13

arthropod orders. Most Pardosa individuals contained DNA of Dip-

teran families Chironomidae (95.7%), Sciaridae (78.1%), Culicidae

(59.3%), Empididae (54.3%) and Ceratopogonidae (51.2%) (Support-

ing Information Figure S4).

To allow comparison of available prey community with commu-

nity found in predator gut, we pooled soil arthropod prey families in

higher level taxa: Isotomidae, Hypogastruridae and Katiannidae in

“Collembola”; Anystidae, Bdellidae, Diptilomiopidae, Erythraeidae,

Eupodidae, Penthaleidae, Rhagidiidae, Stigmaeidae and Tetranychidae

in “Prostigmata”; Linyphiidae and Dictinydae in “other Araneae.”

3.2 | Factors influencing available prey community
composition

The JSDM fitted to data on the available prey community explained

26% of total variance in both presence–absence and abundance. Ele-

vation was by far the most important factor influencing prey pres-

ence–absence and abundances, accounting for 61% and 56% of

explained variance, respectively (Figure 2a and Supporting Informa-

tion Figure S5A). Vegetation mass explained 18% and 16% of the

variance explained for presence–absence and for abundance data.

On the other hand, feeding type of prey explained very little, 2%

and 8% of the variance explained for presence–absence and for

abundance data, respectively. Phylogenetically related species tended

to respond to altitude and vegetation mass in a similar way, as

revealed by the parameter value measuring the phylogenetic signal:

On a scale from 0 to 1 (from total independence to perfect correla-

tion), the phylogenetic signal was 0.22 for prey presence–absence
and 0.55 for prey abundance.

In general, the abundance of all taxa tended to decrease

(although non‐significantly) with elevation and vegetation mass.

Collembola and spiders in family Thomisidae showed the most nega-

tive response to higher elevations, whereas flies in Tachinidae

showed the most positive response (posterior probability >0.95). In

addition, Tachinidae showed a negative response to vegetation mass

(posterior probability >0.95). Yet, neither the species richness nor

total abundance of available prey varied significantly with elevation

or vegetation mass (p > 0.05).

3.3 | A comparison between consumed vs. available
prey communities

The mean number of prey families identified in Pardosa gut con-

tents did not differ from the mean number of prey families identi-

fied in the sampling plots (14.4 vs. 13, p = 0.4801). Yet, the
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composition of prey families consumed differed strongly from the

composition of prey families available (Figures 3 and 4). This differ-

ence in community composition was mostly driven by differences

in family identity; that is, there was high turnover in the set of

families encountered in available vs. consumed prey (Supporting

Information Table S2).

The JSDM fitted to the data matrix including both the con-

sumed and available prey communities explained 38% of the total

variance in presence–absence and 37% of variance in abundance.

The composition of prey encountered in Pardosa gut differed con-

siderably from the composition of the prey community available in

the field: Whether the communities were found in guts or in the

field explained most of the variance for both the presence–absence
model and the abundance model (67% vs. 72%, Figure 2b and Sup-

porting Information Figure S5B). More than half of all families in

the data set were positively selected by Pardosa spiders (with 26

out of 46 taxa showing a positive estimate value to being found in

spider gut with posterior probability >95%), whereas the rest of

families showed no statistically strong results. In comparison, the

combination of plot identity and visit time explained little variation

(5%). Elevation and vegetation mass explained the most prey pres-

ence–absences, whereas the rest explained less than 10% of varia-

tion in both prey presence–absences and abundances. The feeding

type of the prey families explained only 2% of the responses to

environmental conditions. The responses of the species to whether

they were found in the spider gut or in the field were quite

randomly distributed across prey phylogeny (phylogenetic signal

for presence–absence model was 0.05 and 0.40 for abundance

model).

3.4 | Factors influencing prey consumption

Pardosa spiders used specific prey families regardless of the altitudi-

nal zone where they were found, or the surrounding vegetation.

Likewise, what Pardosa consumed did not depend on prey size, but

on prey identity (i.e., family). The mixed‐effects regression

model revealed the five most positively selected prey families to be

flies Chironomidae (estimate = 9.10, p < 0.001), Sciaridae (esti-

mate = 7.70, p < 0.001), Culicidae (estimate = 6.82, p < 0.001),

Empididae (estimate = 6.63, p < 0.001) and Ceratopogonidae

F IGURE 2 Relative proportions of variance attributed to different descriptors of prey community composition: visit time, plot identity, their
interaction, whether the families were identified in the spider gut or in the field (Field/Gut), vegetation mass (Vegmass) and elevation. Panel a
shows the results from the JSDM fitted to the available prey community data and, Panel b to the data containing both consumed and available
community data. Panel c shows the phylogenetic tree of the prey species. The variance attributed to the fixed effects is indicated in shades of
purple, and the variance attributed to the random effects is indicated in shades of green. Each bar represents a prey family. The results are
drawn from the probit models fitted to presence–absence data. The same plot but for the model fitted to the abundance data is provided as
Supporting Information Figure S5
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(estimate = 6.53, p < 0.001) (Supporting Information Table S3). For

example, Pardosa spiders did not consume more Tachinidae or Phori-

dae flies along the elevational gradient even if they were increasingly

available and did not consume less Thomisidae spiders even if their

availability decreased (Supporting Information Figure S6).

3.5 | The influence of trait matching on predation
probability

We found the most parsimonious model (Table 1) relates the occur-

rence of an interaction to predator and prey body mass, including

their quadratic terms, and their interaction, elevation and square of

elevation, a binary variable indicating whether prey is a detritivore

feeding type or not, and prey phylogeny. This model was signifi-

cantly better than the previous‐best model (delta AIC = 1019.85)

and explained 12% of the variation in predation probability (Table 1).

The parameterized model suggested that predation probability is

highest for small and large prey (Figure 5). This specific relation was

affected by elevation, in particular for large prey and predators. At

the lowest elevation, the probability of predation decreased with

increasing prey body size and predator body size; that is, at lowest

elevation large predators fed less on large prey. In contrast, at the

highest elevation, the probability of predation increased with

increasing prey body size and predator body size—large predators

fed more on large prey.

4 | DISCUSSION

In this study, we have shown how molecular data can be used for a novel

purpose: to address interaction change and its drivers along environmen-

tal gradients. The composition of available arthropod prey changed sig-

nificantly along with elevation but not the gut content of a dominant

predator. Rather than being modified by environmental constraint, such

as elevation or vegetation complexity, this predator tended to always

select similar prey. Below, we will examine each finding in turn.

4.1 | Prey community available vs. prey community
used

Consistent with our expectations, elevation and vegetation had sig-

nificant effects on the presence and abundance of single arthropod

families. However, these imprints did not translate into significant

changes in emergent community properties such as species richness
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F IGURE 3 Trophic link structure between Pardosa glacialis (upper bar; n = 668 and its prey (lower bars; identified to the family level) at
Zackenberg, Northeast Greenland. Trapezoids connecting the upper and lower bars show the frequency of prey taxa in the gut contents of
Pardosa (upper end of connector) and in the field (lower end of connector). Thus, non‐parallel sides in a trapezoid suggest some selectivity in spider
predation on the focal taxa, with an upward tapering trapezoid suggesting an underrepresentation of this item in the diet of Pardosa, and an
upward widening trapezoid showing the opposite. For soil‐living prey (mites and Collembola, lower right), this interpretation is lacking, since these
taxa were sampled by a separate method (suction sampling) and thus assigned uniform width in the graph (see text for details). Each arthropod
order is identified by a specific colour. Note that this metaweb combines data from all 18 plots and sampling dates, and hence does not account
for variation in prey availability realized between sites. Numbers refer to following prey families. 1 Dictynidae, 2 Linyphiidae, 3 Thomisidae, 4
Crambidae, 5 Erebidae, 6 Geometridae, 7 Lycaenidae, 8 Noctuidae, 9 Nymphalidae, 10 Tortricidae, 11 Braconidae, 12 Eulophidae, 13
Ichneumonidae, 14 Pteromalidae, 15 Tenthredinidae, 16 Aphididae, 17 Lygaeidae, 18 Liposcelidae, 19 Limoniidae, 20 Phoridae, 21 Trichoceridae,
22 Agromyzidae, 23 Anthomyiidae, 24 Cecidomyiidae, 25 Ceratopogonidae, 26 Empididae, 27 Fanniidae, 28 Muscidae, 29 Scathophagidae, 30
Syrphidae, 31 Tachinidae, 32 Tipulidae, 33 Chironomidae, 34 Culicidae, 35 Mycetophilidae, 36 Sciaridae, 37 Anystidae, 38 Bdellidae, 39
Diptilomiopidae, 40 Erythraeidae, 41 Eupodidae, 42 Penthaleidae, 43 Rhagidiidae, 44 Stigmaeidae, 45 Tetranychidae, 46 Achipteriidae, 47
Isotomidae, 48 Katiannidae, 49 Hypogastruridae, 50 Zerconidae and 51 Enchytraeidae
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or overall abundance with elevation. Thus, the overall availability and

local diversity of arthropod prey remained more or less constant

across the gradient.

Changes in arthropod community composition along the

elevation and vegetation gradient will likely reflect adaptation to

dominant environmental conditions, such as ambient temperature

and humidity. These observations are consistent with those

described in tundra communities of plants, microbes and

invertebrate communities (e.g., Bowden & Buddle, 2010; Høye et

al., 2017; Rich, Gough, & Boelman, 2013; Sundqvist et al., 2011).

In plots at low elevation, which are characterized by high

humidity, we found many small taxa associated with soil, such as

Collembola, as well as mesostigmatid and oribatid mites. Such

mesofauna, but also fungivore groups including sciarid flies, are

predominantly decomposers and thus dependent on the litter and

microbial resources—the availability of which is linked to humid

conditions (Hansen et al., 2016; Hodkinson, 2005). Decreases in

their abundance with increasing elevation may therefore be

explained by a decline of available resources, while

herbivorous, predacious and pollinating arthropods are less

affected.

At higher elevation and plots with low vegetation mass, however,

the community is increasingly dominated by flower visitors such as

muscid flies and chironomid midges. Diptera in general, and muscid

flies in particular, are increasingly dominant northwards along a lati-

tudinal gradient in the Arctic (Böcher et al., 2015)—and have

declined with warming conditions over time (Høye et al., 2013;

Loboda et al., 2018). These parallel observations support the inter-

pretation that spatial clines in prey availability seen along our local

environmental gradient at Zackenberg may be similar to temporal

changes associated with ongoing climate change. With spatiotempo-

ral changes in abiotic conditions, we then see changes in the com-

munity of available prey—and the question is how it reflects into

prey use by predators.

F IGURE 4 Available vs. consumed prey community composition displayed in the ordination space of a non‐metric multidimensional scaling
analysis (NMDS). Panel a is based on Bray–Curtis dissimilarity distances calculated from the presence–absence data, and Panel b is based on
Bray–Curtis dissimilarity distances calculated from the square root transformed abundance data

TABLE 1 Model comparison explaining predation probability‐
based environmental variables ‘Elevation’ (m asl; continuous) and
‘Vegetation mass’ (g, continuous), species traits ‘Prey feeding mode’
(detritivore; categorical 1/0), trait match of predator and prey body
masses (BM, mg, continuous) and prey phylogeny (first two PCoA
axes of the phylogenetic correlation matrix, continuous), as well as
their interaction terms. MacFadden pseudo R2 was calculated by
comparing model‐specific maximum likelihood (ML) with a null model
(including intercept only). The last row shows the best model
selected based on AIC

Model Variables included ML
Pseudo
R2 AIC

m1 Prey abundance, Elevation −6972.18 0.016 13950.36

m2 m1 + Vegetation mass −6970.75 0.016 13947.5

m3 Prey abundance, Pred BM,

Prey BM, Pred BM*Prey
BM

−6927.35 0.022 13864.71

m4 m1 + Pred BM, Prey BM,

Pred BM*Prey BM

−6925.74 0.02 13863.49

m5 m4 + Pred BM2, Prey

BM2

−6743.63 0.05 13503.26

m6 m5 + Pred BM*Prey
BM*Elevation

−6752.80 0.05 13521.6

m7 m6 + Elevation2 −6750.39 0.05 13518.79

m8 m7 + Vegetation mass −6750.21 0.05 13520.41

m9 m5 + Elevation2 −6741.48 0.05 13500.95

m10 m9 + Feeding mode −6737.54 0.05 13495.08

m11 m10 + Phylogeny −7082.40 0.12 12475.23
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Contrary to our expectations, the community found in Pardosa

gut contents was similar across elevation and did not change in

response to local shifts in the abundances of prey families (for

important caveats regarding gut content analysis, see Supplementary

Information). Moreover, the ingested prey community included prey

taxa which were relatively rarely recorded in our environmental

traps, for example, aphids. The consumed prey community consists

mostly of small to medium‐sized Diptera such as chironomid and

sciarid midges, which were found in more than 90% of all analysed

predator individuals. In addition, many other Diptera families, such

as Anthomyidae, Cecidomyidae and Culicidae, are proportionally

overrepresented in the gut content samples as compared to field

samples, again indicating a preference independent of prey abun-

dance in the environment. However, in contrast to the diet of wolf

spiders in high alpine glacier forelands (Ingimarsdóttir, Michelsen,

Ripa, & Hedlund, 2014; Raso et al., 2014), springtails and intraguild

prey (i.e., other spider species) proved relatively unimportant prey

for Pardosa glacialis. The present results demonstrate highly selective

feeding by Pardosa spiders. This selectivity occurs in the face of vari-

ation in the environment and in the prey community, and is not well

explained by prey size or phylogeny as such (yet, for other traits, see

below).

4.2 | Environmental conditions vs. trait matching as
determinants of trophic interactions

The observed mismatch between consumed and available prey

groups may be explained by preferred feeding on certain prey fami-

lies. Pardosa, like other species within the wolf spider family,

employs a generalist feeding style, preying on a wide spectrum of

arthropod groups. In our study, we found Pardosa to be feeding on

up to 51 arthropod families, corroborating previous studies suggest-

ing a wide prey spectrum for wolf spiders in general (Nentwig, 1986;

Nyffeler & Breene, 1990) and of arctic spiders in particular (Wirta,

Vesterinen, et al., 2015; Wirta, Weingartner et al., 2015).

While Pardosa may be a generalist predator, this does not imply

that it chooses its prey at random or opportunistically. From the ten

most important prey groups found in Pardosa guts, which account for

74% of all diet, eight belong to Diptera, the largest and most diverse

prey group found at Zackenberg (Wirta, Vesterinen, et al., 2015). Adult

Diptera are predominantly found in aboveground vegetation strata

and are often active during daytime, both factors of which facilitate

encounter rates with the diurnal predator. Wolf spiders have also been

observed to sit on open Dryas flowers, probably ambushing flower‐vis-
iting insects (M. Tiusanen, personal communication).

Diptera are prey of relative high nutritional value and do not

show anti‐predator behaviour besides flight (Rickers, Langel, &

Scheu, 2006). Indeed, wolf spider will select for such prey in order

to maximize energy uptake for metabolic and catabolic expenditures,

such as reproduction (e.g., Schmidt, Sebastian, Wilder, & Rypstra,

2012). Interestingly, however, the high local abundance of specific

Diptera, like muscid and tachinid flies (Figure 3; see also Loboda et

al., 2018; Tiusanen, Hebert, Schmidt, & Roslin, 2016; Wirta, Vesteri-

nen, et al., 2015), is not reflected in the gut content. Thus, their

behaviour or morphology seems to include traits (e.g., large body

size) making them either hard to catch or difficult to handle by wolf

spiders.

Aphididae (Hemiptera) and Noctuidae (Lepidoptera) emerged as

the most important non‐dipteran prey of Pardosa predators. Aphids

have already been reported to be important prey in agricultural sites

(Kuusk, Cassel‐Lundhagen, Kvarnheden, & Ekbom, 2008), and share

many characteristics with chironomid and sciarid midges, such as

small size, which makes them a likely prey. High feeding rates on

noctuid moths, in particular on Sympistis nigrita, are likely due to pre-

dation on their larvae, which are abundant feeders on Dryas octope-

tala, the dominant dwarf shrub in our study plots. Interestingly, more

than half of all prey families had been fed on by less than 5% of all

Pardosa individuals examined, thus emphasizing the predator's focus

on a few prey groups only while still being able to feed on a wide

range of other prey.

F IGURE 5 Predicted changes in predation probability in relation to log‐transformed prey and predator body mass match along the
altitudinal gradient. The isoclines depict the predation probabilities, with the lowest probabilities coloured in blue and the and highest
probabilities in purple. The three panels show (from left to right) the predation probabilities predicted for the lowest elevation in the data set,
for the mean elevation, and for the highest elevation

10 | EITZINGER ET AL.



4.3 | Modelling interactions based on trait matching

The importance of trait matching between predator and prey has

been repeatedly highlighted in recent literature (Bartomeus et al.,

2016; Gravel, Albouy, & Thuiller, 2016). Here, even the best trait‐
based model explained relatively little (12%) of the overall variance

in the occurrence of interactions. Interpretation of parameters sug-

gests that predators of all sizes will be likely to attack small prey

regardless of elevation, but that the probability of larger predators

feeding on large prey changes with elevation, from being low at low

elevation to being high at high elevation. Including prey phylogeny

significantly improved the model, indicating that some phylogenetic

conserved traits may override the impact of the focal trait (body

size). The different effects of body size at different elevation will

simply reflect elevational differences in the availability of (constantly)

preferred prey.

Importantly, limited explanatory power attributed to trait

matching in terms of body size does in no way rule out an impor-

tance of trait matching in terms of other, unmeasured attributes.

Rather, a strong effect of phylogeny is fully consistent with an

importance of other, as‐yet‐unmeasured traits, since so many traits

will covary among related species. Thus, an imprint of evolutionary

history can essentially be seen as a catch‐all for the imprint of one

or several unmeasured traits (e.g., cuticular toughness; Brousseau et

al., 2018). Furthermore, we note that our inference about trait

matching might also be limited by the fact that prey size was mea-

sured at the family level, masking substantial variation among spe-

cies and consumed individuals. Ideally, for assessing trait matching,

traits should be measured at the individual level, but in our case,

this was not possible since those individuals were already con-

sumed. In our case, we chose to focus on the family level, to be

able to describe the range of available vs. used prey at the same

taxonomic resolution. This solution was essentially dictated by con-

straints on time and effort for identifying a massive material of

available prey as sampled by multiple techniques (see below). Yet,

we note that identification to this level is a good compromise

between effort and biological information. While species will differ

in exact biology within families, family identity still encapsulates a

lot of information on size, life cycle, development, trophic position,

etc., as also revealed by the phylogenetic signal detected in prey

responses to the environment. Body mass also ranged greatly

among prey families, and thus, we argue that our family‐level trait
data involved most variation that could be found at the species

level.

4.4 | Comparing communities in the field and in the
gut

Comparing community data sets collected by field sampling and gut

content analysis calls for special attention. We used two standard

methods, pitfall traps and suction sampling, to assess abundance

and diversity of the arthropod community in the field sites, while

molecular gut content analysis allowed us to define prey

community found in Pardosa predators. Both field approaches come

with restriction: Pitfall traps have been criticized for catching

mainly large, running arthropods, and for characterizing activity

densities rather than real abundances (e.g., Spence & Niemelä,

1994; Topping & Sunderland, 1992). The efficiency of suction sam-

pling on the other hand may vary with the height of the vegetation

and with the relative dryness of conditions during sampling (Brook,

Woodcock, Sinka, & Vanbergen, 2008). In addition, the identifica-

tion of samples may be problematic due to damaged morphological

characteristics (personal observation). What we argue is that the

combination of both methods, as we did in this study, offers realis-

tic estimates of the natural diversity and abundances of animal

groups present in the study area, in particular at the family level

adopted.

In terms of characterizing the prey community present in gut

contents, high‐throughput sequencing of predator gut contents has

revolutionized the field. Yet, its validity relies on methodological con-

straints, such as efficiency of primers to detect a maximum of prey

taxa in the predator's gut (e.g., Pompanon et al., 2012). In this con-

text, we believe that a combination of multiple primer pairs—just as

we combined different sampling methods to characterize the com-

munity of available prey (above)—will offer the best way forward.

The use of two primer sets and uniquely indexed PCR replicates in

the present study proved successful to circumvent potential primer

bias towards specific groups (Alberdi, Aizpurua, Gilbert, & Bohmann,

2018) and revealed the broad prey spectrum of Pardosa, including

soil arthropods and intraguild prey (for in‐depth considerations, see

Supporting Information).

4.5 | Implications: predator–prey interactions in a
future Arctic—and beyond

Overall, our results suggest that environmental factors have an only

small impact on Pardosa prey choice—but a major effect on the

community of available prey. Assuming that the spatial clines in

prey community composition seen along our local environmental

gradient at Zackenberg will translate into temporal changes driven

by climate change (see above), our findings evoke a clear‐cut sce-

nario: In a rapidly warming Arctic, trophic interactions involving

wolf spiders are due to change—not because of changes in prey

selection or use, but because of changes in the availability of pre-

ferred prey. In contrast to other areas of high‐arctic tundra, vegeta-

tion structure at our study area of Zackenberg has been relatively

stable so far (IPCC, 2013; Schmidt, Kristensen, Michelsen, & Bay,

2012). Yet, the area has experienced changes in flower phenology,

soil moisture and air temperature in the last 19 years, leading to a

decline in muscid flies and Collembola but to an increase in Hemi-

ptera and parasitoid wasps (Høye et al., 2013; Koltz et al., 2018;

Loboda et al., 2018). The availability of the most important prey of

Pardosa—chironomid and culicid midges—may perhaps be less

affected by climate change due to the buffered, aquatic habitat of

their larvae. In addition, future changes in the abundance of P. gla-

cialis are unlikely to result in density‐dependent changes in
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predation rates—since where sought for, direct top‐down regula-

tion of arctic prey communities has not been found (Visakorpi,

Wirta, Ek, Schmidt, & Roslin, 2015).

Our study casts light on the mechanisms dictating trophic link

structure and suggests that for the focal predator species, species dis-

tribution modelling may offer a good proxy of future interaction

structure, with little additional insight added by separate interaction

distribution modelling. Here, we emphasize that while the current

findings are contingent on the predator taxon examined, the analytic

machinery adopted is general. It offers a pathway for identifying

selective feeding from molecular gut content analysis combined with

estimates of available prey, and to thereby establish the impact of

trait matching, prey phylogeny, environment and their interaction on

trophic linkage structure. Most importantly, it can be readily trans-

ferred to other systems, for example, generalist predators along gra-

dients of agricultural management intensity. A similar comparison

along other environmental clines may then offer other results, and

most certainly added insights.
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