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Abstract
In three Dutch populations of the native small hogweed (Heracleum sphondylium L. [Apiales: Apiaceae]), and one
of the invasive giant hogweed (H. mantegazzianum Sommeier & Levier [Apiales: Apiaceae]), interactions between
a specialist herbivore, the parsnip webworm (Depressaria radiella), and its associated parasitoids were compared
during a single growing season. We found host plant species-related differences in the abundance of moth pupae,
the specialist polyembryonic endoparasitoid, Copidosoma sosares, the specialist pupal parasitoid, Barichneumon
heracliana, and a potential hyperparasitoid of C. sosares, Tyndaricus scaurus Walker (Hymenoptera: Encyrtidae).
Adult D. radiella body mass was similar across the three small hogweed populations, but moths and their pupal
parasitoid B. heracliana were smaller when developing on giant than on small hogweeds where the two plants
grew in the same locality (Heteren). Mixed-sex and all-male broods of C. sosares were generally bigger than allfemale broods. Furthermore, adult female C. sosares were larger than males and adult female mass differed among
the three small hogweed populations. The frequency of pupal parasitism and hyperparasitism also varied in the
different H. sphondylium populations.These results show that short-term (intra-seasonal) effects of plant population
on multitrophic insects are variable among different species in a tightly linked food chain.
Key words: co-evolution, Copidosoma sosares, Depressaria radiella, fitness, parsnip webworm

In nature, plants do not grow in isolation, but are involved in an
array of interactions with other organisms. Many of these interactions are highly intimate, because plants provide other animals,
such as herbivores, with food and shelter, and natural enemies of
the herbivores, such as predators, with prey. When the frequency
of these interactions is high, it can drive strong reciprocal selection
for the evolution of adaptive traits in both the plant and the animals that are associated with it (Karban et al. 1999). These traits
include the expression of defenses in the plants to reduce the harmful
impact of the herbivores, and counter-strategies in the herbivores
that enable them to exploit plant tissues (Karban and Baldwin 1997,
Fürstenberg-Hägg et al. 2013). In natural enemies, it may lead to the
expression of traits that enable them to use plant cues more effectively, thereby increasing their ability to catch prey or parasitize hosts
(Heil 2014). Over time, this strong selection among different members of a food chain may drive the evolution of specialism among
the various species involved. Evidence suggests that the vast majority

of insect herbivores, for example, are specialized in attacking plants
with phylogenetically conserved secondary (=defensive) metabolites, and even specific plant tissues, such as young shoots, flowers,
or seeds (Loxdale et al. 2011). In turn, some natural enemies, such
as parasitoid wasps, are highly specialized in attacking only one or a
few species of hosts (Godfray 1994).
The small hogweed (Heracleum sphondylium L. [Apiales:
Apiaceae]) is an abundant plant that is native to Eurasia and
grows in discrete populations across its broad range (Zych
2007). This species and related plants in the Apiaceae, such as
wild parsnip, produce defensive secondary metabolites called
‘furanocoumarins’ (Zangerl and Nitao 1998). These chemicals
are phototoxic against a range of insect and mammalian herbivores (Berenbaum 1995). The main herbivore of small hogweed is
the parsnip webworm, Depressaria radiella Goeze (Lepidoptera:
Depressariidae, Fig 1a), which is specialized in feeding on developing flowers and fruits of hogweeds and related plant species
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Figure 1. Insects collected and identified in this study. (a) Depressaria radiella adult; (b) Copidosoma sosares adult female; (c) Copidosoma sosares adult male;
(d) ‘mummy’ of Depressaria radiella containing empty (eclosed) pupal exuviae of Copidosoma sosares; (e) Barichneumon heracliana adult; (f) Tyndaricus
scaurus adult.

like wild parsnip, Pastinaca sativa L. (Apiales: Apiaceae) (Corbet
1970; Lee and Berenbaum 1990). Caterpillars of D. radiella feed
in webs spun around umbels of hogweed plants. When they are
mature, they leave the webs and crawl down the hollow, compartmentalized stems into which they chew a hole, enter the
stems, and pupate. Adult moths emerge from the holes a week
to 10 d later, mate, and females overwinter in the surrounding
leaf litter. Immature stages of D. radiella are attacked by several
species of parasitoids. The most abundant parasitoid of webworms is the specialist, polyembryonic, egg-larval parasitoid
Copidosoma sosares Walker (Hymenoptera: Encyrtidae, Fig. 1b
and c). Copidosoma sosares females lay either one (either a male
or a female) or two (one male and one female) eggs into the webworm egg. After several rounds of polyembryonic divisions, this
gives rise to all-male, all-female, or mixed-sex broods comprised

of 100–300 parasitoids (Ode et al. 2004). Parasitized caterpillars form distinctive ‘mummies’ (Fig. 1d) that are also produced
inside the hollow stems of hogweeds. Adult parasitoids emerge
through the holes created by webworm larvae in the stems, mate,
and the females remain in the surrounding leaf litter until the
following spring. Less commonly encountered is Barichneumon
heracliana Bridgman (Hymenoptera: Ichneumonidae; Fig. 1e), a
specialist pupal parasitoid of D. radiella and other species in the
Depressaridae. It develops in webworm pupae in host stems and
emerges after several weeks, possibly overwintering as an adult.
Tyndaricus (Hymenoptera: Encyrtidae) is a little studied genus
containing species that are assumed to be primarily egg parasitoids or even hyperparasitoids (Gordh and Trjapitzin 1981).
Tyndaricus scaurus Walker (Hymenoptera: Encyrtidae) (Fig. 1f)
emerged only from C. sosares mummies, suggesting that it
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Methods and Materials
Locations
Heracelum sphondylium were sampled for D. radiella and its parasitoids from three Dutch populations in late August of 2015. The
Dutch locations were a nonflood plain habitat adjacent to farmland:
the northerly population in Veenhuizen, Drenthe: 53°2′38.82″N,
6°23′11.95″E; two floodplain habitats also occurring adjacent to
agricultural fields: the central population in Heteren, Gelderland
51°57′17.17″N, 5°43′50.97″E, and the southerly population in
Drimmelen, Brabant: 51°42′24.71″N, 4°45′28.88″E. All three populations were large and contained over several hundred plants or were
located with several hundred meters from other populations. Climate
gradients across the Netherlands are well defined (Dejonghe 2008).
The most northerly population is subjected to a slightly colder conditions with fewer warm summer days (over 20°C) than the others.
H. mantegazzianum plants were sampled for D. radiella and parasitoids from a single large population in Heteren within 1 km of the
H. sphondylium population: 51°57′14.16″N, 5°44′34.63″E.

Sampling of Plants for Arthropods
Senescing plants of both species with holes perforated in stems
by D. radiella larvae were sampled in groups of ~20–30 plants
per population; most populations contained hundreds of plants
with typically less than 25% infested by webworms. A fully-grown plant was defined as one in senescence; all seeds were
dried or had already fallen from the plant and the outer stem was
no longer moist and green in color (e.g., postreproductive stage).
Plants in each location infested with D. radiella were sampled in
mid-late August (which coincides with pupation but not eclosion
in each species) using a paring knife to cut open the stems along
their entire length. Each hollow stem contains several chambers
that are separated by a thick wall, and all of these were opened

on the sampled plants. Once a stem was cut open, it was carefully
split lengthways to avoid crushing moth pupae or mummified
webworm larvae containing parasitoids. These were collected
from individual plants, counted, and returned to the laboratory
to allow adult moths or parasitoids to emerge.

Adult Moth and Parasitoid Abundance and
Body Mass
In the laboratory, pupae of D. radiella from the different plant populations were placed in Petri dishes (12 cm dia.) that were labeled with
the following information: plant population (Veenhuizen, Heteren,
or Drimmelen), plant individual, and plant species (H. sphondylium
or H. mantegazzianum). Because it is polyembryonic and therefore
gregarious, mummies containing C. sosares both within and between plant populations were kept singly in labeled Petri dishes.
Depressaria radiella pupae and parasitoid mummies were kept
in a walk-in climate room at a temperature of 22 ± 2°C under a
16:8 (L:D) h regime with a 50% r.h. until eclosion. Emerging adult
moths or B. heracliana wasps from each of the populations or plant
species were counted, anesthetized using CO2 and weighed on a
Mettler-Toledo (Columbus, OH, USA) MT5 Electrobalance (accuracy ±1 µg). Males and females of these two species are virtually
indistinguishable so body masses were made independent of offspring sex. Parasitoids (C. sosares and T. scaurus) emerging from
mummies were sexed (to determine the sex ratio) and counted. From
each mummy five male and five female C. sosares were randomly
removed (or only males or females in single-sex broods), killed by
freezing, and weighed on the microbalance.

Statistical Analysis
To compare whether the number of D. radiella colonizing a stem
were similar across the three Dutch locations, as well as for the
two species, the number of pupae and mummified pupae were
combined per stem (log-transformed) and analyzed using a general
linear model with location/species as a fixed factor. To determine
whether the relative numbers of pupae and mummies per stem, as
well as their fate were similar in small hogweed plants sampled at
the three locations, tests of independence were performed (G-tests).
Fate was recorded as frequencies of dead pupae, adult eclosion from
pupa (moth or B. heracliana), dead mummies (in which no wasps
emerged) and parasitism by C. sosares/T. scaurus. Similarly, relative
frequencies were compared for small and giant hogweed stems with
holes sampled at Heteren.
To investigate whether adult masses of D. radiella were similar
across the locations of the small hogweeds, masses were analyzed
for each insect species separately with a general linear mixed model.
Location was entered as a fixed factor and plant individual as a
random factor (sometimes more insects of the same species were
found in a single plant stem). Brood sizes of C. sosares were analyzed using a similar approach with wasp sex and brood type (allmale, all-female, and mixed) entered as additional factors in the
model. When the effect of plant location was significant, Tukey–
Kramer tests were used to conduct pair-wise comparisons of the least
squared means. Data on biomass of C. sosares were analyzed separately for males and females. We used a mixed model as described
before with mummy nested within plant individual as an additional
random factor (many wasps develop from a single mummy). The
variables above were also analyzed comparing data obtained from
small and giant hogweeds using similar analyses as for the location
comparisons, but with plant species as a main factor. In addition,
mass of adult B. heracliana was compared using a general linear
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might be a hyperparasitoid, although nothing is known about
its biology.
Here, in a single growing season we compared the abundance
and performance of D. radiella and its (hyper)parasitoids in three
separate populations of H. sphondylium in the Netherlands. The
three plant populations are each separated by more than 100 km and
grow in distinctly different habitats: two are riparian and grow on
floodplain soils whereas the third grows well away from river floodplains. Additionally, we compared these same performance parameters in single populations of H. sphondylium and the invasive,
allegedly more toxic giant hogweed, H. mantegazzianum Sommeier
& Levier (Apiales: Apiaceae), growing in close proximity at the same
location. Giant hogweeds are native to the Caucaus region but were
introduced as ornamental plants across western Europe over 150
yr ago where they have become abundant, highly invasive weeds
(Hansen et al. 2006). Giant hogweeds also harbor D. radiella in both
the native and invasive ranges (Hansen et al. 2006).
We hypothesize 1) that the performance of D. radiella and its
parasitoids will not vary significantly in the different small hogweed
populations, because all of the species are widespread and abundant
in the Netherlands, thereby stabilizing selection over evolutionary
time. 2) The performance of herbivores and parasitoids on the invasive giant hogweed will, however, be lower than on the native small
hogweed growing in the same vicinity because of a) these insects
have a longer co-evolutionary history with the native species, and
b) because the native plant species is less toxic than the invader, as
previous work has shown (Ode et al. 2004).
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model with plant species as a main factor. This pupal parasitoid was
primarily found in hogweeds growing at the Heterern location. Only
two pupae were found at the two other locations, one at each site.
All analyses were performed using SAS/STAT software, version
9.4, except for the G-test which was performed manually (Sokal and
Rohlf 1995)

The combined numbers of D. radiella pupae and C. sosares mummies that were collected per perforated hogweed stem were similar
across the locations (F2, 53 = 1.05, P = 0.35) and between the two
hogweed species at the Heteren location (F2, 41 = 0.12, P = 0.73). The
number of D. radiella pupae per plant stem varied been 1 and 21
(median 4). However, the number of pupae versus the number of
mummies, as well as the emergence of other parasitoids from them
(or precocious death) differed across the three locations (numbers:
G-test, χ 2 = 19.3, df = 2, P < 0.001, fate of pupae: χ 2 = 31.7, df = 2,
P < 0.001; fate of mummies: χ 2 = 14.8, df = 2, P < 0.001). At the
Veenhuizen site, we found more pupae than mummies, whereas at
the other two locations this was reversed (Fig. 2). Moreover, significantly more moths and parasitoids eclosed successfully from the
pupae and mummies, respectively, collected at Veenhuizen (Fig. 2).
In Heteren, the incidence of parasitism by B. heracliana was higher
than at Veenhuizen and Drimmelen (Fig. 2). Also, the number of
pupae versus mummies collected from small and large hogweeds at
the Heteren location differed (χ 2 = 21.6, df = 2, P < 0.001, Fig. 2).
Parasitism by C. sosares was two-fold less in large hogweeds than
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in small hogweeds (Fig. 2). The fate of the pupae also differed depending on hogweed species (χ 2 = 5.13, df = 1, P = 0.014), whereas
the fate of the mummies did not (χ 2 = 1.52, df = 1, P = 0.15). More
D. radiella moths and B. heracliana parasitoids eclosed from the
giant than from the small hogweeds in Heteren. None of the mummies collected from large hogweeds produced T. scaurus. However,
this species emerged from 5 to 15% of C. sosares mummies in the
three small hogweed populations.
Body mass of adult D. radiella moths developing from small hogweeds were similar at the three locations (F2, 43.3 = 2.16, P = 0.12:
Fig. 3). However, moths developing from small hogweeds were
larger than those developing from giant hogweeds in Heteren (F1,
= 6.12, P = 0.017; Fig. 3).
45.3
In total, 28,571 adult C. sosares parasitoids emerged from all
sampled mummies, and 715 individuals were weighed, for the analyses. There were both plant-population and -species effects. For
example, adult body masses of female adult C. sosares wasps differed depending on the location of the small hogweed plants (F2,
= 8.15, P < 0.001; Fig. 4a). Female wasps were heavier when
41.4
emerging from mummies at the Drimmelen than at the Veenhuizen
and Heteren small hogweeds (Tukey–Kramer tests, P < 0.05). For
the males the effect of location was not significant (F2, 25.7 = 3.06,
P = 0.06; Fig. 4a). Body masses did not differ for wasps emerging
from small and giant hogweed at the Heteren location (females: F1,
= 0.26, P = 0.61; males (F1, 12.1 = 0.29, P = 0.60; Fig. 4a). Females
22
were larger than males (paired t-test for mean male and female body
mass from mixed broods (t22 = 12.8, P < 0.001). Broods of C. sosares
can result in all-female, all-male or mixed broods. The number of
wasps emerging from the different brood types differed (effect of
broodtype: location analysis F2, 127 = 3.26, P = 0.04; species analysis
F2, 40.8 = 5.1, P = 0.01. These differences in brood sizes were similar
at the three locations (broodtype bylocation: F4, 118 = 0.27, P = 0.90)
and for the two plant species (broodtype by species: F2, 32.7 = 1.85,
P = 0.17) (Fig. 4b). All-female broods produced lower number of
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Figure 2. Fate of Depressaria radiella found in the stems of native small and
invasive large hogweeds (Heracleum sphondylium and H. mantegazzianum,
respectively). Small hogweeds were sampled at three locations (Veenhuizen,
Heteren, and Drimmelen) (the left three bars), whereas large hogweeds
were only sampled at Heteren (the right most bar), the only location where
the two species were growing in close proximity. Fate of the larvae was
recorded as adult moth eclosion, parasitized by the solitary pupal parasitoid
Barichneumon heracliana, dead pupa, parasitized by the polyembryonic
endoparasitoid Copidosoma sosares, mummies of C. sosares producing
the potential hyperparasitoid Tyndaricus scaurus, or dead mummies.
Fate is presented as percent of the total combined number of pupae and
mummies collected from (20–30) perforated stems per location/species. Top
three segment in each bar refer to the fate of the pupae and bottom three
segments refer to the fate of the mummies. Numbers of D. radiella found in
small hogweed stems at each location and in large hogweed at Heteren are
shown above the bars.
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Figure 3. Mass (mean ± se) of adult Depressaria radiella moths collected
from small hogweed and large hogweed stems. Small hogweeds were
sampled at three locations (Heteren, Drimmelen and Veenhuizen with
20–30 perforated stems per location), whereas the large hogweed was only
sampled at Heteren, the only location where the two species were growing
in close proximity. Numbers of D. pastinacella adults eclosing from pupae
found in small hogweed stems at each location and in large hogweed at
Heteren are shown above the bars.
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Figure 4. (a) Body mass (mean ± se) of adult female or male Copdiosoma
sosares and (b) mean brood size of C. sosares (mean ± se) emerging from allfemale, all-male, or mixed broods collected from small hogweed and large
hogweed stems. Small hogweeds with perforated stems were sampled at
three locations (Heteren, Drimmelen, and Veenhuizen), whereas the large
hogweed was only sampled at Heteren, the only location where the two
species were growing in close proximity. From each mummy, five eclosing
males, females or both in mixed-broods were weighed. The numbers of
mummies that were used for weighing biomass (all-female, all-male, and
mixed broods, respectively) are given above the bars.
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Figure 5: Adult body mass (mean ± se) of the pupal parasitoid Barichneumon
heracliana developing from Depressaria pastinacella pupae collected from
small hogweed and giant hogweed stems at Heteren. Sample sizes are given
above the bars.

The results of this investigation show that, during a single season,
the fate of the parsnip webworm, D. radiella, in terms of parasitism and pupal mortality, differed across three populations of the
small hogweed, H. sphondylium in northern, central, and southern
provinces of the Netherlands. Over 50% of larvae pupated and
produced adult moths in the most northerly Dutch hogweed population (Veenhuizen), whereas more than 65% of larvae and pupae
of D. radiella in Heteren were parasitized by C. sosares or B. heracliana. Pupal mortality (in which adult moths failed to emerge) was
high in Heteren and low in the two other small hogweed populations.
The survival of parasitoids in C. sosares mummies also varied with
hogweed population, and was significantly lower in Veenhuizen that
at the other two locations. The parasitoid T. scaurus emerged from
mummies of C. sosares from each of the three small hogweed populations but only from mixed sex broods. Furthermore, whereas there
was not a significant difference in adult body mass of D. radiella
moths across the different hogweed populations, female C. sosares
were larger in Drimmelen than in Veenhuizen and Hetern hogweeds.
Comparisons between one native H. sphondylium and one invasive H. mantgazzianum population where they grow in close proximity in Heteren revealed that significantly higher numbers of moth
pupae (and lower numbers of C. sosares mummies) were present in
the latter species. However, the relative proportion of pupal (moth)
and mummy (parasitoid) mortality was similar in both the native
and invasive hogweed species. Barichneumon haracliana was also
largely confined to small and giant hogweeds at Heteren and almost
absent at the other small hogweed populations, whereas T. scaurus
was absent from H. mantegazzianum. Moreover, whereas adult
moth body mass and adult mass in B. heracliana was lower in the
giant than in the small hogweed, the body mass of C. sosares was
similar in both plant species. We found that adult moths and B. heracliana (but not C. sosares) were smaller when developing on H. mantegazzianum, which produces significantly higher concentrations of
furanocoumarins than H. sphondylium or another native host plant,
Pastinaca sativa, in the Netherlands (Ode et al. 2004). However, this
difference was not dramatic (around 10% in the moth and parasitoid), although we did not measure other fitness correlates such as
reproductive success or longevity.
Our results reveal population- and species-specific differences
in the abundance and performance of D. radiella and its associated parasitoids and hyperparasitoids in the Netherlands. It is important to stress, however, that this study was only performed over
a single growing season, so we have little idea how much the abundance of various species in this multitrophic food web varies over
time. Differences in the abundance and performance of the parasitoids may reflect long-term predictability and stability in the various
interactions. However, there is evidence of temporal variability in
the abundance of D. radiella and its parasitoids based partially on
the findings of a previous study (Harvey et al. 2016) where we compared stem occupancy of insects in herbivore-infected small hogweeds in the same plant populations. The abundance of D. radiella
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wasps than all male broods, whereas brood sizes in mixed broods
were more variable.
The pupal parasitoid B. heracliana was most abundant from
both hogweed species in Heteren; only one pupa was parasitized
by this parasitoid at each of the other two small hogweed populations. Adult wasps were significantly heavier when developing in
host pupae collected from small than from the giant hogweed (F1,
= 7.28, P = 0.014; Fig. 5).
20
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develop in hosts that keep growing and feeding after they are parasitized (so-called ‘koinobiont’ parasitoids; Harvey 2005). Solitary
koinobionts generally reduce host growth considerably compared
with healthy hosts whereas gregarious koinobionts often stimulate host growth (Harvey 2005). Because it is polyembryonic and
therefore gregarious, a major problem in gauging the effects of
C. sosares on plant fitness is that parasitized caterpillars may grow
larger than healthy ones. This was demonstrated in another association between the congener C. floridanum Ashmead (Hymenoptera:
Encyrtidae) and its host Trichoplusia ni Hübner (Lepidoptera:
Noctuidae) (Strand 1989). A major challenge in assessing the effects
of C. sosares on plant fitness is therefore in teasing apart direct effects (i.e., on seed production of plants harboring healthy or parasitized D. radiella caterpillars) versus indirect effects (i.e., a reduction
in the abundance of D. radiella that frees future generations of plants
from this herbivore).
In the Netherlands, P. sativa is rarely used as a food plant by
D. radiella, because H. sphondylium is greatly preferred (Ode et al.
2004). In contrast, in North America, where P. sativa, D. radiella,
and C. sosares have been introduced, H. sphondylium is absent. The
native H. maximum is sparsely distributed in the eastern United
States and only relatively common locally where it harbors both
D. sativa and C. sosares. Although P. sativa is an invasive pest in
the eastern United States, it is still rare west of the Great Plains.
However. C. sosares has primarily become established in the western
United States (Carroll et al. 2007) although it now appears to be
establishing in Wisconsin and Illinois. If trait-remixing can occur
rapidly in hogweed or parsnip populations in the short-term presence or absence of D. radiella, how much might this be influenced
by C. sosares? Future experiments aim to determine the degree of
phenotypic matching between webworms, hogweeds, and parsnips
in the native range where these species are sympatric but where there
is clearly a preference for H. sphondylium by D. radiella.
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