
Oecologia (2006) 150:291–299 

DOI 10.1007/s00442-006-0514-0

COMMUNITY ECOLOGY

Assessing trophic interactions in a guild of primary parasitoids 
and facultative hyperparasitoids: stable isotope analysis

Gail A. Langellotto · Jay A. Rosenheim · 
Megan R. Williams 

Received: 27 September 2005 / Accepted: 12 July 2006 / Published online: 9 August 2006
©  Springer-Verlag 2006

Abstract Facultative hyperparasitism is likely to be the
most common form of intraguild predation among par-
asitoids. However, diYculties associated with studying
facultative hyperparasitoids in the Weld have hampered a
thorough understanding of their trophic ecology. In this
study, we used a combination of stable isotope analysis
and published natural history information to infer tro-
phic interactions in a guild of Weld-collected primary
parasitoids and facultative hyperparasitoids that attack a
gall-making midge on Baccharis pilularis. Our three a
priori hypotheses were: (1) stable isotope values should
increase incrementally from the host plant to higher tro-
phic levels; (2) the two species of ectoparasitoids should
exhibit higher stable isotope signatures than the two
endoparasitoids, and; (3) the two facultative hyperpar-
asitoids should exhibit stable isotope signatures that fall
between zero and one trophic level steps above that
observed for the primary parasitoids. Food webs
inferred from stable isotope data generally agreed with
previously published accounts of community structure.
As expected, both �13C and �15N were progressively

enriched in the heavy isotope from the host plant to the
herbivorous midge to the parasitic wasps. Multivariate
analysis of stable isotope data revealed that the two pri-
mary ectoparasitoids occupied a similar trophic niche,
but were signiWcantly diVerent from the primary endo-
parasitoids. We attribute this result to “coincidental
intraguild predation” by ectoparasitoids that develop on
already-parasitized midge larvae. One of the facultative
hyperparasitoids, Zatropis capitis, exhibited a stable iso-
tope signature approximately one trophic step above the
primary parasitoids. Unexpectedly, the second faculta-
tive hyperparasitoid, Mesopolobus sp., appeared to be
developing as a primary parasitoid at all sites. Coupled
with independent assessments of community structure,
stable isotope analysis validated trophic links con-
structed by previous researchers and identiWed potential
taxon-speciWc diVerences in trophic interactions for
two facultative hyperparasitoids in the B. pilularis gall
community.

Keywords Stable isotopes · Food web · Facultative 
hyperparasitism · Rhopalomyia californica · Parasitoids

Introduction

Facultative hyperparasitoids are omnivores that can suc-
cessfully complete development on either herbivorous
or primary parasitoid hosts. Facultative hyperparasitism
is widespread among the Hymenoptera and is likely to
be the most common form of intraguild predation
among parasitoids (Brodeur 2000). Surprisingly little is
known about the trophic ecology of facultative hyper-
parasitoids (Rosenheim et al. 1995), despite the fact that
their plastic life history strategy confers the potential to
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suppress or promote herbivore populations. A deeper
understanding of the trophic ecology of facultative
hyperparasitoids is important for both basic and applied
insect community ecology.

Historically, the primary tools that have been
employed to investigate the prevalence and impor-
tance of omnivory and intraguild predation within
arthropod communities, in general, have been observa-
tion (i.e. descriptive studies of species’ diets for the
construction of food webs) and experimentation (i.e.
manipulation of the community to quantify interaction
strengths). These approaches provide rigorous analy-
ses of trophic interactions and community structure,
but are also logistically diYcult and at times prohibitive
due to the speciose nature of many terrestrial arthro-
pod communities. Such approaches are especially diY-
cult to employ with parasitoids that oviposit and feed
on internally feeding herbivores, such as gall-formers.

Unlike more traditional ecological approaches, sta-
ble isotope analysis oVers the potential to quickly and
easily assess community structure in systems where
direct observations of trophic interactions or manipula-
tive studies are diYcult. However, for many food webs
involving arthropods, the prevalence of omnivory (Coll
and Guershon 2002), including cannibalism (Wagner
and Wise 1996) and intraguild predation (Rosenheim
et al. 1995), complicate the interpretation of stable iso-
tope data. Despite the challenges that arthropod com-
munities present, stable isotope analysis has been used
to infer trophic interactions in insect communities
where omnivory was common (Tillberg and Breed
2004; Mooney and Tillberg 2005).

Here, we assess community structure and species
interactions in a community of parasitoids that attack
an herbivorous midge on coyote bush, Baccharis pilu-
laris (Asteraceae), using a combination of stable iso-
tope analysis and published natural history information.
The conWned and speciWc feeding habits of the herbi-
vore and the primary parasitoids associated with Bac-
charis galls should reduce isotopic mixing associated
with omnivory to some degree. Nonetheless, great vari-
ation still exists in the enrichment of both carbon and
nitrogen stable isotopes for trophic transfers between
(a) the plant and the herbivore and (b) the herbivore
and primary parasitoids in this system (Langellotto
et al. 2005). Although such variation complicates the
use of stable isotope data to infer food web structure,
speciWc hypotheses can be tested regarding the degree
to which isotopes should enrich with trophic transfers.
First, carbon and nitrogen isotope signals of individual
taxa are expected to exhibit a progressive enrichment in
the heavier isotope (13C or 15N) from the primary pro-
ducer to the herbivorous midge and from midge to the

primary parasitoids. Thus, stable isotope values should
exhibit “trophic level steps” from the base of the food
web to higher trophic levels. Second, because primary
ectoparasitoids may consume midge hosts that have
been previously parasitized by endoparasitoids, they
may exhibit isotope signals that are enriched, relative to
stable isotope values of primary endoparasitoids. Thus,
these consumers should fall farther along the “diago-
nal” of increasing �13C and �15N on a standard isotope
biplot, such that coincidental intraguild predation
among parasitoids produces isotope signals that trans-
late into diVerent functional groups.

Apart from the speciWc hypotheses outlined above,
uncertainty remains regarding the use of isotope signals
to infer trophic interactions in facultative hyperparasi-
toids. In theory, facultative hyperparasitoids should
have stable isotope signals that fall on or between the
signals of true secondary and tertiary consumers (e.g.,
an obligate hyperparasitoid). Furthermore, how the
mean isotope value of a facultative hyperparasitoid falls
in relation to the isotope values of secondary versus ter-
tiary consumers can be used as a measure of the degree
of hyperparasitism within the population. However,
because we do not yet have an independent, controlled
measure of what the facultative hyperparasitoids are
consuming (as suggested in Gannes et al. 1997), we
must be cautious in applying stable isotope values to
infer trophic interactions. Nonetheless, in the absence
of direct measures of consumption, we can still hypoth-
esize that the stable isotope values of a facultative
hyperparasitoid should fall somewhere between the iso-
tope value of a strict primary parasitoid and the value
that would be expected for an obligate hyperparasitoid
(one trophic level step higher).

Methods

Natural history of system

Independent assessments of trophic interactions
between the midge, its host plant and its natural ene-
mies suggest that between three and four trophic levels
are associated with B. pilularis galls (Doutt 1961; Force
1970, 1974; Ehler 1982; Hopper 1984; Ehler and Kinsey
1991; Latto and Briggs 1995; Briggs and Latto 1996,
2000, 2001) (Fig. 2). The lone herbivore in the system,
the specialist midge Rhopalomyia californica Felt (Dip-
tera: Cecidomyiidae), forms galls on B. pilularis shrubs,
and is in turn subject to attack by a diverse assemblage
of parasitoids. For example, the parasitoid Platygaster
californica Ashmead (Platygasteridae) attacks the
midge eggs and Wrst-instar larvae while they are still on
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the outside of the plant. Parasitized midge eggs and lar-
vae continue to develop and produce galls along with
the unparasitized midges. All of the other common par-
asitoid species oviposit into the chambers of already-
developed galls. These include the primary larval endo-
parasitoid Tetrastichus sp. (Eulophidae) and the pri-
mary larval ectoparasitoids Torymus koebelei Huber
(Torymidae) and Torymus baccharidis Huber (Torymi-
dae). Zatropis capitis Burks (Pteromalidae) and Meso-
polobus sp. (Pteromalidae) are both facultative
hyperparasites that develop externally on either the
midge larvae or on the larvae of the other wasp species
(Doutt 1961; Force; 1970; Ehler and Kinsey 1991).

Study sites/sampling

Galls were collected three times during 2002 from three
sites in Northern California: Stebbins Cold Canyon
Reserve (Solano County, CA, USA), Point Reyes
National Seashore (Marin County, CA, USA), and
Tomales Bay State Park (Marin County, CA, USA). For
a more complete description of the study sites and sam-
pling protocol, please refer to Langellotto et al. 2005.

Midge and parasitoid emergence

Field-collected galls were brought back into the lab for
rearing. Galls were individually placed into one dram
shell vials topped with cotton stoppers and were reared
on the lab bench at ambient temperature and photope-
riod (approximately 23 °C and 14:10 L:D). Every 1–
2 days, galls were checked for emerging adults. Adults
that had emerged (both midges and parasitoids) were
removed from the vials and frozen until they could be
identiWed. The number of adult midge and wasp emer-
gences from collected galls was used as a measure of
midge and wasp abundance in the Weld. This method is
known to underestimate actual abundance, especially
for midges, which are particularly susceptible to desic-
cation and mortality in lab-maintained galls (Briggs
and Latto 2001). However, gall dissections overesti-
mate actual abundance, since not all insects will suc-
cessfully emerge from the gall (Briggs and Latto 2001).
Because several researchers have used adult midge and
wasp emergences as a measure of Weld abundance
(Force 1970 as reported by Hopper 1984; Ehler 1982),
our use of emergence as a measure of abundance
allowed for cross-study comparisons. If the relative
abundance of the midge, primary parasitoids and facul-
tative hyperparasitoids at our study sites is comparable
to abundances reported by other researchers (e.g.,
Force 1970 as reported by Hopper 1984; Ehler 1982), it
may be reasonable to assume that the general structure

of the Baccharis food web at our study sites is also
comparable to the trophic web constructed by other
researchers (e.g., Force 1970, 1974; Hopper 1984; Ehler
and Kinsey 1991) (Fig. 1).

Stable isotope analysis

Once identiWed to species, midges and parasitoids were
placed in a desiccating oven for at least 48 h before
being processed for stable isotope analysis. Individual,
whole insects (0.01–0.06 mg) or a sample of host plant
gall tissue (2 mg) were separately loaded into tin cap-
sules (8 £ 5 mm, Elemental Microanalysis, Okehamp-
ton, UK). For all samples, dual isotope analysis
(carbon and nitrogen) was performed on a Europa
Hydra 20/20 isotope ratio mass spectrometer (PDZ
Europa, Northwich, UK) at the University of Califor-
nia Stable Isotope Facility in Davis, CA, USA. Results
for each element were expressed in delta notation (�)
as parts per thousand (‰). A total of 879 samples
(plant and insect) were submitted for stable isotope
analysis. However, after 51 outliers (e.g., those obser-
vations greater than 2 SD removed from the mean for
each taxon at each site) were excluded, a total of 828
samples were retained for statistical analysis. We
expected to observe outliers (all parasitoids), because
many of our parasitoid samples were near the lower
limit of total sample mass for proper isotope ratio
determination by the spectrometer.

Analysis of stable isotope data

To assess how stable isotope values (�13C and �15N
together) vary according to species, study site and the

Fig. 1 Trophic web, based on the results of previous studies
(Force 1970, 1974; Hopper 1984; Ehler and Kinsey 1991). An ar-
row pointing from one species to another indicates that the
former consumes or parasitizes the latter. Note that the two pri-
mary ectoparasitoids (T. koebelei and T. baccharidis) are placed
somewhat higher in the food web than the two primary endopar-
asitoids (P. californica and Tetrastichus sp.), reXecting that these
ectoparasitoids may incidentally consume the endoparasitoids if
they are developing on a host that has been previously parasitized

Torymus koebelei Torymus 
baccharidis Platygaster

californica
Tetrastichus sp.

Rhopalomyia californica

Baccharis pilularis

Mesopolobus sp. Zatropic sp.
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interaction between species and study site, multivariate
analysis of variance (MANOVA) was used. Assumptions
of MANOVA were met for all analyses, without data
transformation. SigniWcance (P value) is reported for
Wilks’ lambda (test of multivariate signiWcance). Because
there was a signiWcant interactive eVect of species and
study site on the multivariate data (see results), we used
MANOVA to further analyze stable isotope values as a
function of species at each site. When there was a signiW-
cant eVect of species on stable isotope values, we used
preplanned contrasts to compare multivariate mean vec-
tors across all species within a single site. Because all
comparisons were preplanned, we did not use a post hoc
adjustment for signiWcance in individual contrasts. Multi-
variate mean vectors of species’ pairs were considered to
be signiWcantly diVerent when P·0.05. Where mean vec-
tors diVered signiWcantly, species were assumed to be
feeding on diVerent trophic levels.

Stable isotope data are presented in biplot format
(�13C versus �15N). In order to make the results of pair-
wise multivariate mean comparisons easier to visualize,
ellipses are superimposed upon each biplot. When two
or more data points are enclosed by a single ellipse, the
multivariate mean vectors of the enclosed group of
taxa did not diVer signiWcantly from one another.

Results

Midge and parasitoid emergence

A general pattern in the relative abundance of midge
and wasp species (measured as the percent of adult
emergences) was found across our three study sites for
the most common species (Table 1). At all three sites,
P. californica was the most abundant species (range

35.1–41.5%). T. koebelei was the next most abundant
(range 21.3–25.2%). However, the relative abundances
of the less common species (e.g., T. baccharidis, Testr-
astichus sp., Mesopolobus sp., Z. capitis and R. califor-
nica) were not uniform across all three sites.

Overall, consistencies were apparent between the
insect community at our sites and the communities
examined by Hopper (1984), Ehler (1982) and Force
(1970) (Table 1). For example, among wasp species,
the dominant taxa across all sites and at all time peri-
ods were P. californica and the two Torymus species.
In addition, although the rank abundance of the less
common taxa diVered between sites and studies, all
taxa were present at all sites. The biggest diVerence
between our study and those conducted by Ehler
(1982) and Force (1970) was in the relative abundance
of the herbivorous midge, which may reXect diVerences
in habitat disturbance or habitat age among sites (Hop-
per 1984).

Stable isotope analysis

Nitrogen stable isotope values, carbon stable isotope
values and carbon to nitrogen ratios for each species at
each site, as well as across all sites, can be found in
Appendix 1. There was a signiWcant eVect of species
(F(14,1606)=18.73; P<0.0001), site (F(4,1606)=10.87,
P<0.0001) and their interaction (F(28,1606)=3.24,
P<0.0001) on stable isotope values of nitrogen and car-
bon (MANOVA). The signiWcant site eVect and site by
species interaction were not due to diVerences in �13C
and �15N values at the base of the food web; there was
no signiWcant eVect of site on the stable isotope signals
of B. pilularis galls (F(4,176)=1.67; P=0.16; MANOVA).
At each site, there was a signiWcant eVect of species on
stable isotope values (Stebbins Cold Canyon

Table 1 Percent of adult emergences from B. pilularis galls collected from diVerent sites in Northern California. Percent of adult emer-
gences is used as a measure of relative species abundance because it allows comparison across studies (modiWed from Hopper 1984)

a Emergence data from Force 1970 is as reported in Hopper 1984

Source This study Hopper (1984) Ehler (1982) Force (1970)a

Location
Date

Point 
Reyes

Cold Canyon
2002

Tomales 
Bay

Point Reyes
1978–1980

Davis
1978

Davis
1979

Tomales Bay
1967–1972

Bodega Bay
1967–1972

Wasp species
Torymus koebelei 22.8 21.3 25.2 37.4 35 33.5 12.8 6.6
Platygaster californica 41.5 38.7 35.1 18.8 17.8 23.1 32.6 31.3
Torymus baccharidis 11.2 14.7 11.9 11.4 1.3 0.5 16.3 20.8
Tetrastichus sp. 3.6 13.3 3.3 7.9 0.5 1.8 0.5 1
Mesopolobus sp. 8.7 4.4 21.2 6.7 0.07 0.06 5.8 7.9
Zatropis capitis 1.7 5.8 2.0 1.4 9.5 9.8 1.6 1.9

Midge
Rhopalymyia californica 10.4 1.8 1.3 12.8 35.8 31.2 30.3 30.9

Number of emergences 412 225 151 4528 7655 6351 12957 12064
123



Oecologia (2006) 150:291–299 295
F(14,494)=18.23, P<0.0001; Point Reyes F(14,828)=22.41,
P<0.0001; Tomales Bay F(14,280)=3.78, P<0.0001).

Trophic interactions across all sites combined and at
each individual site were inferred via pairwise species
contrasts of multivariate mean vectors (see Appendix 2
for the results of all pairwise multivariate mean vector
contrasts). Across all sites (Fig. 2a), the stable isotope
signals for the B. pilularis host plant and the herbivo-
rous R. californica midge were distinct from all other
taxa. Among the parasitic wasps, stable isotope signals
formed four slightly overlapping groups. The Wrst group
comprised the primary endoparasitoid P. californica
and the facultative hyperparsitoid Mesopolobus sp.,
which were not signiWcantly diVerent from one another
(F(2,803)=2.45, P=0.09). The second group included the
primary endoparasitoid Tetrastichus sp., which was
marginally diVerent from the facultative hyperparasi-
toid Mesopolobus sp. (F(2,803)=2.87, P=0.06) and quite
distinctly diVerent from the other primary endoparasi-
toid, P. californica (F(2,803)=9.86, P<0.0001). That Tetr-
astichus sp. and P. californica are signiWcantly diVerent
from each other is fairly striking, since we expect both
to be “pure” primary parasitoids that are not predis-
posed to coincidental intraguild predation. The third
group comprised the two primary ectoparasitoids T.
baccharidis and T. koebelei, which were not signiWcantly
diVerent from each other (F(2,803)=1.01, P=0.37) but
were distinct from all other taxa, with one exception. T.
baccharidis did not signiWcantly diVer from the faculta-
tive hyperparasitoid Mesopolobus sp. (F(2,803)=0.98,
P=0.38). These two species thus comprised the fourth
group. The Wfth and Wnal group included the facultative
hyperparasitoid Z. capitis, which had a multivariate
mean vector that was signiWcantly distinct from all other
taxa. Overall, our results were fairly concordant with
our three a priori hypotheses, with the exception of the
position of Tetrastichus sp. (relative to the other pri-
mary parasitoids) on the isotope biplot.

When sites were examined individually (e.g., Steb-
bins Cold Canyon, Point Reyes, or Tomales Bay
alone), patterns in isotope enrichment were generally
quite similar to the analysis of samples across sites.
However, the smaller sample sizes of many of the indi-
vidual taxa reduced the overall power of multivariate
analyses at individual sites. Thus, some of the trophic
groups identiWed in the analysis for all sites combined
were not statistically distinguishable in the analysis of
samples at individual sites. Multivariate analyses of sta-
ble isotope data from individual sites, however, did not
suggest any major diVerences in trophic groups from
the analysis of all sites combined. SpeciWcally, results at
each site were fairly concordant for both �13C and �15N
values.

At Stebbins Cold Canyon (Fig. 2b), the stable iso-
tope signal of the host plant was distinct from all gall-
associated arthropods. However, using stable isotope
data alone, it was diYcult to distinguish the herbivo-
rous midge from the facultative hyperparasitoid Meso-
polobus sp. (F(2,247)=1.60, P=0.20) and the primary
parasitoid P. californica (F(2,247)=2.01, P=0.14). This
lack of distinction between the herbivore and two para-
sitic wasps was most likely due to the small sample of
R. californica midges (n=4) that successfully emerged
from collected galls. In addition, the stable isotope sig-
nals of individual primary parasitoids and facultative
hyperparasitoids at Stebbins Cold Canyon were diY-
cult to distinguish from one another. No parasitoid had
a signiWcantly distinct multivariate mean isotope vector
at this site. Instead, there was a great degree of overlap
in the stable isotope signals of parasitic wasps at this
site. Nonetheless, there was a progressive increase in
�13C and �15N from the base of the food web to the par-
asitic wasps. Furthermore, the two Torymus spp. fell
further along the “diagonal” of increasing �13C and
�15N on the isotope biplot (Fig. 2b) than the other pri-
mary parasitoids, consistent with an expectation of the
coincidental intraguild predation that should be associ-
ated with their ectoparasitic habit.

A similar picture emerged from stable isotope anal-
ysis of samples from Tomales Bay (Fig. 2c). Here, the
sample size of several taxa was small (e.g., B. pilularis,
R. californica, Tetrastichus sp. and Z. capitis, all with
n<10), and this likely contributed to the lack of statisti-
cal distinction for taxa at this site. Despite this amal-
gamation of ellipses on the stable isotope biplot for
Tomales Bay, there was an apparent increase in �13C
and �15N values from the primary producer, to the her-
bivore and to the parasitic wasps (Fig. 2c).

At Point Reyes (Fig. 2d), the stable isotope signals
of the B. pilularis host plant and the herbivorous R. cal-
ifornica midge were distinct from all other taxa. In
addition, the stable isotope signals of the primary
endoparasitoids (P. californica and Tetrastichus sp.) as
well as the isotope signal of the facultative hyperparasi-
toid Z. capitis were distinct from all other taxa. How-
ever, the stable isotope signals of the primary
ectoparasitoids T. baccharidis and T. koebelei
(F(2,414)=2.69, P=0.07) and T. baccharidis and the facul-
tative hyperparasitoid Mespolobus sp. (F(2,414)=0.71,
P=0.49) did not signiWcantly diVer from one another.
Overall, patterns of isotope enrichment from Point
Reyes were reassuringly similar to both Stebbins Cold
Canyon and Tomales Bay (i.e., progressive increase in
isotope signals from the primary producer to the para-
sitic wasps; position of the ectoparasitoids along the
diagonal of the isotope biplot, relative to other wasps).
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Discussion

The goal of this study was to evaluate trophic interac-
tions in a community of primary and facultative hyper-
parasitoids, across three sites in Northern California,
using a combination of stable isotope analysis and pub-
lished natural history information. Because consisten-
cies were apparent between the insect community at
our sites and the communities examined by Hopper
(1984), Ehler (1982) and Force (1970) (Table 1), we
felt that it was reasonable to compare trophic interac-
tions inferred from our stable isotope data to the tro-
phic interactions inferred from the observations and
experiments of other researchers who have worked
with the B. pilularis gall community (Force 1970, 1974;
Ehler 1982; Hopper 1984). Although the relative
strength of speciWc trophic linkages may diVer between

studies, the general structure of the food webs should
be comparable.

SpeciWcally, we tested three a priori hypotheses.
First, carbon and nitrogen isotope signals of individual
taxa were expected to exhibit a progressive enrichment
in the heavier isotope (13C or 15N) up successive tro-
phic levels. Second, the two Torymus spp. ectoparasi-
toids were expected to exhibit signiWcantly enriched
isotope signals relative to stable isotope values of the
primary endoparasitoids. Third, the stable isotope val-
ues of the facultative hyperparasitoids were expected
to fall somewhere between the isotope value of a strict
primary parasitoid and the value that would be
expected for an obligate hyperparasitoid.

The food webs we inferred from our stable isotope
data generally agreed with previously published
accounts of community structure for the Baccharis gall

Fig. 2a–d �13C and �15N stable isotope biplots (mean § 1 SE) for
eight species associated with B. pilularis galls across all study sites
combined (a), at Stebbins Cold Canyon (b), at Tomales Bay (c)
and at Point Reyes (d). The producer, B. pilularis,is represented
by the open square (Bp). The herbivore, R. californica, is repre-
sented by the diamond (Rc). Those wasps known to be primary
parasitoids are represented by the gray circles, and include

P. californica (Pc), Tetrastichus sp. (T), T. baccharidis (Tb) and
T. koebelei (Tk). Those wasps known to be facultative hyper-
parasitoids are represented by the black circles, and include
Mesopolobus sp. (M) and Z. capitis (Z). Where two or more data
points are enclosed by a single ellipse, the multivariate mean vec-
tors of the enclosed group of taxa did not diVer signiWcantly from
one another (P·0.05)
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system (Force 1970, 1974; Ehler 1982; Hopper 1984;
Ehler and Kinsey 1991). At each individual site, there
was a progressive increase in both �13C and �15N from
the primary producer B. pilularis to the herbivore R.
californica to the parasitic wasps (Fig. 2b–d). This
result was veriWed statistically when data were pooled
and analyzed across sites (Fig. 2a), and is consistent
with the expectation that nitrogen and carbon stable
isotopes should become enriched in the heavier isotope
up successive trophic levels (Epstein and DeNiro 1978,
1981; Minagawa and Wada 1984).

Stable isotope data for the primary parasitoids
yielded mixed support for our hypotheses. In the anal-
ysis of stable isotope data across all sites, as predicted,
the two primary ectoparasitoids (T. baccharidis and T.
kobelei) had �13C and �15N signals that were distinct
from the signals of the two primary endoparasitoids (P.
californica and Tetrastichus sp.) (Fig. 2a). This diVer-
ence is likely due to instances of “coincidental intra-
guild predation” that could occur when endoparasitic
larvae develop on a midge host that has previously
been parasitized. Unexpectedly, the stable isotope sig-
nals of the two primary endoparasitoids were distinct
from one another. Although the �15N signals of the two
species were comparable, the �13C signal of Tetrasti-
chus sp. was consistently enriched relative to P. califor-
nica. In fact, not only were the stable isotope signals of
the two endoparasitoids statistically diVerent from one
another; to some extent, these two species “bracketed”
the stable isotope signals of the ectoparasitic Torymus
spp. These results could thus reXect either (a) general
support for our hypotheses, with Tetrastichus being an
outlier species for an as-yet unknown reason, or (b) no
support for our hypothesis regarding expected isotope
enrichment of ecto- versus endoparasitoids, with idio-
syncratic and unexplainable variation among the
primaries, regardless of their feeding habits.

For the facultative hyperparasitoids, multivariate
analysis of stable isotope signals yielded novel results
that suggest unique trophic interactions. Isotope data
for Mesopolobus sp., a facultative hyperparasitoid that
exhibits a preference for primary parasitoids over the
herbivore R. californica in the lab (Hopper 1981), sug-
gest that this species largely operates as a primary par-
asitoid in the Weld. Across all sites and at each
individual site, the stable isotope signals for Mesopolo-
bus sp. were more similar to the isotope signals of the
four primary parasitoids than they are to the faculta-
tive hyperparasitoid Z. capitis (Fig. 2). However, this
result must be interpreted with caution; our suggestion
that Mesopolobus sp. largely behaves as a primary par-
asitoid in the Weld is best viewed as a testable hypothe-
sis rather than a deWnitive conclusion. Ultimately, the

isotope signal of Mesopolobus sp. may reXect an unex-
pected trophic role (operative primary parasitoid
rather than facultative hyperparasitoid), or may simply
reXect a less-than-expected isotope enrichment pat-
tern.

Stable isotope data for Z. capitis suggest (1) that,
averaged across the three sites, this species occupies a
trophic level distinctly higher than the primary parasi-
toids, and (2) that this species may vary in the extent to
which it acts as a hyperparasitoid among sites. At Steb-
bins Cold Canyon, the isotope signal of Z. capitis is
similar to (yet still slightly higher than) those of the
other parasitic wasps. It is thus possible that Z. capitis
may forage largely as a primary parasitoid at this site.
However, at Point Reyes, the isotope signal of Z. capi-
tis is distinct from the other wasps. Could Z. capitis be
acting predominantly as a hyperparasitoid at this site?
Once again, the possibility that Z. capitis exhibits
diVerent life history strategies across sites (as inferred
from stable isotope data) should be viewed as a test-
able hypothesis rather than a deWnitive conclusion.

To date, no study has quantiWed the dynamics of
host use by facultative hyperparasitoids (Brodeur
2000), and there is only limited knowledge of hyper-
parasitoid life history strategies and foraging behavior
(Sullivan and Völkl 1999). This is in part because
hyperparasitism is notoriously diYcult to study in the
Weld. However, stable isotope analysis allowed us to
identify possible alternative life history strategies and
resource use by two species of facultative hyperparasi-
toids in the Weld. Our hypotheses regarding the func-
tional roles of Mesopolobus sp. and Z. capitis in the
Baccharis food web can be tested via the dissection of
Weld-collected galls and the direct observation of larval
feeding habits (as in Ehler 1982).

Why might Mesopolobus sp. behave as a primary
parasitoid across all sites? Variation in host abundance
and host quality could modulate host selection in the
Weld (Brodeur 2000). In terms of host abundance, the
number of midges that emerged from galls across all
study sites was low (n=49) relative to the cumulative
number of emerged primary parasitoids (n=739). Thus,
it is not likely that Mesopolobus sp. parasitizes R. cali-
fornica over other species due to the relative abun-
dance of the herbivore in the Weld. Alternatively, the
extremely low percentage of midges that emerged from
galls may be a consequence of high parasitism rates by
Mesopolobus sp. However, this possibility is not likely.
R. californica eggs are subject to parasitism by P. cali-
fornica earlier than midge larvae are subject to parasit-
ism by larval parasitoids such as Mesopolobus sp.
(Briggs and Latto1996). The egg parasite P. californica
was the most abundant insect that emerged from galls
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collected at our study sites (n=311). Thus, it is likely
that the abundance of midge larvae available for ovipo-
sition by Mesopolobus sp. was extremely low and that
the primary parasitoid life history habit of Mesopolo-
bus sp. occurred despite the low abundance of midge
hosts in the Weld.

The beneWt of parasitizing an herbivore could out-
weigh the beneWt of developing in a parasitoid host
(Brodeur 2000) if the herbivore represents a higher
quality diet. Indeed, herbivorous midges may represent
a higher quality diet than parasitic wasps for the facul-
tative hyperparasitoid Mesopolobus sp., as R. califor-
nica is generally larger and thus may provide more
food for developing parasitoid larvae. However, Meso-
polobus sp. does not appear to discriminate among
species based on diet quality in the lab; Hopper (1981)
demonstrated that when Mesopolobus sp. is given a
choice, the midge is among the least preferred of Wve
possible hosts. A third possibility is that Mesopolobus
sp. is behaving as a hyperparasitoid in the Weld, yet the
stable isotope signal of this species does not reXect that
fact. However, that stable isotope data agreed with
independent assessments of food web structure for all
taxa but Mesopolobus sp. suggests that this third possi-
bility is not the most parsimonious explanation for our
results.

That trophic interactions inferred from stable iso-
tope data generally agreed with interactions inferred
from more traditional methods (e.g., Force 1970, Hop-
per 1984, Ehler and Kinsey 1991) is encouraging, par-
ticularly for ecologists studying arthropod
communities. However, for most terrestrial arthropod
communities, such detailed a priori analyses of food
web interactions are lacking. Thus, in order to maxi-
mize the contribution of stable isotope data to studies
of arthropod community structure, it is important that
independent assessments of key trophic interactions be
conducted (Gannes et al. 1997).

In particular, independent assessments of trophic
interactions can counteract the possibility that idiosyn-
cratic variation in stable isotope values among species
obfuscates underlying diVerences in trophic position.
For example, the degree to which relatively sessile,
specialist herbivores are enriched in �13C and/or �15N
relative to their host plants is extremely variable
(Spence and Rosenheim 2005), despite the fact that
these organisms are often considered as a single func-
tional group. In fact, variation in enrichment within
this single trophic level was similar to enrichment val-
ues that might be expected to occur across two or three
trophic levels (Spence and Rosenheim 2005). Thus,
although our study system had the distinct advantage
of being dominated by relatively sessile specialists

(most of whom had feeding habits that were well-char-
acterized), our results revealed a fair degree of varia-
tion in the isotope signals of parasitoids feeding at the
same trophic level. Nonetheless, when data was pooled
across sites, multivariate analysis of stable isotope data
validated many trophic links constructed via observa-
tion or experimentation and provided unexpected
leads, in the form of testable hypotheses, regarding tro-
phic interactions involving the same species complex.
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Appendix 1

Sample sizes (n), nitrogen stable isotope ratios (�15N),
carbon stable isotope ratios (�13C) and carbon to nitro-
gen ratios (C:N) of whole insects and the B pilularis
galls from which they emerged. Galls were collected
from Stebbins Cold Canyon, Tomales Bay, and Point
Reyes, CA, USA.

Appendix 2

F statistics and P values for pairwise multivariate mean
vector contrasts for all possible species pairs associated
with the B. pilularlis gall community analyzed (1)
across all sites combined, (2) at Stebbins Cold Canyon,
(3) at Point Reyes and (4) at Tomales Bay, CA, USA.
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