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Abstract

Studies on the determinants of plant-herbivore and herbivore—parasitoid associations
provide important insights into the origin and maintenance of global and local species
richness. If parasitoids are specialists on herbivore niches rather than on herbivore
taxa, then alternating escape of herbivores into novel niches and delayed resource
tracking by parasitoids could fuel diversification at both trophic levels. We used DNA
barcoding to identify parasitoids that attack larvae of seven Pontania sawfly species
that induce leaf galls on eight willow species growing in subarctic and arctic-alpine
habitats in three geographic locations in northern Fennoscandia, and then applied dis-
tance- and model-based multivariate analyses and phylogenetic regression methods to
evaluate the hierarchical importance of location, phylogeny and different galler niche
dimensions on parasitoid host use. We found statistically significant variation in para-
sitoid communities across geographic locations and willow host species, but the differ-
ences were mainly quantitative due to extensive sharing of enemies among gallers
within habitat types. By contrast, the divide between habitats defined two qualitatively
different network compartments, because many common parasitoids exhibited strong
habitat preference. Galler and parasitoid phylogenies did not explain associations,
because distantly related arctic-alpine gallers were attacked by a species-poor enemy
community dominated by two parasitoid species that most likely have independently
tracked the gallers’ evolutionary shifts into the novel habitat. Our results indicate that
barcode- and phylogeny-based analyses of food webs that span forested vs. tundra or
grassland environments could improve our understanding of vertical diversification
effects in complex plant-herbivore—parasitoid networks.
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Introduction

Studies on food webs consisting of plants, herbivorous
insects and insect parasitoids are central to our under-
standing of the functioning of terrestrial ecosystems as
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well as the origin of global and local species diversity
(Singer & Stireman 2005; Kitching 2006; Abrahamson &
Blair 2008). Plant-herbivore—parasitoid networks are
characterized by high species richness and variably spe-
cialized trophic interactions (Weiblen et al. 2006; Eve-
leigh et al. 2007; Cagnolo et al. 2011), and this immense
complexity poses formidable challenges for research
(Hawkins 1994; Forister & Feldman 2011; Hrcek et al.
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2013). A major complication is that both herbivores and
parasitoids tend to be small and difficult to identify
morphologically (Smith et al. 2008; Kaartinen et al. 2010;
Fernandez-Triana et al. 2011). Fortunately, molecular-
genetic methods provide increasingly efficient tools for
species identification from all insect life stages, and
rapid screening of community structure based on DNA
barcode sequences allows improved estimation of inter-
action strengths across trophic levels (Hrcek ef al. 2011;
Smith et al. 2011; Wirta et al. 2014).

Important insights into the ecology and evolution of
plant-herbivore—parasitoid networks can be achieved
by studying factors that determine patterns of para-
sitoid attack across potentially available herbivore spe-
cies. The parasitoid community attacking a given insect
host population is shaped by multiple interacting fac-
tors, the most obvious of which are time and space,
because plants, herbivores and parasitoids occur as spa-
tially and temporally variable multitrophic metacom-
munities (Schonrogge et al. 1998; van Nouhuys &
Hanski 2005; Klapwijk & Lewis 2011; Lohse et al. 2012;
Stone et al. 2012). Species-specific physiological traits
and immune responses of herbivores may also limit
their suitability for parasitoids, although immune
defences are typically not directly observable in natural
conditions (Desneux et al. 2012; Harvey et al. 2012; Con-
don et al. 2014). From an evolutionary viewpoint, the
most interesting potential determinant is host ecology,
because niche-dependent parasitism could theoretically
explain the extreme species diversity of both herbivores
and parasitoids: parasitoids that search for victims in
specific niches could facilitate shifts to new host plants
or resources in herbivores and thereby trigger ecological
speciation in the herbivores (i.e. top-down diversifica-
tion; Gratton & Welter 1999; Singer & Stireman 2005).
The resultant increase in ecological and lineage diver-
sity in the herbivores could then open up possibilities
for further parasitoid diversification (i.e. bottom-up
effects; Stireman et al. 2006; Abrahamson & Blair 2008;
Forbes et al. 2009).

Surveys based on mass rearings of oligo- and poly-
phagous insects have indeed shown that levels of para-
sitism can vary across alternative host plants (Price
et al. 1980; Lill et al. 2002; Farkas & Singer 2013).
Demonstrating ecologically based parasitism is more
complicated in specialists occupying single, distinct
niches. In such cases, comparisons across multiple lin-
eages utilizing different resources are needed. However,
simply showing that species occupying alternative
niches or niche dimensions are attacked by distinct par-
asitoid communities is not enough to demonstrate that
the differences between the groups are caused by their
ecological features. This is because both physiological
defences and ecological traits may be phylogenetically

conserved, meaning that coincident changes in physiol-
ogy and ecology could theoretically lead to purely inci-
dental matches between herbivore niches and parasitoid
host-use patterns (Fig. 1A) (Bailey ef al. 2009; Desneux
et al. 2012). However, phylogenetic information pro-
vides the possibility to identify the underlying defence
mechanisms: idiosyncratic or phylogenetically con-
served parasitoid absences (or clear reductions in abun-
dance) that do not coincide with host-niche boundaries
point to an effect of physiological defences (Fig. 1B),
while niche-dependent parasitism can be demonstrated
if distantly related insects in similar niches tend to be
attacked by the same parasitoids (Fig. 1C) (Ives & God-
fray 2006; Leppanen et al. 2013).

Here, we investigate the effects of location, host plant
species, habitat and phylogenetic relationships on the
composition of hymenopteran parasitoid communities
that attack Pontania sawflies (Hymenoptera: Tenthre-
dinidae) inducing pea- or bean-shaped galls on leaves
of willows (Salicaceae: Salix spp.). Willow—galler—para-
sitoid communities are distributed across the Northern
Hemisphere, and each trophic level in this system con-
tains hundreds of species in geographically variable
combinations (Argus 1997; Kopelke 2003; Roininen et al.
2005; Kasparyan & Kopelke 2009). To obtain a snapshot
of a part of this Holarctic ‘trophic quilt’ (sensu Lewin-
sohn 2010), we DNA-barcoded parasitoid larvae col-
lected from galls induced by seven Pontania species on
eight Salix host species in subarctic and arctic-alpine
habitats in three locations in northern Fennoscandia.
After inferring the species composition of each commu-
nity sample, we used distance- and model-based multi-
variate analyses and phylogenetic regression methods
to test whether and how parasitoid host use is
explained by geography, different galler niche dimen-
sions and phylogenetic relationships among galler and
parasitoid species. Our specific aim was to evaluate the
hierarchical importance of the focal factors in relation to
each other, as well as to possible physiological defences
in the gallers. The results are discussed in relation to
current hypotheses on top-down and bottom-up diver-
sification effects in multitrophic food webs.

Material and methods

Parasitoid community sampling

Parasitoid communities were assessed by collecting
Pontania galls from eight Salix species in Kilpisjarvi, Fin-
land (69°03'N, 20°48'E; August 27-31, 2009), Abisko,
Sweden (68°21'N, 18°49'E; August 18-22, 2009), and
Tromse, Norway (69°36'N, 19°01'E; August 25-29,
2010). These sites form the vertices of a large triangle
with sides of 100-140 km; given that the distances

© 2015 John Wiley & Sons Ltd



DETERMINANTS OF GALLER PARASITOID COMMUNITIES 5061

(A) Ecology or physiology

Fig. 1 Conceptual illustration of situa-
tions in which phylogenetic information

on groups of specialist herbivores can be
used to discern whether physiological

defences or ecological traits of hosts
determine parasitoid attack patterns.

Niches are indicated by letters after her-
bivore names and colours on the phylo-

genetic tree, and lines crossing tree
branches show directly unobservable

physiological defence traits that are effec-
tive against different parasitoid species.

(A) Single parasitoid species attack only

(or predominantly) hosts sharing a niche
or niche dimension, but groups defined
by niches are reciprocally monophyletic:

physiological and ecological effects can-
not be separated with confidence,

because the pattern could be explained
by coincident shifts in host ecology and

physiology. (B) Parasitoid presences and
absences are erratic or partly phylogenet-

ically conserved across the herbivore

tree, but boundaries of parasitoid host
ranges do not coincide with host ecology:

physiological defences are the most likely
explanation. (C) Distinct niches have

been colonized by unrelated herbivore
lineages, and herbivores sharing a niche
or niche dimension also support a com-

mon parasitoid community: host ecology
is likely the main factor limiting host
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between the sites clearly exceed the typical dispersal
distances of small insects (cf., e.g. van Nouhuys & Han-
ski 2002; Yamamura et al. 2003; Dulieu et al. 2007), for
the purposes of the present study, they are considered
ecological replicates. All three locations represent typi-
cal northern Lapland environments, with lowlands cov-
ered by low subarctic mountain birch (Betula pubescens
ssp. czerepanovii) forests that transition into a willow-
bush zone at higher elevations and, finally, to arctic—
alpine habitat with ground-hugging vegetation in the
highland areas.

Leaves with late-stage sawfly galls were collected
from five willow species (Salix lanata, Salix glauca,
Salix lapponum, Salix myrsinifolia and Salix phylicifolia)
that grow in boreal-subarctic habitats, as well as three
dwarf willow species that inhabit the arctic-alpine zone
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(Salix reticulata, Salix polaris and Salix herbacea) (Table S1
and Fig. S1, Supporting information). Each of the focal
willows hosts a single species of the Pontania viminalis
group, except for S. polaris and S. herbacea, which are
galled by Pontania aquilonis in Kilpisjarvi and
P. aquilonis and P. herbaceae in the two other locations.
These two galler species induce identical galls on both
hosts, but are genetically (Fig. S1, Supporting informa-
tion) and morphologically distinct, and can be distin-
guished by their larvae (Vikberg 2003). However,
identification of partly eaten larvae is uncertain, so
these species are treated as one in some of the analyses
below. We note that as the parasitoid communities in
the P. aquilonis samples collected from S. polaris and
S. herbacea in Kilpisjarvi are very similar to the samples
from the two other localities, P. herbaceae evidently is
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either relatively rare in Abisko and Tromse or, more
likely, attacked by the same parasitoids as is P. aquilonis
(as indicated also by the rearing-based survey of
Kopelke 1999).

Altogether, 5858 galls were collected haphazardly
into plastic bags and then opened in the laboratory
under a dissection microscope in order to deduce the
fate of their sawfly inducers (live larva/killed by para-
sitoid /other or unknown cause of death), and overall
rates of survival and mortality were summarized across
host species and locations (Table S1, Supporting infor-
mation). All parasitoid larvae were placed individually
in 2-mL Eppendorf tubes with 99.5% ethanol and then
stored at —20°C.

Construction of the reference barcode library and
community barcoding

In order to construct a reference library linking DNA
barcodes to species names, a separate set of galls was
collected from each site and then diverted to rearing of
adult parasitoids. Galled leaves (sorted according to
location and willow species) were placed in 0.5-L glass
jars having a 3-cm sand layer at the bottom and a 2-cm
layer of dry Sphagnum moss covering the sand. The
rearing jars were moistened and kept at room tempera-
ture until September and then at +1°C until April, when
they were returned to room temperature. At this point,
the jars were covered in black plastic, and their lids
were transected with a 1-cm silicone tube leading to a
30-mL plastic laboratory tube; emerging sawflies and
parasitoids were attracted to the collection heads by the
light entering the darkened jars via the silicone tube.
The collection heads were emptied daily, and the
insects were stored in 99.5% ethanol at —20°C.

Of the reared and morphologically identified para-
sitoid adults, 59 were used for obtaining reference bar-
code sequences. An additional 13 identified specimens
originating from earlier rearings from a wider selection
of galler species were also sequenced, in order to
broaden the representation of potentially observable
enemies. Genomic DNA was extracted from 1 to 2 legs
or whole specimens using DNeasy Blood and Tissue
Kits (Qiagen). The standard barcode portion of the
mitochondrial COI gene (Hebert et al. 2003) was ampli-
fied using the primers hybLCO and hybHCO (Folmer
et al. 1994; Wahlberg & Wheat 2008). The 25-uL PCRs
used the reaction mix described in Leppanen et al.
(2012) and the temperature profile of Wahlberg &
Wheat (2008). PCR products were likewise purified and
sequenced as described in Leppanen et al. (2012) and
Wahlberg & Wheat (2008).

To infer parasitoid community structure in the com-
munity samples (defined by the combination of galler

and willow species and location; below ‘galler x wil-
low x location’) originating from the dissected galls,
we DNA-barcoded 6-53 randomly selected parasitoid
larvae per sample (mean N = 25.5), meaning that the
parasitoid community on each host (defined by the
combination of galler and willow species; below
‘galler x willow’) is estimated based on 23-89
sequences (mean N = 70.13) (Table S1, Supporting infor-
mation). The 561 barcoded parasitoid larvae were either
processed and sequenced in the same way as the refer-
ence adults, or sent for sequencing at the Canadian
Centre for DNA Barcoding at the University of Guelph
(www.cedb.ca). Ichneumonid and braconid barcode
sequences were of a length of 658 bp, but chalcidoid
barcodes were only 652 bp long due to a two-codon
deletion at alignment positions 467—472. Several chalci-
doid species proved to be difficult to sequence due to
the presence of a long mono-T-stretch close to the 5
end of the barcode portion. Therefore, we designed a
new forward primer, BcodeInt-f249 (5-ATR GCW TTT
CCY CGA ATA AAT AA-3), which anneals on the 3’
side of the T-stretch, and which was then used as an
internal sequencing primer or for amplifying samples
that failed in the initial PCRs (resulting in a 403-bp bar-
code). The reference library and the final community-
sample data matrix include only specimens that had
barcode sequences of >350 bp.

Tree calculations and estimation of community
structure

A neighbour-joining (NJ]) tree was constructed for the
reference sequences in MEGA v. 5.1 (Tamura et al. 2011)
based on Kimura 2-parameter distances, uniform rates
across sites and pairwise deletion of missing sites.
Group support was assessed based on 1000 boot-
strapped data sets.

In the next step, larval sequences were identified by
adding them to the reference data set and calculating
an NJ tree (but using only 100 bootstrap replicates due
to the high number of specimens). A final NJ tree was
then calculated using only larval sequences, and the
number of larvae representing each parasitoid species
was calculated for each community sample, that is all
larvae originating from one galler and willow host spe-
cies at a single location. These numbers were then con-
verted into proportions by dividing the number of
individuals of each parasitoid species with the total
number of larvae sequenced from the same community
sample.

For the purposes of the phylogeny-based community
analyses, we first estimated the species-level parasitoid
community for each galler (and willow host) species by
summing numbers of larvae of each enemy species

© 2015 John Wiley & Sons Ltd
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from all locations and then dividing the sums with the
total number of parasitoid larvae sequenced for the gal-
ler species in question; for P. aquilonis, we used in these
analyses the samples from S. polaris and S. herbaceae
from Kilpisjarvi, where P. herbaceae does not occur, and
Pontania arcticornis was represented by the sole location
(Abisko) from which sufficient numbers of larvae were
obtained. In the next step, we constructed an ultramet-
ric phylogenetic tree for the seven focal Pontania species
based on 2525 bp of sequence data [COIL 810 bp;
cytochrome b (Cytb): 718 bp; sodium—potassium adenosine
triphosphatase (NaK): 997 bp; see Malm & Nyman 2015].
Six Euura galler species were included in these analyses
as out-groups. The data were analysed by maximum
likelihood (ML) in RAXML Black-Box (Stamatakis 2006)
on the cipres server (Miller et al. 2010), based on a
GTR + G model of substitution, data partitioned by
gene and using 100 bootstrap replicates. The resulting
tree was ultrametricized using nonparametric rate
smoothing (NPRS) in treeepiT v. 1.0 (Rambaut & Char-
leston 2002) and then pruned to include only Pontania
species. A tree for the 14 parasitoid species was calcu-
lated similarly, based on the reference adult COI
sequences and larval sequences for the six species that
lacked reference individuals. The midpoint-rooted ML
tree calculated for the full data was NPRS-ultrametri-
cized and then pruned to include a single representa-
tive of each species. We note that although the
parasitoid tree is based on barcode sequences only, its
overall structure is largely congruent with the current
understanding of relationships among the families and
genera involved (cf. Heraty et al. 2011, 2013; Shara-
nowski et al. 2011; see also Quicke ef al. 2012).

Statistical analyses

We tested the effects of host (galler x willow) and loca-
tion on rates of survival and parasitism by two-way
ANovas in IBM spss v. 21.0 (IBM Corporation, Somers,
NY, USA). Host was included as a fixed factor because
nearly all local Pontania species were included in the
data set, and location was set as a random factor
because the sampling sites are a subset of all possible
locations; the interaction term was excluded from the
model.

To standardize sampling effort in comparisons of
enemy species richness across community samples
(galler x willow x location) and hosts (galler x wil-
low), we first constructed species-accumulation curves
in different data partitions using individual-level rar-
efaction based on 1000 random input sequences in EsTI-
MATES V. 9.0.0 (Colwell 2013). The effect of host species
on rarefied enemy-community richness at N =10 and
N =20 was then tested by nonparametric Kruskal-
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Wallis one-way ANova, and the effect of habitat (when
using species-level data) with a Mann-Whitney U-test
at N = 20 in spss. Pontania arcticornis, which was found
in sufficient numbers only in Abisko, was excluded
from the sample-level analyses, and for the 2-3 samples
that did not reach the rarefaction cut-offs, we used the
numbers achieved at their observed sample sizes.

In order to obtain a visual representation of para-
sitoid community similarity across hosts and locations,
we performed a nonmetric multidimensional scaling
(NMDS) ordination in pc-orD v. 5.33 (McCune &
Mefford 2006), based on the proportional parasitism by
each enemy species and quantitative Serensen (=Bray—
Curtis) distances among community samples. The opti-
mal number of ordination axes and run parameters
were selected using the slow-and-thorough autopilot
option in rc-orD. Multiresponse permutation procedures
(MRPP) in pc-OrRD were used to test the effect of location
and willow species on parasitoid communities; in
essence, these analyses estimate the probability of find-
ing as small or smaller average within-group distances
in ordination space under a null-hypothesis assumption
of random group assignments. We also performed an
MRPP test for the effect of habitat (boreal-subarctic/
arctic-alpine) using a species-level data set in which
each galler x willow combination was represented by
the weighted mean of its parasitoid communities at the
three sites (P. aquilonis was again represented by the
samples from S. polaris and S. herbaceae  from
Kilpisjarvi).

Our main tests of host and location effects on para-
sitoid community structure were performed in a model-
based framework using the mvaBUND package (Wang
et al. 2012) in R v. 3.1.2 (R Development Core Team
2014). mvaBUND was used to fit a separate generalized
linear model (GLM) for the abundance of each para-
sitoid species in each community sample, with location
and host as explanatory factors and the logarithm of
the number of barcoded parasitoid larvae as an offset.
Statistical significance of estimated multivariate (com-
munity-level) and univariate (single species) deviances
were inferred based on 999 PIT-trap resamplings of
rows of the data matrix; univariate P values were
adjusted for multiple testing. In the analysis, we
employed negative binomial regression with a log-link
function, after confirming that residuals did not covary
systematically with fitted linear predictors. Tests for the
effect of habitat on galler species-level enemy communi-
ties were performed similarly.

We evaluated the effect (=signal strength) of phyloge-
netic relationships among galler and parasitoid species
on the species-level quantitative association matrix
using Ives & Godfray’s (2006) phylogenetic bipartite lin-

ear model (pblm) approach. Calculations were
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performed using the PICANTE v. 1.6.2 package (Kembel
et al. 2010) in R, and implemented 1000 bootstrap
replicates to estimate 95% confidence intervals for the
signal arising from the galler (dganers) and parasitoid
(dparasitoids) phylogenies. Overall model fit was inferred
by contrasting mean squared errors (MSE) calculated
for the full model, in which dgajers and dparasitoids are
estimated from the data (MSEg4), with errors obtained
using a model assuming no phylogenetic covariances
(MSEqt,y), and a model incorporating a Brownian
motion assumption of evolution (MSE;). Because MSE
measures error, lower values indicate a better fit of the
model.

Results

Rates of survival and parasitism

Rates of survival in the 22 galler community samples
ranged from 12.07% to 87.88% (mean = 54.35%)
(Table S1 and Fig. S2, Supporting information). Sample-
level parasitism rates were 5.15-75.86% (mean =
30.06%), and mortality by other or unknown causes
3.64-29.35% (mean = 15.58%). Because parasitism was
the main cause of death in most galler samples, there
was a strong negative correlation between survival and
rate of parasitism (Pearson’s r =-0.924, R? =0.854,
P < 0.001). According to two-way ANOvas, survival rate
was influenced by neither host species (P = 0.059) nor
location (P = 0.806), and these factors also had no effect
on the rate of parasitism (host, P = 0.064; location,
P =0.139).

Reference barcode library and larval identifications

The 72 sequenced reference adult parasitoids grouped
into 18 distinct clusters in the NJ tree (Fig. S3, Support-
ing information), when clusters are defined based on a
standard 2% barcode divergence limit (cf. Smith et al.
2011; Wirta et al. 2014). Morphological identifications
generally agree with the sequence-based species clus-
ters, but a mislabelling of a Shawiana lapponica female
(PV-GG) as Bracon sp. was corrected based on re-exami-
nation of the voucher specimen, and two adults identi-
fied as Pteromalus pontaniae cluster within ‘P. dolichurus’,
while the latter is itself split into two groups. The smal-

ler of these clusters consists of two individuals that
were reared from galler species that do not occur in the
area (Pontania pustulator) or that were not included in
our community analyses due to their divergent gall
types (Euura mucronata); the cluster most likely repre-
sents Pteromalus euurae Askew, but below it will be con-
servatively referred to as Pteromalus sp.1.

Combining the sequences of the 561 larval parasitoids
with the reference data set allowed species-level identi-
fication of all but six specimens (Fig. S4, Supporting
information). These unidentifiable individuals represent
five putative species that were given operational famil-
ial or generic names (e.g. Eulophidae sp.1, Eurytoma
sp.) based on their closest relatives in the reference data
set and additional comparisons to sequences in Gen-
Bank and the BoLp database (www.boldsystems.org).
Nine parasitoid species present in the reference data set
were not found in the larval community samples, but
five of these had been reared only from more southerly
locations or from nonfocal sawfly species that induce
different galls.

Parasitoid species richness

The composition of the parasitoid communities—calcu-
lated on the basis of the NJ tree calculated using a data set
from which reference sequences had been excluded—
markedly differs across the 22 community samples defined
by galler and willow host species as well as locations
(Fig. 2). The overall enemy community on the focal Ponta-
nia gallers consists of eight common species (observed total
N = 21-150), and six species that were encountered only
1-3 times each. All of the common parasitoids are found
across multiple galler (3-6) and willow (4-6) species,
although their prevalence varies among hosts.
Individual-based rarefaction curves for parasitoid
species richness in the community samples level off at
around 10-30 specimens, indicating that our sample
sizes are adequate for detecting all or nearly all enemies
at most sites (Fig. S5A, Supporting information), and
especially for each galler species in data sets in which
communities from different sites are pooled (Fig. S5B,
Supporting information). The richest enemy communi-
ties (final combined S = 8) are found on Pontania samo-
lad, Pontania nivalis and Pontania glabrifrons, while the
arctic-alpine gallers Pontania reticulatae and P. aquilonis/

Fig. 2 Neighbour-joining tree calculated for 561 parasitoid larvae on the basis of their COI barcode sequences (left), with bar charts
(right) showing the proportion of individuals that belong to each parasitoid species on each galler species in each location (i.e. the
sum of proportions equals 1 for each galler species in each location). Parasitoid individuals on the tree are coloured according to
their galler host species and the willow host of the galler (see legend), and bars in the bar chart are coloured correspondingly. The
number of individuals observed for each parasitoid species is given under species names; note that the scale on the y-axis differs
among plots. Location codes below the bar charts are KIL = Kilpisjarvi, ABI = Abisko and TRO = Tromse. Numbers above branches

are bootstrap percentages; only values >50% are shown.
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Parasitoid host species Habitat
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herbaceae are attacked by fewer than four parasitoid spe-
cies. Nonparametric Kruskal-Wallis one-way ANOvAs
found statistically significant heterogeneity in the num-
ber of parasitoid species attacking each galler x willow
combination at N =10 (P = 0.013) as well as at N =20
(P =0.017). If the community samples that did not
reach these rarefaction cut-offs (two and three samples,
respectively) are excluded, the differences still remain
statistically significant (P = 0.021 and P = 0.031, respec-
tively). When the gallers are divided into two groups
based on the habitat of their hosts, rarefied total
parasitoid richness at N =20 is significantly lower on
arctic-alpine species than on boreal-subarctic species
(Mann-Whitney U-test, P = 0.036). In this case, how-
ever, P. aquilonis is represented twice in the data set (on
S. polaris and S. herbacea), and if the communities on
these willow hosts are combined, the difference
becomes only marginally significant (Mann-Whitney
U-test, P = 0.095).

Determinants of parasitoid community structure

Exploratory randomization tests favoured a two-dimen-
sional solution for NMDS ordinations both when using
community samples and host species-based samples,
that is additional axes do not result in a statistically sig-
nificant improvement for the representation of the origi-
nal among-sample distances. Euclidean distances
among points in the final ordination based on commu-
nity samples (Fig. 3A) explain 81.7% of the variation in
the original quantitative Serensen distance matrix (final
stress = 13.97%). Parasitoid communities collected from
the same galler and willow species are statistically sig-
nificantly clustered in ordination space (MRPP test,
P < 0.0001; this result holds even if only boreal-subarc-
tic hosts are considered: MRPP test, P = 0.029), but the
effect of locality is by itself nonsignificant (MRPP test,
P =0.614).

The model-based multivariate analysis of deviance in
MVABUND likewise found a statistically significant overall
effect for galler and willow host species (dfyes, gite = 12,
6; Deviance = 286.20; P = 0.001), but not for location
(dfres, airr = 18, 2; Dev = 33.34; P = 0.137). Results from
the univariate analyses (Table S2, Supporting informa-
tion) indicate that the multivariate effect is driven by
host-dependent parasitism in many common enemy
species (P. pontaniae, P. dolichurus, Eulonchetron tory-
moides, Bracon kopelkei and Scambus vesicarius). The effect
of host species is statistically significant also when only
boreal-subarctic hosts are included in the analysis
(dfres, aier =6, 3; Dev =100.63; P = 0.001), but in this
case also the location effect is significant (dfyes, gitr = 9,
2; Dev =50.51; P =0.018). The univariate deviance
estimates (Table S2, Supporting information) indicate,

however, that in the restricted data set, both the host
and location effect may reflect patterns in one or a few
parasitoid species.

The NMDS ordination based on species-level enemy
communities (Fig. 3B) closely resembles the aforemen-
tioned sample-based configuration (R?=0.97, final
stress = 2.84%). A noteworthy pattern in both ordina-
tions is the separation of the enemy communities of gal-
lers attacking boreal-subarctic vs. arctic-alpine dwarf
willows (Fig. 3B), and habitat indeed has a statistically
significant effect on community structure according to
both distance-based (MRPP test, P = 0.004) and model-
based (dfies, aitt =6, 1; Dev = 86.42; P = 0.01) tests. If
P. aquilonis is treated as a single species (i.e. the sam-
ples from S. polaris and S. herbaceae from Kilpisjarvi are
pooled), a one-dimensional solution is favoured (not
shown), but the main division still occurs along the ele-
vation gradient, and the habitat effect remains statisti-
cally significant (MRPP test, P = 0.011; multivariate
GLM: dfies, aite = 5, 1; Dev = 75.48; P = 0.014).

Phylogenetic regression on species-level parasitoid
community structure (Fig. 4) indicated a very weak
effect of the galler phylogeny on parasitoid—galler asso-
ciations  (dganers = 0.328;  95%  confidence inter-
val = 0.006-0.670) and essentially zero signal arising
from the parasitoid tree (dparasitoids = 0.008; 95%
CI =190 x 10 '*-0.422). The MSE term estimated for
the full model with estimated d’s (MSEq4 = 0.016) was
close to the error estimated for a model assuming no
phylogenetic covariances (MSEg,, = 0.018), but clearly
lower than values obtained when assuming Brownian
motion evolution (MSEp,s = 0.024), again indicating
lack of overall phylogenetic signal in the quantitative
association matrix.

Discussion

In complex food webs formed by plants, plant-feeding
insects and parasitoids, the dietary repertoire of an indi-
vidual parasitoid species can consist of a single herbi-
vore species, comprise a subset of closely related insect
taxa or extend over several distantly related insect
orders (Shaw 1994; Morris et al. 2004; Stireman 2005;
Leppanen et al. 2013). Such wide variability in para-
sitoid host ranges should not, however, prevent us from
attempting to identify boundaries that define distinct
subcommunities or compartments within larger host—
parasitoid networks, because such discontinuities can
help to pinpoint key transitions in the evolution and
diversification of both herbivores and parasitoids
(Sugiura 2007; Cagnolo et al. 2011). Progress in this field
has until recently been severely held back by difficulties
in community sampling and species identification
(Shaw 1994; Smith ef al. 2008; Quicke 2012). A more
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Fig. 3 (A) Two-dimensional nonmetric multidimensional scaling (NMDS) ordination plot based on quantitative Serensen distances
among parasitoid communities of seven leaf-galling Pontania sawfly species on eight willow species in three locations in northern
Fennoscandia (KIL = Kilpisjarvi, ABI = Abisko and TRO = Tromse). The ordination explains 81.7% of the variation in the original
data, final stress = 13.97%. (B) Corresponding ordination for each galler species and willow host after combining community data

from different locations (R? = 0.97, final stress 2.84%).

serious analytical complication can follow from lack of
phylogenetic information: physiological, phenological,
behavioural, morphological and ecological traits are
typically phylogenetically conserved (Stireman & Singer
2003; Bailey et al. 2009; Desneux et al. 2012), so spurious
correlations between host traits and parasitoid attack
rates can arise unless relationships among participant
species are taken into consideration (Fig. 1). The recent
rise of molecular-genetic methods fortunately now
allows us to, figuratively speaking, kill two birds with
one stone (Quicke et al. 2012).

COI barcoding proved to be a fast and efficient tool
for identification of parasitoid larvae within our focal

© 2015 John Wiley & Sons Ltd

willow—galler—parasitoid food web: of 561 barcoded lar-
vae, 555 could be reliably linked to morphologically
identified reference adults, and the remaining ones
could be classified to operational taxa. Such direct iden-
tification of larval parasitoids circumvents problems
caused by uneven mortality across parasitoid species or
groups, which has been found to distort inferences in
traditional rearing-based analyses (Kaartinen ef al. 2010;
Smith et al. 2011; Wirta et al. 2014). Our spatially repli-
cated community sampling scheme, in combination
with the availability of phylogenetic information of both
gall inducers and parasitoids, allows for statistical tests
of multiple factors that could shape the structure of
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Fig. 4 Average proportional abundance of 14 parasitoid species on seven leaf-galling Pontania sawfly species, in relation to the ultra-
metricized galler phylogeny (to the left of the matrix) and the parasitoid phylogeny (above matrix). Numbers above branches are
bootstrap percentages from the original ML phylogenetic analyses; symbols in front of galler species names denote willow host spe-

cies and habitats (see legend).

parasitoid communities attacking particular galler

species and populations.

Determinants of parasitoid community structure

The composition of the parasitoid community attacking
any given herbivore species is typically influenced by
several hierarchically organized factors (Cagnolo et al.
2011). The northern Fennoscandian leaf-galling Pontania
species studied here belong to the monophyletic, spe-
cies-rich tenthredinid sawfly subtribe Euurina, in which
species induce leaf folds or rolls, or different types of
closed galls on leaves, petioles, buds or stems of salica-
ceous plants (Kopelke 1999; Nyman et al. 2000, 2010).
As in other gall-inducing insect groups (Stone &
Schonrogge 2003; Bailey ef al. 2009), the clearest transi-
tions in parasitoid communities occur across Euurina
lineages inducing galls in different parts of Salix hosts
(Nyman et al. 2007). However, when only the focal Pon-
tania leaf gallers are considered, our present results
show that the hierarchy of determinants can be
described in shorthand form as ‘habitat > willow and
galler host species > location > galler and parasitoid
phylogeny’.

The strong and statistically significant habitat effect
arises from the fact that Pontania gallers inhabiting
treeless arctic-alpine habitats share a species-poor

parasitoid community (Fig. S5, Supporting information)
that is distinct from the richer community attacking gal-
lers associated with boreal-subarctic Salix species
(Figs 2—4). Importantly, the discontinuity is evidently
based on shared ecology, because our phylogenetic
regression analyses showed that neither galler nor para-
sitoid phylogenies explain galler—parasitoid associations
(Fig. 4).

Willow and galler host species exerted a statistically
significant effect on parasitoid community structure in
the overall network, despite the fact that enemy com-
munities are not strictly diagnostic for specific hosts
(Fig. 3A). Comparable host plant effects on parasitism
have been demonstrated using mass rearings of gener-
alist herbivores (Lill ef al. 2002; Murphy 2004; Farkas &
Singer 2013) and phylogeny-based comparisons of spe-
cialist taxa (Ives & Godfray 2006; Nyman et al. 2007;
Leppanen et al. 2013; see also Lopez-Vaamonde et al.
2005). The influence of willow and galler host was
weaker, yet still statistically significant, within the sub-
arctic component of the community. However, the over-
all host effect was in this case largely driven by a single
parasitoid species, E. torymoides, which was completely
absent from P. glabrifrons on S. lanata (Fig. 2, Table S2,
Supporting information). Ascribing this absence to a
plant-based effect is complicated by the fact that the
comparison involves leaf galler species that are mono-

© 2015 John Wiley & Sons Ltd
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phagous on separate willow hosts, meaning that the
result could theoretically reflect a species-specific physi-
ological or immunological defence of P. glabrifrons lar-
vae. Such defences are known to be present in other
plant-feeding insect groups (Schmidt et al. 2001; Pennac-
chio et al. 2014), and an effect of herbivore defences on
parasitoid survival was recently elegantly demonstrated
by Condon et al. (2014) in a group of closely related
and ecologically near-identical Blepharoneura flies that
infest flowers of tropical Gurania vines. However, in the
case of E. torymoides, a more probable option is that the
result is explained by interspecific differences in gall
wall thickness or morphology (Fig. S1, Supporting
information), or by differences in the phenology of gall
development, all of which are composite traits influ-
enced by both gallers and plants (cf. Craig et al. 1990;
Stone & Schonrogge 2003). In any case, the extensive
sharing of parasitoids among gallers within the arctic—
alpine and boreal-subarctic compartments (Figs 2 and
4) points to the conclusion that host plant effects and
physiological defences—if present—are generally not
strong enough to lead to qualitative differences in the
parasitoid communities attacking specific galler species.

Implications for vertical diversification effects

Hypotheses on vertical diversification effects in plant—
herbivore—parasitoid networks revolve around the pos-
sibility that ecologically determined parasitism could
facilitate colonization of novel resources and subsequent
ecological speciation in herbivores (Gratton & Welter
1999; Singer & Stireman 2005), and that shifts to new
niches in herbivores could induce delayed host tracking
and adaptive splitting in associated parasitoid lineages
(Stireman et al. 2006; Abrahamson & Blair 2008; Forister
& Feldman 2011). Because herbivore niche shifts,
changes in host—parasitoid associations and speciation
events are all slow processes, direct demonstration of
trophically driven diversification is impossible, and
studies instead have to rely on indirect inferences. Nev-
ertheless, demonstrations of niche-dependent parasitism
at least show that conditions favouring top-down diver-
sification exist (e.g. Murphy 2004; Farkas & Singer
2013), and the possibility of bottom-up diversification is
supported by studies showing that closely related herbi-
vores utilizing different niches are attacked by closely
related yet distinct specialist parasitoids (e.g. Forbes
et al. 2009; Kolaczan et al. 2009).

Genetic divergence and speciation in willow-galling
sawflies is apparently largely driven by shifts among
Salix host species (Nyman 2002; Leppanen et al. 2014),
but the small differences in parasitoid attack rates
among galler species within subarctic and arctic-alpine
habitats (Fig. 2) indicates that host plant shifts are in
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most cases not connected with release from parasitism.
On the other hand, combining our data on galler—
parasitoid associations with information on the phylo-
genies of the participant groups strongly suggests that
galler diversification has been at least partly spurred by
top-down selective pressures. First, the low number of
parasitoid species attacking arctic-alpine gallers is most
likely explained by the fact that treeless tundra habitats
have been colonized relatively recently by three galler
lineages that evolved independently from boreal-
subarctic ancestors (Fig. S1, Supporting information).
Second, while gallers associated with dwarf willows
currently share a common set of parasitoids, their origi-
nal enemy communities may have been even simpler,
because their shifts to tundra environments probably
occurred on different continents: the closest relatives of
P. reticulatae and P. herbaceae are boreal-subarctic gallers
distributed in Eurasia, while the currently sympatric
P. aquilonis is phylogenetically nested within a clade of
North American species (Fig. S1, Supporting informa-
tion). While overall parasitoid-inflicted mortality is
often loosely related to the richness of the parasitoid
community (Fig. S2, Supporting information) (Nyman
et al. 2007; Vindstad et al. 2013; but see Hawkins 1994),
it should be emphasized that current attack rates are
unlikely to be representative of the conditions during
the gallers’ initial shifts to tundra habitats. Enemy-free
space in herbivore—parasitoid systems is always
expected to be temporary (Gratton & Welter 1999; Gros-
man ef al. 2005; Heard et al. 2006), but even a relatively
brief lag in the colonization of treeless tundra regions
by the parasitoids could have provided a very strong
selective ‘push’ for the gallers during their evolutionary
transitions.

Evidence for cascading bottom-up speciation of para-
sitoids has previously been found in cases involving
herbivore shifts among alternative host plant taxa (Stire-
man ef al. 2006; Abrahamson & Blair 2008; Forbes et al.
2009) and changes in gall morphology (Nyman et al.
2007; Bailey et al. 2009). However, the ubiquity of diver-
sification by delayed host tracking is still debated (Cro-
nin & Abrahamson 2001; Althoff 2008; Lozier et al.
2009; Hamback et al. 2013) and, according to our results,
galler host shifts among willow species inhabiting the
same habitat have not triggered genetic divergence or
speciation in parasitoids (Fig. 2). By contrast, our find-
ing that speciation events across the subarctic/arctic
environmental divide have happened convergently
within the distantly related parasitoid families Bra-
conidae and Pteromalidae suggests that habitat shifts in
herbivores can cascade to diversification in associated
enemies. The species predominantly attacking arctic—
alpine gallers (P. pontaniae and Bracon kopelkei) are both
specialists on willow-galling sawflies (Askew 1985;
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Papp 2000; Kopelke 2003), so their colonization of the
tundra environment theoretically cannot predate the
colonization events of the gallers. More comprehen-
sively sampled phylogenies are required to pinpoint the
sister taxa and origination times of P. pontaniaze and
B. kopelkei, but, judging from the short genetic distances
between these species and their closest relatives on the
COI barcode tree (Fig. S3, Supporting information),
their sister lineages are likely to be found within para-
sitoid groups attacking boreal-subarctic sawfly gallers.

Conclusions and future prospects

Nearly all of the evaluated factors exerted a statistically
demonstrable influence on the structure of parasitoid
communities on individual Pontania galler species, but
habitat emerged as the factor causing the largest discon-
tinuity among enemy communities, and as the only
niche boundary that appears to have induced speciation
in associated parasitoids. Although the observed pattern
does not directly prove that galler shifts onto tundra-in-
habiting willow hosts were triggered by release from
parasitism, it strongly suggests that temporary enemy-
free space can be found in novel habitats, and supports
the position that niche shifts in herbivores can lead to
parallel ecology-based diversification in associated para-
sitoid lineages (Stireman ef al. 2006; Abrahamson &
Blair 2008; Forister & Feldman 2011). The most probable
explanation for this lies in the stereotypical host loca-
tion behaviours of parasitoids (Godfray 1994; Vinson
1998; Stilmant et al. 2008), as the behavioural program-
ming and environmental preferences of species search-
ing for victims on trees or shrubs have to be very
different from the ones of species attacking hosts on
ground-hugging vegetation on the open tundra. Many
individual parasitoid species (Stireman & Singer 2002;
Tylianakis et al. 2007; Stilmant et al. 2008) and clades
(Tschopp et al. 2013) exhibit conservatism with respect
to habitats, so we propose that analyses of parasitoid
community structure and speciation across sharply
demarcated biome or ecosystem boundaries could pro-
vide a very fruitful avenue for further research. In addi-
tion to insect lineages inhabiting subarctic and arctic
environments along the northern tree line, comparable
turnovers of enemy communities could, for example, be
found in herbivore groups that span more southerly
forest and grassland biomes (e.g. Pena & Wahlberg
2008; Toussaint ef al. 2012).

The prospect of accelerating anthropogenic climate
change has led to an increased interest in the structure
and functioning of subarctic (Stahlhut et al. 2013; Vind-
stad et al. 2013) and arctic (Timms et al. 2013; Wirta
et al. 2014) food webs, with the result that arctic para-
sitoid communities have been found to be surprisingly

diverse (Fernandez-Triana et al. 2011; Varkonyi &
Roslin 2013). These higher trophic levels are the most
threatened by ongoing shrub expansion at the expense
of open arctic-alpine habitats (Tape et al. 2006; Hallin-
ger et al. 2010; Rich et al. 2013), as extinctions triggered
by habitat loss necessarily proceed in a top-down direc-
tion (Komonen ef al. 2000; Pearse & Altermatt 2013;
Roslin et al. 2013). Therefore, the distinctness and high
specialization of interactions found within the arctic—
alpine component of our focal food web highlight the
current dire situation of northern ecosystems: as shown
by the species distribution models of Thuiller ef al.
(2005) and Alsos et al. (2009, 2012), the geographical
ranges of dwarf willows and many other cold-adapted
plants are expected to contract significantly in the com-
ing decades. In our rapidly changing world, northern
Fennoscandian specialized arctic-alpine plant-herbi-
vore—parasitoid food webs are particularly vulnerable,
as they are literally tucked in between the forest and
the deep blue sea.
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Data accessibility

COI barcode sequences of adult parasitoid reference
specimens and new sequences of the focal galler species
and out-groups have been deposited in GenBank under
Accession nos KT599266-KT599337 and KT599338-
KT599412, respectively. These data are also available as
Nexus-formatted text files in the Dryad digital reposi-
tory, along with a Nexus file containing the barcode
sequences of larval parasitoids, an Excel file containing
the numbers of each parasitoid species found on each
galler and willow species in each location, and
commands and data wused in the model-based
community analyses and in the tests of phylogenetic
effects on galler—parasitoid associations (doi: 10.5061/
dryad.km?75s).

Supporting information

Additional supporting information may be found in the online ver-
sion of this article.

Fig. S1 Maximum-likelihood phylogeny of representative Pon-
tania leaf galler species from the Holarctic region, based on
2525 bp of sequence data from the COI, Cytb and NaK genes
(Salix host species shown after the galler names, Euura out-
groups omitted).

Fig. S2 Rates of (A) survival and (B) parasitism in population
samples of Pontania sawfly larvae collected from leaf galls on
eight different willow species in three different locations
(KIL = Kilpisjarvi, ABI = Abisko and TRO = Tromse).

Fig. S3 Neighbour-joining tree calculated on the basis of K2P
distances among COI barcode sequences of 72 reared and mor-
phologically identified adult parasitoids.

Fig. S4 Neighbour-joining tree calculated on the basis of K2P
distances among COI barcode sequences of 72 identified para-
sitoid adults (with names in coloured font) and 561 parasitoid
larvae (in black font) collected from leaf galls induced by seven
sawfly species on eight willow species in three locations in
northern Fennoscandia (KIL = Kilpisjarvi, ABI = Abisko and
TRO = Tromso).

Fig. S5 Individual-based rarefaction curves for the estimated
number of parasitoid species in relation to the number of
sequenced parasitoid larvae.

Table S1 Sample sizes (numbers of galls), numbers and per-
centages of live galler larvae and larvae killed by parasitoids
or other/unknown causes, and numbers of barcoded parasitoid
individuals for the 22 population samples (8 galler and willow
species at 1-3 locations).

Table S2 Univariate estimates of deviance and associated
P values for GLM analyses of the full dataset and for boreal-
subarctic host species only.

© 2015 John Wiley & Sons Ltd


http://www.ncbi.nlm.nih.gov/nuccore/KT599266
http://www.ncbi.nlm.nih.gov/nuccore/KT599337
http://www.ncbi.nlm.nih.gov/nuccore/KT599338
http://www.ncbi.nlm.nih.gov/nuccore/KT599412
http://dx.doi.org/10.5061/dryad.km75s
http://dx.doi.org/10.5061/dryad.km75s

