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ABSTRACT Although many species of tumbling ßower beetles (Coleoptera: Mordellidae) are
common and abundant, little is known of their life histories. Larvae of most species seem to be
phytophagous, and acts of predation are considered rare and accidental. In this study, we dissected
host plants of the endophytic mordellid Mordellistena aethiops Smith and subjected plant and insect
samples to stable isotope analysis to determine trophic position. Dissections indicated that M. aethiops
is a predator of the gall former Antistrophus rufus Gillette (Hymenoptera: Cynipidae) and possibly its
parasitoids. Ratios of stable isotopes of nitrogen conÞrmed that prey constitute a signiÞcant proportion
of the diet of the mordellid larvae but also revealed that some insects species and/or life stages,
particularly hymenopteranparasitoids,maynot enrichnitrogen isotopes as predictedby stable isotope
theory, which currently is based primarily on predators.
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THE BEETLE FAMILY MORDELLIDAE, the tumbling ßower
beetles, includes 207 species in the United States and
Canada (Arnett 2000). These small (usually �8 mm
long) beetles are common ßoral visitors that feed on
pollen and/or nectar (Ford and Jackman 1996, Arnett
2000).Despite their ubiquity, little is knownof the life
history of most mordellid species due in part to the
poor state of their taxonomy and the endophytic na-
ture of the larvae (Ford and Jackman 1996).Mordellid
larvae tunnel in dead wood or stems of herbaceous
plants (Ford and Jackman 1996), but at least one
species has been considered a natural enemy because
it kills other endophytic insects (Abrahamson and
Weis 1997). Designation of mordellids as predators,
however, has been disputed because acts of predation
seemaccidental, prey are rarely devoured completely,
larvae can complete development on an entirely her-
bivorous diet, and mouthparts of larvae appear poorly
suited for predation (Ford and Jackman 1996).

In this paper, we evaluate the trophic position of
Mordellistena aethiops Smith, a mordellid species that
is endemic to North America. Larvae of M. aethiops
feed within ßowering stems of the asteraceous sibling
species Silphium terebinthinaceum Jacquin and S. la-
ciniatum L. (Tooker and Hanks 2004a, b), which are
herbaceous perennials of tallgrass prairies (Gleason
and Cronquist 1991, Clevinger and Panero 2000).
Stems of both species are commonly taller than 2 m,
with stemsof S. terebinthinaceum averaging�0.6 cm in

diameter at the base and those of S. laciniatum aver-
aging �1 cm in diameter (Tooker and Hanks 2004b).
Flowering stems of both species harbor diverse insect
communities, including at least 13 species of Hyme-
noptera (Tooker and Hanks 2004b), that could serve
as prey forM.aethiops.Themost abundant endophytic
species are the gall wasp Antistrophus rufus Gillette
(Hymenoptera: Cynipidae) and its hymenopteran
parasitoids (comprising �85% of all insects inhabiting
stems of Silphium; Tooker and Hanks 2004b). A. rufus
forms small ellipsoid galls (�3-mm long) in the pith
and cambium of stems (Tooker et al. 2002, Tooker and
Hanks 2004a), and in one study, densities averaged
�60 galls per stem in S. terebinthinaceum and �75 galls
per stem in S. laciniatum (Tooker and Hanks 2004b).
The species name A. rufus apparently comprises at
least two cryptic species: one associated with S. tere-
binthinaceum and theotherwith S. laciniatum(Tooker
et al. 2002, 2004).

Before our research, M. aethiops had been reared in
North America only from the Eurasian weed Cirsium
vulgare (Savi)Tenore (Asteraceae; Ford and Jackman
1996), but it is quite common in tallgrass prairies of
central Illinois (JFT, unpublished data). M. aethiops
larvae tunnel within stems of S. terebinthinaceum and
S. laciniatum during summer and fall, with �90% of
larvae feeding within the bottom 1.5 m of stems (un-
published data). As many as seven M. aethiops larvae
can develop in a single stem (Tooker and Hanks
2004b), whereas densities of other mordellid species
rarely exceed one larva per stem (Ford and Jackman
1996). Thus, there is a potential for cannibalism in M.
aethiops, as is the case with other endophytic insects
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(e.g.,Hankset al. 1993).M.aethiops larvaeareattacked
by three species of parasitoids, with the braconid
Schizoprymnus sp. accounting for �81% of parasitism
(Tooker and Hanks 2004b). The mordellid larvae
overwinter in stems and pupate in spring, the adults
emerge in June, and the females oviposit on develop-
ing stems (Tooker and Hanks 2004b).

Dissections of S. terebinthinaceum and S. laciniatum
(seeResults)providedcircumstantial evidenceofpre-
dation of gall inhabitants by mordellid larvae. To con-
Þrm trophic position of the mordellid, we conducted
stable isotope analysis. Stable isotopes serve as natural
tracers through food webs because lighter isotopes
tend to be excreted at a greater rate than heavier
isotopes, resulting in progressive enrichment of
heavier isotopes and changes in isotopic ratios at each
step up the trophic pyramid (DeNiro and Epstein
1978, 1981, Peterson and Fry 1987, Lajtha and
Michener 1994, Eggers and Jones 2000). Nitrogen iso-
topes provide a sensitive analytical tool because the
ratio of 15N/14N increases �3% with each trophic
level, providing clear indication of relative trophic
positions among interacting species (DeNiro and Ep-
stein 1981, Minagawa and Wada 1984, Michener and
Schell 1994). Stable isotope analysis may be limited,
however, because the theory has developed primarily
from research on marine or aquatic systems (Peterson
and Fry 1987, Lajtha and Michener 1994), and isotope
ratios can be inßuenced by variation across species in
diet, modes of excretion, or localized environmental
factors (Vanderklift and Ponsard 2003).

To characterize movement of isotopes through our
plantÐinsect system, we analyzed samples of S. tere-
binthinaceum and S. laciniatum and their endophytic
insects, including gall wasp larvae, mordellid larvae
from galled and ungalled plants, adult mordellids, and
adult Schizoprymnus sp. We tested the following hy-
potheses concerning isotope ratios: (1) ratios for gall
wasp larvaewill be enriched �3% relative to their host

plants; (2) levels of enrichment for mordellid larvae
from ungalled plants will exceed 3% relative to the
plant because of cannibalism; (3) ratios for mordellid
larvae from galled plants will be enriched to a greater
extent than larvae in ungalled stems and to a greater
extent than gall wasp larvae, because of predation of
gall wasps and cannibalism; (4) mordellid adults will
not be enriched relative to their larvae because larvae
defecate continuously as they feed and should pref-
erentially excrete the heavier isotope; and (5) Schizo-
prymnus adults will be enriched �3% relative to
mordellid larvae that are their larval hosts.

Materials and Methods

Sources of Plant and Insect Samples. Silphium tere-
binthinaceum and S. laciniatum for our studies were
collected during the early spring of 2000, 2002, and
2003 fromnine tallgrass prairie remnants, restorations,
and gardens in four counties of central Illinois and one
restored prairie in central Indiana (Table 1; see
Tooker et al. 2002 and Tooker and Hanks 2004a, b for
more information on sites).

Stem Dissections. We determined the zones within
plant stems where galls were located, and where
mordellid larvae fed, by dissecting stems containing
overwintering larvae. These data allowed us to assess
the opportunity for predation on gall inhabitants. We
collected stems (N � 16 for S. terebinthinaceum and
N � 24 for S. laciniatum) at Trelease Prairie in March
2000 and Ludlow Railroad Prairie in March 2002 (TP
and LRP, respectively; Table 1). To determine the
depthofmordellid galleries,wecut stems into sections
(�20 cm long), measured with a caliper the shortest
distance between feeding galleries and the stem sur-
face at both ends of sections, and averaged these
values for each section. To determine the depth of
galls, we split the same stems lengthwise into quarters
and measured with a microscope micrometer the

Table 1. Insects sampled from S. terebinthinaceum and S. laciniatum for stable isotope analysis and sources of samples

Plant species Sample
Gall status
of stem

Prairie site
Sample size (no. per site,

respectively)

S. terebinthinaceum Plant stem Galled SCG, FRP, PXRP,
LCP, PCP

29 (10, 5, 5, 5, 4)

Gall wasp larvae Galled FRP 10
Mordellid adults Galled FRP, PXRP 20 (10, 10)
Schizoprymnus

sp. adults
Galled FRP, PXRP 10 (5, 5)

S. laciniatum Plant stem Ungalled MP, SCG, LBPG, NP 15 (5, 5, 3, 2)
Plant stem Galled FRP, LRP, SCG 15 (5, 5, 5)
Gall wasp larvae Galled MP 8
Mordellid larvae Ungalled NP 15
Mordellid larvae Galled FRP 5
Mordellid adults Galled FRP 30
Schizoprymnus

sp. adults
Galled FRP 10

In central Illinois, sites included Trelease Prairie (TP, Champaign Co., N 40� 07.76, W 88� 08.59), Fithian Railroad Prairie (FRP, Vermilion
Co., N 40� 06.78, W 87� 54.10), Ludlow Railroad Prairie (LRP, Ford Co., N 40� 24.33, W 88� 07.76), Meadowbrook Prairie (MP, Champaign Co.,
N 40� 4.72, W 88� 12.41), Lincoln Bookbindery Prairie Garden (LBPG; Champaign Co., N 40� 7.65, W 88� 12.95), Loda Cemetery Prairie Nature
Preserve (LCP, Iroquois Co., N 40� 31.61, W 88� 04.57), Prospect Cemetery Prairie Nature Preserve (PCP, Ford Co., N 40� 26.71, W 88� 05.87),
University of Illinois Silphium common garden (SCG, Champaign Co., N 40� 5.43, W 88� 13.04), Paxton Railroad Prairie (PXRP, Ford Co., N
40� 26.17, W 88� 06.36). The only site in Indiana was Nardi Prairie (NP; Parke Co., N 39� 39.67, W 87� 22.22).

For more information on prairie sites, see Tooker et al. 2002, Tooker and Hanks 2004a, b.
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depth from the stem surface of galls exposed by the
dissection. We tested differences in depths of mordel-
lid feeding galleries and galls by ANOVA (PROC
MIXED; SAS Institute 2001) with plant and insect
species asÞxedeffects and individual stemas a random
effect. Differences between individual treatment
means were tested as unplanned comparisons with
t-tests of least squares means (SAS Institute 2001).

Stable Isotope Analysis. To measure nitrogen iso-
tope ratios,wecollectedplant and insect samples from
sites where taxa were well represented (Table 1). We
collected stems in early spring 2002, cut them into
�20-cm-long sections, andplaced them in screen rear-
ing cages in an unheated outbuilding in Urbana, IL.
We collected adult M. aethiops and Schizoprymnus sp.
from cages as they emerged and froze them. Larvae of
mordellids and gall wasps were dissected from stems
collected in February 2003 (Table 1), including galled
stems of S. terebinthinaceum and S. laciniatum, as well
as ungalled stems of S. laciniatum from prairie resto-
rations andgardens thathadnotbeencolonizedby the
gall wasp.

Plant stems for stable isotope analysis were dis-
sected to ensure they contained no dead insects, and
we removed frass from mordellid feeding galleries.
Plant sections and freeze-killed insects were prepared
for stable isotope analysis by drying for 72 h in a 60�C
oven. We ground plant stems to a Þne powder with a
Thomas-Wiley mill (Arthur H. Thomas Co., Philadel-
phia, PA) Þtted with 1-mm mesh screen. It was not
necessary to grind insect samples because of their
small mass (entire larvae of gall wasps and mordellids,
adult mordellids, and Schizoprymnus sp. with legs and
heads removed).

We submitted specimens to the Stable Isotope Fa-
cility at University of California, Davis, where isotope
ratios of nitrogen were measured by continuous ßow
isotope ratio mass spectrometry (20Ð20 mass spec-
trometer; PDZEuropa, Northwich, UK) after sample
combustion to N2 at 1,000�C in an on-line elemental
analyzer (PDZEuropa ANCA-GSL). Gases were sep-
arated on a Carbosieve G column (Supelco, Belle-
fonte, PA) before introduction to the isotope ratio
mass spectrometer. Sample isotope ratios were com-
pared with those of standard gases injected directly
into the spectrometer before and after sample peaks
and �15N (atmospheric air) values were calculated as
the relative difference in ratios of heavy to light iso-
topes between samples and standards or: �15N (%) �
[(Rsample Ð Rstandard)/Rstandard] � 103, where R is
(15N/14N). (Reproducibility of thesemeasurements is
0.1%; Macko et al. 1987). Therefore, “enrichment” of
isotopes because of loss of lighter isotopes is indicated
by an increase in �15N in samples from different spe-
cies,whereas theopposite trend is termed “depletion.”

We compared mean values of �15N of insect and
plant samples within and among plant species by
ANOVA (PROC GLM; SAS Institute 2001). Differ-
ences between individual treatment means were
tested as planned comparisons with the least signiÞ-
cant difference (LSD) means separation test and tests
were “protected” (i.e., applied only when overall

ANOVA F-test was signiÞcant; Day and Quinn 1989,
Sokal and Rohlf 1995). To conÞrm that data did not
violate assumptions of analysis of variance (ANOVA),
we tested homogeneity of variances with the Fmax test
(Sokal and Rohlf 1995). We present means � SE
throughout, except where stated otherwise.

Voucher specimens of all insect species have been
submitted to the Insect Collection of the Illinois Nat-
ural History Survey (Champaign, IL).

Results and Discussion

Stem Dissections. Our dissections revealed that
within-stem depths of galls and mordellid feeding gal-
leries differed signiÞcantly for each plant species
(Fig. 1; overall ANOVA F1, 454 � 18.2, P � 0.0001).
Mordellid larvae usually fed deeper in stems of both
plant species than the zone where galls were located
(Fig. 1; S. terebinthinaceum: t � 5.7, P � 0.0001;
S. laciniatum: t � 10.4, P � 0.0001). Nevertheless,
feeding galleries occasionally entered this zone, par-
ticularly in the narrower stems of S. terebinthinaceum
(indicated by overlap of curves in Fig. 1, top). Galls in

Fig. 1. Relationship between normalized abundance of
A. rufus galls and mordellid feeding galleries and their aver-
age depth (�2 SD) from the surface of plant stems. Sample
sizes for S. terebinthinaceum (top): galls (N � 481),mordellid
galleries (N � 20). Sample sizes for S. laciniatum (bottom):
galls (N � 317), mordellid galleries (N � 20).
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contact with mordellid feeding galleries were de-
stroyed and gall wasp or parasitoid larvae had evi-
dently been consumed. In Þve cases, mordellid larvae
apparently had chewed small holes in galls and ex-
tracted wasp larvae, suggesting that wasp larvae were
not merely consumed along with their gall, but rather
beetle larvae had selectively removed wasp larvae.

Our dissections also revealed that depths of galls
andmordellid feedinggalleriesdifferedbetweenplant
species. Mordellid galleries were nearly twice as deep
in the thicker stems of S. laciniatum than in stems of
S. terebinthinaceum (Fig. 1; 4.65 � 1.0 and 2.75 � 0.8
mm, respectively, t � 6.3, P � 0.0001). Similarly, galls
were almost 1.5 times deeper in stems of S. laciniatum
than in S. terebinthinaceum (2.07 � 0.8 and 1.48 � 0.7
mm, respectively, t � 2.8, P � 0.006).

Stable Isotope Analysis. Plant and insect samples
from S. terebinthinaceum showed signiÞcant variation
in ratios of nitrogen isotopes (Fig. 2, top; ANOVA F3,68

� 21.6, P � 0.0001). Consistent with our hypothesis,
gall wasp larvae from S. terebinthinaceum were signif-
icantly enriched (�2.5%) relative to their host plant
(Fig. 2, top; LSD P � 0.05). Also consistent with our
hypotheses, mordellid adults from S. terebinthinaceum
wereenriched(�2%) relative to gallwasp larvae (Fig.
2, top), providing evidence that mordellids fed at a
higher trophic level than gall wasps and fed on larvae
in galls. Contrary to our hypotheses, nitrogen ratios of
Schizoprymnus sp. were not enriched relative to its
mordellid host (Fig. 2, top). This lack of enrichment
contradicts current stable isotope theory, suggesting
that this parasitoid species metabolizes nitrogen dif-
ferently than thepredator species onwhich the theory
has been based (see DeNiro and Epstein 1981, Mina-
gawa and Wada 1984, Michener and Schell 1994).
Parasitoids may differ from predators in the efÞciency
with which they metabolize nitrogen (Greenblatt et
al. 1982, Slansky 1986) or the form of nitrogen they

Fig. 2. �15N values for plant and insect samples from S. terebinthinaceum (top) and S. laciniatum (bottom). Bars marked
with different letters are signiÞcantly different (LSD P � 0.05).
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excrete (see Ostrom et al. 1997, Vanderklift and Pon-
sard 2003). The unfortunate outcome of this physio-
logical property is that predation-based assumptions
of trophic enrichment may not apply to parasitoids.

Plant and insect samples from S. laciniatum also
showed signiÞcant variation in ratios of nitrogen iso-
topes (Fig. 2, bottom; ANOVA F6,97 � 43.1, P �
0.0001). Ratios were similar for galled and ungalled
stems (Fig. 2, bottom). Contrary to our hypothesis,
nitrogen ratios of gall wasp larvae were not signiÞ-
cantly enriched relative to ratios of their host plant
(Fig. 2, bottom).Differences between plant species in
enrichment of the two gall wasp species suggest that
patterns of enrichment vary among plantÐinsect sys-
tems, even when corresponding plant and insect spe-
cies are closely related. It also is possible that variation
in enrichment between the two plant species was
caused by differences in gall densities, although pre-
liminary studies have revealed no relationship be-
tween gall density and levels of enrichment in gall
wasps (unpublished data). Differences between the
plant species in enrichment of gall wasps also could be
caused by site effects, because larvae from the two
plant species were sampled from different prairies.

Consistent with our hypotheses, mordellid larvae
from ungalled S. laciniatum stems were enriched rel-
ative to the host plant (�3%; Fig. 2, bottom) but not
to a level greater than that of gall wasp larvae in galled
stems thatwehadexpected to result fromcannibalism.
In galled stems of S. laciniatum, however, mordellid
larvae were enriched �4 times over host plants, �3.5
times over gall wasp larvae, and 2.5 times overmordel-
lid larvae from ungalled plants (Fig. 2, bottom), con-
sistent with our hypotheses and providing strong ev-
idence for predation of gall insects. This high degree
of enrichment suggests that a substantial proportionof
the diet of mordellid larvae was parasitoids of gall
wasps rather than gall wasps themselves. This is an
unlikely explanation, however, because parasitoids of
A. rufus, like Schizoprymnus sp. (above), do not enrich
nitrogen isotopes relative to their hosts (unpublished
data). Cannibalism among mordellid larvae also could
explain high levels of enrichment, but the relatively
small enrichment increment for larvae from ungalled
stems (above) argues against this explanation. At least
one mathematical mixing model has been developed
to infer the relativecontributionofdifferentdiet items
to isotopic signatures (Phillips and Gregg 2001), and
when applied to our data, indicated an equal contri-
bution of gall wasp and conspeciÞcs to the diet of
M. aethiops larvae (unpublished data). Rigorous as-
sessment of the relative contributions of predation
and cannibalism to isotope enrichment, however,
calls for a controlled and replicated experiment in
which densities of gall wasps and mordellid larvae are
manipulated.

Nitrogen ratios of adult mordellids reared from
galled S. laciniatum stems were signiÞcantly enriched
relative to gallwasp larvae, providing further evidence
of predation during larval development (Fig. 2, bot-
tom). These ratioswere signiÞcantly depleted relative
tomordellid larvae fromgalled stems (Fig. 2, bottom),

a surprising result because heavier isotopes should
become increasingly concentrated during larval de-
velopment. Isotope depletion from larval to adult
stages in mordellids suggests that either the heavier
isotopewasexcretedatpupation, or the lighter isotope
was concentrated, by unknown physiological mecha-
nisms.

Conclusion

Our Þndings from plant dissections and stable iso-
tope analyses suggest that M. aethiops larvae can be
predators of gall insects in stems of S. terebinthinaceum
and S. laciniatum and seem to actively seek prey. The
fact that we have reared adult mordellids from Sil-
phium stems that containedno gallwasps, or any other
endophytic species that could serve as prey, suggests
that trophic omnivory is facultative, as is apparently
true for mordellid inquilines of other gall insects
(Abrahamson and Weis 1997). Nevertheless, high lev-
els of isotope enrichment in mordellid larvae from
galled stems suggest that prey insects can comprise a
signiÞcant proportion of the larval diet. Stable isotope
analysis also indicated a lack of cannibalism among
mordellid larvae, a surprising result considering that
densities can be high, resulting in nearly complete
elimination of stem pith (unpublished data).

Our Þndings indicate that nitrogen enrichment
modelswill not provide realistic predictions of trophic
relationships among some insect species and life
stages. Nitrogen ratios of gall wasp and mordellid lar-
vae, and adult parasitoids of mordellids, did not con-
form to the current theory that has been primarily
developed for predators of marine, aquatic, and ver-
tebrate systems (e.g., DeNiro and Epstein 1981, Mi-
nagawa and Wada 1984, Michener and Schell 1994). A
lack of nitrogen enrichment in hymenopteran parasi-
toids, and unsuitability of stable isotopes for deter-
mining trophic position, is particularly disappointing
because they are among the most important natural
enemies of insects and play key roles in many terres-
trial ecosystems (Godfray 1994).

Acknowledgments

Wethank twoanonymous reviewers forhelpful comments
the manuscript, E. J. Kron, A. L. Crumrin, J. F. Westberg, and
M. W. Tooker for technical assistance in the Þeld and labo-
ratory, J. A. Jackman (Texas A&M University) for taxonomic
assistance, D. Harris and the Stable Isotope Facility of the
University of California-Davis for analyzing samples, D.
OÕBrien, C.Gratton,G. Longellotto, and P.Herron for advice
on stable isotope technique, and D. Seigler, H. Patch, and K.
Walden for use of laboratory equipment. We also thank the
Illinois Nature Preserves Commission, Red Bison (a Univer-
sity of Illinois Registered Student Organization), S. Buck and
the Committee of Natural Areas of the School of Integrative
Biology, UIUC, the Urbana Park District, Canadian National
Railroad, C. Hohn, and J. Nardi for access to research sites.
This work was in partial fulÞllment of a Ph.D. degree for JFT
from UIUC. Funding was provided by a Philip W. Smith
Memorial Fund Grant in Support of Natural History Re-
search from the Illinois Natural History Survey and a Harley

April 2004 TOOKER AND HANKS: TROPHIC POSITION OF A MORDELLID 295



J. Van Cleave Fellowship from the School of Integrative
Biology, UIUC.

References Cited

Abrahamson, W. G., and A. E. Weis. 1997. Evolutionary
ecology across three trophic levels. Princeton University
Press, Princeton, NJ.

Arnett, R. H. 2000. American insects: a handbook of the
insects of America North of Mexico, 2nd ed. CRC, Boca
Raton, FL.

Clevinger, J. A., and J. L. Panero. 2000. Phylogenetic anal-
ysis of Silphium and subtribe Engelmanniinae (Aster-
aceae:Heliantheae)basedon ITSandETSsequencedata.
Am. J. Bot. 87: 565Ð572.

Day, R. W., and G. P. Quinn. 1989. Comparisons of treat-
ments after an analysis of variance in ecology. Ecol.
Monogr. 59: 433Ð463.

DeNiro, M. J., and S. Epstein. 1978. Inßuence of diet on the
distribution of carbon isotopes in animals. Geochim. Cos-
mochim. Ac. 42: 495Ð506.

DeNiro, M. J., and S. Epstein. 1981. Inßuence of diet on the
distribution of nitrogen isotopes in animals. Geochim.
Cosmochim. Ac. 45: 341Ð351.

Eggers, T., and T. H. Jones. 2000. You are what you eat. . . or
are you? Trends Ecol. Evol. 15: 265Ð266.

Ford, E. J., and J. A. Jackman. 1996. New larval host plant
associations of tumbling ßower beetles (Coleoptera:
Mordellidae) in North America. Coleopts. Bull. 50: 361Ð
368.

Gleason, H. A., and A. Cronquist. 1991. Manual of vascular
plants of northeastern United States and adjacent Can-
ada, 2nd ed. New York Botanical Garden, Bronx, NY.

Godfray, H.C.J. 1994. Parasitoids: behavioural and evolu-
tionary ecology. Princeton University Press, Princeton,
NJ.

Greenblatt, J. A., P. Barbosa, and M. E. Montgomery. 1982.
Host diet effects onnitrogenutilization efÞciency for two
parasitoid species: Brachymeria intermedia and Coccygo-
mimus turionellae. Physiol. Entomol. 7: 263Ð267.

Hanks, L. M., T. D. Paine, and J. G. Millar. 1993. Host
species preference and larval performance in the wood-
boring beetle Phoracantha semipunctata F. Oecologia
(Berl.). 95: 22Ð29.

Lajtha, K., and R. Michener. 1994. Introduction, pp. xiÐxix.
In K. Lajtha and R. Michener (eds.), Stable isotopes in
ecology and environmental science. Blackwell ScientiÞc,
Oxford, UK.

Macko, S.A.,M.F.Estep,P.E.Hare, andT.C.Hoering. 1987.
Isotopic fractionation of nitrogen and carbon in the syn-
thesis of amino acids by microorganisms. Chem. Geol. 65:
79Ð92.

Michener, R. H., and D. M. Schell. 1994. Stable isotope
ratios as tracers inmarine aquatic foodwebs, pp. 138Ð157.
In K. Lajtha and R. Michener (eds.), Stable isotopes in
ecology and environmental science. Blackwell ScientiÞc,
Oxford, UK.

Minagawa, M., and E. Wada. 1984. Stepwise enrichment of
15N along food chains: further evidence and the relation
between �15N and animal age. Geochim. Cosmochim. Ac.
48: 1135Ð1140.

Ostrom, H. P., M. Colunga-Garcia, and S. H. Gage. 1997.
Establishing pathways of energy ßow for insect predators
using stable isotope ratios: Þeld and laboratory evidence.
Oecologia (Berl.). 109: 108Ð113.

Peterson, B. J., and B. Fry. 1987. Stable isotopes in ecosys-
tem studies. Annu. Rev. Ecol. Syst. 18: 293Ð320.

Phillips, D. L., and J. W. Gregg. 2001. Uncertainty in source
partitioning using stable isotopes. Oecologia (Berl.). 127:
171Ð179.

SAS Institute. 2001. SAS/STAT userÕs guide for personal
computers, release 8.01. SAS Institute, Cary, NC.

Slansky, F. 1986. Nutritional ecology of endoparasitic in-
sects and their hosts - an overview. J. Insect. Physiol. 32:
255Ð261.

Sokal, R. R., and F. J. Rohlf. 1995. Biometry, 3rd ed. W. H.
Freeman, New York.

Tooker, J. F., and L. M. Hanks. 2004a. Impact of prescribed
burning on endophytic insect communities of prairie pe-
rennials (Asteraceae: Silphium spp.). Biodivers. Conserv.
(in press).

Tooker, J. F., and L. M. Hanks. 2004b. Endophytic insect
communities of prairie perennials (Asteraceae: Silphium
spp.). Biodivers. Conserv. (in press).

Tooker, J. F., W. A. Koenig, and L. M. Hanks. 2002. Altered
host plant volatiles are proxies for sex pheromones in the
gall wasp Antistrophus rufus. Proc. Natl. Acad. Sci. USA.
99: 15486Ð15491.

Tooker, J. F., A. R. Deans, and L. M. Hanks. 2004. Descrip-
tion of the Antistrophus rufus (Hymenoptera: Cynipidae)
species complex, including twonew species. J. Hymenop.
Res. (in press).

Vanderklift, M. A., and S. Ponsard. 2003. Sources of varia-
tion in consumer-diet �15N enrichment: a meta-analysis.
Oecologia (Berl.). 136: 169Ð182.

Received for publication 18 July 2003; accepted 20 October
2003.

296 ENVIRONMENTAL ENTOMOLOGY Vol. 33, no. 2


