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Abstract Presumably due to their association with
nitrogen-fixing bacteria, the nutritional quality of legumes
decreases less than that of non-legume C3 plants when
grown under elevated atmospheric CO2. Therefore, it
seems likely that legume-feeding herbivores will be less
adversely affected than herbivores of non-legume C3 plants
by anthropogenic increases in atmospheric CO2. When the
legumes Medicago sativa (alfalfa), Trifolium repens (white
clover), and Lotus corniculatus (birdsfoot trefoil) were
grown under elevated (756 ppm) CO2, leaf nitrogen
remained the same or increased, and C:N ratio did not
change. Unlike most insects fed non-legume C3 plants,
Colias philodice (sulfur butterfly) larvae fed elevatedgrown M. sativa and T. repens did not exhibit reduced
relative growth rate (RGR), and larvae fed elevated-grown
L. corniculatus exhibited a nearly significant 37% increase
in RGR. Pupal weight was unaffected by growth of host
plants under elevated CO2. Relative nitrogen growth rate
(RGRN) did not change for larvae fed elevated-grown
M. sativa or T. repens, but increased by 34% for larvae fed
elevated-grown L. corniculatus. These results suggest that
legume-feeding herbivores will be relatively buffered
against the adverse effects of elevated CO2 typically
experienced by herbivores of non-legume C3 plants.
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Introduction
By 2100 the concentration of carbon dioxide in Earth’s
atmosphere is expected to reach 550–900 ppm (Meehl
et al. 2007), and could be substantially higher if positive
carbon cycle feedbacks are even moderately strong (Zeng
et al. 2004; Matthews 2006). When grown under elevated
CO2, most C3 plants exhibit increased photosynthetic rates
and, consequently, decreased nitrogen content and
increased carbon:nitrogen ratios of foliage (Karowe et al.
1997; Nowak et al. 2004; Körner 2006). Presumably in
response to decreased nitrogen content of their host plants,
insect herbivores nearly always increase consumption
rates, but compensatory feeding often does not prevent
reduced larval growth and/or survivorship (Fajer et al.
1989; Lindroth et al. 1993; Coviella and Trumble 1999;
Johns and Hughes 2002; Zvereva and Kozlov 2006).
Relative to that of non-legume C3 plants, the nutritional
quality of legumes is less affected by growth under elevated CO2. On average, foliar nitrogen content of legumes
decreased by only 7% under elevated CO2, while that of
non-legume C3 species decreased by 15% (Cotrufo et al.
1998; Stiling and Cornelissen 2007). Similarly, legume
seed nitrogen was unaffected by elevated CO2 while that of
non-legume species decreased by 15% (Jablonski et al.
2002). The attenuated response of legumes is likely due to
increased nitrogen fixation under elevated CO2 (de Graaff
et al. 2006; van Groenigen et al. 2006).
Given that plant nitrogen content is the most important
determinant of larval performance for insect herbivores
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(Scriber and Feeny 1979; Mattson 1980; Scriber and
Slansky 1981), it seems likely that the reduced sensitivity
of legume nutritional quality to elevated CO2 would
buffer legume-feeding herbivores against the typical
adverse effects of host plant growth under elevated CO2.
Although many dozens of studies have addressed the
effects of elevated CO2 on herbivores of non-legumes
(Stiling and Cornelissen 2007; Wang et al. 2008), we are
aware of studies addressing only six legume-herbivore
systems. Not surprisingly, soybean is the best studied in
this regard. Lincoln et al. (1984, 1986) found no difference in relative growth rate for soybean loopers fed
elevated-grown soybean, and Osbrink et al. (1987) did
not observe any reduction in performance of the cabbage
looper fed unfertilized elevated-grown lima beans. More
recent work from the SoyFACE experiment indicated that
Japanese beetles and Mexican bean beetles prefer soybean leaves grown at elevated CO2 (Hamilton et al. 2005)
and that fecundity was approximately doubled and lifespan extended by 8–25% for Japanese beetles fed elevated-grown soybean (O’Neill et al. 2008). Soybean
fields exposed to elevated CO2 also had larger herbivore
populations and levels of leaf damage (Dermody et al.
2008).
Very few studies have addressed the effect of elevated
CO2 on herbivores of legumes other than soybean.
Goverde et al. (1999) found increased performance of
lycaenid caterpillars fed elevated-grown birdsfoot trefoil,
though the response depended on larval genotype
(Goverde et al. 2004). In a previous study of the sulfur
butterfly fed red clover and white sweet clover, Karowe
(2007) observed no change in growth rate, instar duration,
or pupal weight. Growth of cotton leafworm larvae was
greater on elevated-grown yellow lupine, but lower on
elevated-grown blue lupine (Schädler et al. 2007) and
alfalfa (Agrell et al. 2006). The paucity of information
about legume-feeding herbivores explains why no narrative (e.g. Penuelas and Estiarte 1998; Coviella and
Trumble 1999; Hunter 2001) or meta-analytical (e.g.
Zvereva and Kozlov 2006; Valkama et al. 2007) summary
quantitatively addresses the effects of elevated CO2 on
legume-feeding herbivores.
The common sulfur butterfly, Colias philodice Latreille
(Lepidoptera: Pieridae), feeds throughout the continental
United States and southern Canada on at least 15 genera of
herbaceous legumes (Klots 1951; Scott 1986). In northern
Michigan, Medicago sativa (alfalfa) and Trifolium repens
(white clover) are primary host plants and Lotus corniculatus (birdsfoot trefoil) is a secondary host (Karowe
1988). Therefore, C. philodice and its host plants provide
an opportunity to assess the susceptibility of legumes and
their herbivores to the direct effects of elevated CO2.
Accordingly, in this study we ask:
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1.

2.

Does growth under elevated CO2 affect foliar nutritional quality of the legumes M. sativa, T. repens, and/
or L. corniculatus?
Is performance of the legume-feeder C. philodice
adversely affected by growth of its host plants under
elevated CO2?

Materials and methods
Legumes
In early May, Medicago sativa (alfalfa), Trifolium repens
(white clover), and Lotus corniculatus (birdsfoot trefoil)
were sown from seed in 6-inch pots filled with potting soil
and allowed to germinate in the greenhouse at the University of Michigan Biological Station (UMBS) in Cheboygan County, Michigan. Four days after germination,
plants were thinned to two per pot and pots were placed
into one of 46 0.5 m3 open-topped chambers (Barbehenn
et al. 2004; Karowe 2007) in a field adjacent to the
greenhouse. Due to low seed germination rates, only seven
pots containing L. corniculatus were placed in chambers at
each CO2 level. At the same time, inoculum was prepared
by placing soil gathered from a nearby field containing
M. sativa, T. repens, and L. corniculatus into a plastic
container with approximately 20 gallons of water. Each pot
was inoculated with 500 ml of this water. Visual inspection
of roots of all plants used in feeding trials revealed no
apparent difference in nodulation levels between
treatments.
CO2 concentration inside the elevated chambers was
controlled by dispensing 100% CO2 into the inlet port of an
input blower and monitored by continuous sampling of
chamber air. Twenty-three chambers were maintained at
756 ± 6 ppm CO2 (elevated treatment) and 23 chambers
were maintained at 371 ± 7 ppm CO2 (ambient treatment).
Pumps delivered air from elevated and ambient chambers
to an adjacent control house containing a microcomputercontrolled valve manifold that directed the gas stream past
an infrared gas analyzer (IRGA). Output from the IRGA
was displayed and logged by the computer. The dispensing
rate of CO2 was adjusted with manual flow-meters. Plants
were watered twice daily, inspected periodically for insect
herbivores and, when necessary, sprayed with Safer Soap, a
short-lived organic insecticide.
Colias philodice
Eggs were obtained from 21 gravid C. philodice females
collected from fields in the vicinity of UMBS in late June.
Females were placed in oviposition chambers (25 cm clay
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pots containing plant cuttings, covered with clear plastic
wrap, and placed 5 cm below a 40 watt incandescent bulb)
and fed a solution of 10% clover honey in water twice
daily. On average, females laid approximately 200 eggs
over 7 days. Upon hatching, larvae from all females were
randomly placed into 25 ml polystyrene cups (10 larvae
per cup) containing Soybean Looper artificial diet (BioServ
Inc, Frenchtown, N.J.); larvae were reared on diet to prevent feeding induction (Karowe 1989). Cups were placed
in an environmental chamber under a 16:8 L: D cycle and a
corresponding 25:20°C temperature cycle. Fresh diet was
provided every other day. When they ceased feeding at the
end of the 4th instar, larvae were transferred to individual
25 ml polystyrene cups to molt. Immediately after molting
into the 5th (ultimate) instar, test larvae were weighed and
placed individually into 5.5 cm Petri dishes containing a
preweighed amount of leaf tissue. Twenty-three larvae
were placed on M. sativa and T. repens at each CO2 level,
and seven larvae were placed on L. corniculatus at each
CO2 level (each larva was fed leaf tissue from a different
pot). Initial weights of test larvae did not differ between
treatments (F5, 101 = 0.78, P [ 0.5). An additional 10
freshly molted 5th instar larvae were weighed, dried to
constant weight at 60°C, and reweighed to provide a wet/
dry conversion factor for estimating the initial dry weight
of test larvae. Fresh leaves from the same plant were added
every two days or more often if necessary, and an equal
aliquot of leaves was similarly treated to provide a wet/dry
conversion factor used to estimate the dry weight and water
content of leaves provided to test larvae. The weight of
leaves provided was such that at least 75% was consumed,
in order to reduce error in estimating the dry weight of food
provided (Schmidt and Reese 1986; Bowers et al. 1991).
Immediately upon pupation, each pupa was weighed, frozen, dried to constant weight at 60°C, and reweighed. All
frass produced during the 5th instar and all uneaten food
were also dried to constant weight at 60°C and weighed.
All dried pupae, frass, and larval and plant samples used
to generate conversion factors were ground under liquid
nitrogen, dried again to constant weight at 60°C, and
analyzed for nitrogen and carbon contents using a Perkin
Elmer CHN Elemental Analyzer. Two replicates were run
for each sample; if replicates differed by [10%, a third
replicate was run. For all test larvae, whole food and
nitrogen nutritional indices were calculated on a dry weight
basis as in (Waldbauer 1968):
Relative consumption rate (RCR) = (food ingested)/
(average larval weight 9 days)
Approximate digestibility (AD) = (food ingested—
frass)/(food ingested)
Efficiency of conversion of digested food (ECD) =
(weight gained)/(food ingested—frass)

Relative growth rate (RGR) = (weight gained)/(average
larval weight 9 days)
Note that RCR 9 AD 9 ECD = RGR.
Nitrogen nutritional indices were calculated by substituting nitrogen for weight, e.g.
Relative nitrogen growth rate (RGRN) = (nitrogen
gained)/(average larval nitrogen 9 days)
All variables were analyzed with a split-plot, Type III
ANOVA (PROC MIXED) with CO2 level as whole plots,
plant species as sub-plots, and block as a random variable.
Homogeneity of variances was verified by Fmax tests. The
normality of residuals was evaluated by Kolmogorov–
Smirnov tests using PROC UNIVARIATE (SAS Institute
2000). One variable (5th instar duration) could not be
normalized, so was analyzed by pairwise Kruskal–Wallis
tests using PROC NPAR1WAY. For all other variables,
pairwise differences between least-squares means for CO2
levels and plant species were evaluated by Tukey tests
(Wilkinson 2000); all pairwise comparisons were planned
a priori.

Results
When Medicago sativa, Trifolium repens, and Lotus
corniculatus were grown under elevated CO2, leaf nitrogen
content did not change for M. sativa and L. corniculatus,
but increased significantly (by 8%) for T. repens, producing
a significant CO2*Species interaction (Table 1). Neither
C:N ratio nor carbon content was affected by elevated CO2.
In contrast, leaf water content decreased under elevated
CO2 for all three species, though the decrease was significant only for M. sativa and T. repens. Leaf nitrogen,
carbon, and C:N ratio did not differ among species, but
L. corniculatus contained more water than T. repens, which
contained more water than M. sativa.
Relative to Colias philodice larvae fed legumes grown
under ambient CO2 (hereafter ‘‘ambient-grown’’), larvae fed
M. sativa, T. repens, and L. corniculatus grown under elevated CO2 (hereafter ‘‘elevated-grown’’), consumed their
host plants at significantly increased rates (RCR was 17, 11,
and 30% higher, respectively; Table 2). Larvae fed elevatedgrown plants digested leaf tissue less efficiently (AD was
reduced by 9, 6, and 13%, respectively), though the difference was significant only for larvae fed M. sativa. On all
species, larvae fed elevated-grown plants converted digested
leaf tissue into larval biomass (ECD) as efficiently as larvae
fed ambient-grown plants. As a consequence, relative
growth rate (RGR) did not differ overall between larvae fed
ambient- and elevated-grown plants. However, a nearly
significant CO2*Species interaction for RGR arose because
feeding on host plants under elevated CO2 resulted in a 1%
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Table 1 Measures of leaf nutritional quality (least square mean ± SE) for M. sativa, T. repens, and L. corniculatus grown at ambient (371 ppm)
and elevated (756 ppm) CO2

Variable

Medicago sativa

Trifolium repens

Lotus corniculatus

F values

Ambient

Ambient

Ambient

CO2
d.f. = 1,9

Elevated

Elevated

Elevated

Species
d.f. = 2,83

CO2 9 Species
d.f. = 2,83

Nitrogen

4.13 ± 0.06

4.15 ± 0.06

4.10 ± 0.08

4.41 ± 0.08

4.24 ± 0.15

4.12 ± 0.15

0.70

1.25

3.17*

Carbon

42.5 ± 0.4

42.8 ± 0.3

42.2 ± 0.3

43.3 ± 0.3

42.1 ± 0.9

42.0 ± 0.7

1.23

1.13

0.96

C:N Ratio

10.4 ± 0.2

10.4 ± 0.2

10.4 ± 0.2

9.9 ± 0.2

10.0 ± 0.5

10.3 ± 0.5

0.13

0.56

1.07

Water (%)

76.6 ± 0.6

71.9 ± 0.8

82.2 ± 0.6

77.2 ± 0.6

82.9 ± 0.8

80.6 ± 1.1

47.11***

56.06***

1.74

Nitrogen and carbon values are percent of dry weight. Sample sizes are 23 at each CO2 level for M. sativa and T. repens, and 7 for
L. corniculatus. Significance levels are indicated by asterisks, where * P \ 0.05 and *** P \ 0.001

Table 2 Whole food nutritional indices (least square mean ± SE) for C. philodice larvae fed M. sativa, T. repens, and L. corniculatus grown at
ambient (371 ppm) and elevated (756 ppm) CO2

Variable

Medicago sativa

Trifolium repens

Lotus corniculatus

F values

Ambient

Ambient

Ambient

Species
CO2 9
CO2
d.f. = 1,9 d.f. = 2,83 Species
d.f. = 2,83

Elevated

Elevated

Elevated

RCR (g/g/d)

1.41 ± 0.06

1.65 ± 0.06

1.51 ± 0.05

1.67 ± 0.05

1.02 ± 0.13

1.33 ± 0.14 46.02*** 14.43***

0.11

AD (%)

50.1 ± 1.4

45.5 ± 1.2

48.3 ± 1.3

45.2 ± 1.2

43.9 ± 3.1

38.2 ± 3.2

14.93**

6.48**

1.17

ECD (%)

34.9 ± 1.5

32.3 ± 1.3

44.0 ± 1.8

41.8 ± 1.3

34.2 ± 3.6

36.9 ± 3.3

3.00

10.54***

2.22

RGR
(g/g/d)

0.244 ± 0.6

0.242 ± 0.8

0.310 ± 0.6

0.316 ± 0.6

0.136 ± 0.8

0.186 ± 1.1

1.23

73.50***

3.06

Pupal Weight
(mg dry)

29.1 ± 1.8

27.7 ± 1.6

41.1 ± 1.6

41.4 ± 1.4

26.4 ± 2.0

29.9 ± 2.1

0.38

44.51***

1.29

Instar Duration
(days)a

4.21 ± 0.09

4.31 ± 0.08

3.89 ± 0.07

3.92 ± 0.06

6.71 ± 0.90

5.57 ± 0.41

0.26

47.6***

N.D.

Sample sizes are 23 at each CO2 level for M. sativa and T. repens, and 7 for L. corniculatus. Significance levels are indicated by symbols, where
0.10 \ P \ 0.05, ** P \ 0.01, and *** P \ 0.001
a

Data could not be normalized so were analyzed by Kruskal–Wallis tests, which precluded direct testing of the CO2*Species interaction. Chisquare values are reported in place of F values for tests of the CO2 and Species effects

RCR relative consumption rate; AD approximate digestibility; ECD efficiency of conversion of digested food; RGR relative growth rate

decrease in RGR for larvae fed M. sativa, a 2% increase for
larvae fed T. repens, and a 37% increase for larvae fed
L. corniculatus. Neither pupal weight nor fifth instar duration
was affected by elevated CO2 on any host plant (Table 2).
Nitrogen nutritional indices revealed a pattern similar to
that observed for whole food nutritional indices (Table 3).
Larvae fed elevated-grown plants consumed nitrogen at a
higher rate (RCRN increased by 21, 16, and 40% on
M. sativa, T. repens, and L. corniculatus, respectively).
Overall, larvae fed elevated-grown plants digested nitrogen
less efficiently (ADN decreased by 8, 4, and 8% on
M. sativa, T. repens, and L. corniculatus, respectively),
though the difference was not significant for any individual
species. Growth of legumes under elevated CO2 did not
affect the efficiency with which larvae converted digested
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nitrogen into larval nitrogen (ECDN did not exhibit a
significant CO2 effect or CO2*Species interaction). As a
consequence, for C. philodice fed elevated-grown plants,
relative nitrogen growth rate (RGRN) was virtually unaffected on M. sativa, increased by 5% on T. repens, and
increased by 34% on L. corniculatus; this difference
resulted in a significant CO2*Species interaction (Table 3).
All whole food nutritional indices differed significantly
among host plant species. When both CO2 levels were
considered together, larvae fed M. sativa and T. repens
exhibited higher RCR and AD than larvae fed L. corniculatus. ECD was higher for larvae fed T. repens than for
larvae fed M. sativa, and RGR and pupal weight were
highest for larvae fed T. repens and higher for larvae fed
M. sativa than for larvae fed L. corniculatus. Instar

RCRN relative consumption rate of nitrogen; ADN approximate digestibility of nitrogen; ECDN efficiency of conversion of digested nitrogen; RGRN relative nitrogen growth rate

Sample sizes are 23 at each CO2 level for M. sativa and T. repens, and 7 for L. corniculatus. Significance levels are indicated by symbols, where * P \ 0.05 and *** P \ 0.001

3.12*
0.221 ± 0.011
RGRN (g/g/
d)

0.218 ± 0.011

0.287 ± 0.009

0.302 ± 0.010

0.130 ± 0.0178

58.70***
0.74
0.174 ± 0.023

0.90

2.09

4.42*

6.11***

6.28*

3.11

56.1 ± 3.6

50.6 ± 5.4
49.5 ± 5.2

61.0 ± 3.2
63.9 ± 1.7

65.7 ± 2.8
70.5 ± 2.2

66.3 ± 1.1
60.5 ± 1.9
65.6 ± 1.6

60.2 ± 3.3

ADN (%)

ECDN (%)

56.3 ± 2.7

0.43
16.45***
0.68 ± 0.03
0.56 ± 0.03
RCRN (g/g/
d)

0.62 ± 0.02

0.72 ± 0.03

0.43 ± 0.06

0.60 ± 0.06

50.48***

CO2 9 Species
d.f. = 2,83
Species
d.f. = 2,83
CO2
d.f. = 1,9
Elevated
Ambient
Variable

Ambient

Elevated

Ambient

Elevated

F values
Lotus corniculatus
Trifolium repens
Medicago sativa

Table 3 Nitrogen nutritional indices (least square mean ± SE) for C. philodice larvae fed M. sativa, T. repens, and L. corniculatus grown at ambient (371 ppm) and elevated (756 ppm) CO2
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duration was shortest for larvae fed T. repens and shorter
for larvae fed M. sativa than for larvae fed L. corniculatus
(Table 2). Therefore, at both CO2 levels, T. repens was a
better host plant than M. sativa which, in turn, was a better
host than L. corniculatus.
Like whole food nutritional indices, all nitrogen nutritional indices differed significantly among host plant species. RCRN and RGRN were highest for larvae fed
T. repens and higher for larvae fed M. sativa than for larvae
fed L. corniculatus. ADN was higher for larvae fed M. sativa and T. repens than for larvae fed L. corniculatus, and
ECDN was higher for larvae fed T. repens than for larvae
fed M. sativa or L. corniculatus (Table 3).

Discussion
Several meta-analyses have concluded that the nutritional
quality of legumes decreases less than that of non-legume
C3 species when plants are grown under elevated CO2.
Cotrufo et al. (1998) determined that the decrease in foliar
nitrogen under elevated CO2 was only half as large for
legumes as for non-legume C3 species. Jablonski et al.
(2002) observed a similar pattern for other plant parts,
including seeds, and Ainsworth et al. (2002) concluded
from over 100 studies that soybean foliar nitrogen
increased on average by 8% under elevated CO2. The
results of our study are consistent with this general trend:
foliar nitrogen content of two herbaceous legumes, M. sativa and L. corniculatus, did not change under elevated
CO2, while nitrogen increased by 8% in T. repens.
In this study, relative growth rate (RGR) of C. philodice
larvae was not affected by elevated CO2 on any of three
legume host plants. RGR actually increased by 37%, albeit
non-significantly, for larvae fed elevated-grown L. corniculatus. Goverde et al. (1999) observed a similar increase
in growth of common blue lycaenid caterpillars fed elevated-grown L. corniculatus, though this increase disappeared when larvae were grown under field conditions
(Goverde et al. 2004). Pupal weight, which is proportional
to lifetime fecundity of C. philodice females (Karowe
1990) also was unaffected by elevated CO2 on all three
legumes. In a previous study (Karowe 2007), RGR and
pupal weight were also unaffected for C. philodice fed
elevated-grown legumes Melilotus alba and T. pratense.
Surprisingly, despite no change in foliar nitrogen or C:N
ratio, larvae on all three species increased consumption
(RCR) by at least 11%. Similarly, RCR also increased for
P. icarus larvae fed elevated-grown L. corniculatus without
a concomitant decrease in foliar nitrogen or increase in C:N
ratio (Goverde et al. 1999). It is not clear which CO2induced changes in foliar quality were responsible for
increased consumption observed in this study. It is possible
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that the reduced ability of larvae to digest nitrogen from
elevated-grown plants (ADN was reduced by 4–8%)
resulted in lower haemolymph amino acid concentrations,
thereby stimulating consumption. However, on each host
plant, consumption increased more (by 11–30%) than ADN
decreased, suggesting that other factors were involved.
Hamilton et al. (2005) suggested that increased sugars in
soybean stimulated consumption by Japanese beetles. It is
possible that reduced foliar water content may have caused
increased consumption and decreased digestibility of elevated-grown plants. However, this seems unlikely, since
Manduca sexta larvae fed a low-water diet exhibited no
change in consumption and increased digestive efficiency
(Martin and Van’t Hof 1988).
On all plant species, elevated CO2 increased the rate at
which larvae consumed nitrogen (RCRN). There was an
overall negative effect of elevated CO2 on the efficiency
with which larvae digested nitrogen, suggesting that elevated CO2 may have altered the quality, rather than the
quantity, of foliar nitrogen. Nonetheless, increased RCRN
was sufficient to stabilize the rate at which larvae accumulated nitrogen (RGRN) on M. sativa and T. repens and
to increase RGRN by 34%, albeit non-significantly, on
elevated-grown L. corniculatus.
It is not clear why plant growth under elevated CO2
appeared to have a more positive effect for larvae fed
L. corniculatus than for larvae fed M. sativa or T. repens. It
is possible that L. corniculatus contains one or more
chemical defenses that are less abundant in elevated-grown
plants. However, this seems unlikely since the three genera
are similar in containing non-protein amino acids, protease
inhibitors, and isoflavonoids, and lacking pyrrolizidine,
indolizidine, indole and Erythrina alkaloids (Wink and
Waterman 1999; Wink and Mohamed 2003).
Although some components of performance of 5th instar
C. philodice differed between ambient- and elevated-grown
legumes, the overall effects of elevated CO2 were smaller
than for most insects fed non-legume host plants (Watt
et al. 1995; Coviella and Trumble 1999; Zvereva and
Kozlov 2006). For instance, RGR was reduced by 25–60%
for gypsy moth caterpillars fed trembling aspen (Lindroth
et al. 1993), red maple (Williams et al. 2000), and sessile
oak (Hättenschwiler and Schafellner, 2004), forest tent
caterpillars fed trembling aspen (Lindroth et al. 1993),
cotton bollworms fed cotton (Chen et al. 2005), beetles fed
willow (Veteli et al. 2002), and grasshoppers fed sagebrush
(Johnson and Lincoln 1991) and bog blueberry (Asshoff
and Hättenschwiler 2005). Similarly, pupal, larval and/or
adult weights were reduced by 10–35% for gypsy moths
fed aspen and red maple (Lindroth et al. 1993), forest tent
caterpillars fed trembling aspen (Percy et al. 2002), nun
moths fed spruce (Hättenschwiler and Schafellner 1999),
beet armyworms fed cotton (Akey and Kimball 1989),
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cotton bollworms fed cotton and wheat (Chen et al. 2005;
Wu et al. 2006), leaf miners fed Paterson’s Curse (Johns
and Hughes 2002), and grasshoppers fed bog blueberry
(Asshoff and Hättenschwiler 2005). Most dramatically,
elevated CO2 increased mortality of buckeye larvae fed
plantain by 180% (Fajer et al. 1989) and of leaf miners fed
Paterson’s Curse by 135% (Johns and Hughes 2002).
The few studies of legume-feeding herbivores suggest
that they are less adversely affected by growth of their host
plants under elevated CO2. When fed elevated-grown
L. corniculatus, common blue lycaenid caterpillars converted ingested leaves into larval tissue more efficiently,
grew faster, and contained more lipid as adults (Goverde
et al. 1999). Growth of soybean under elevated CO2 did not
affect RGR of the soybean looper because RCR increased
sufficiently to offset decreased ECD (Lincoln et al. 1984,
1986), and actually increased adult longevity and approximately doubled fecundity of the Japanese beetle (O’Neill
et al. 2008). In a previous study of C. philodice, elevated
CO2 did not affect RGR, instar duration, or pupal weight
for larvae fed red clover or white sweet clover (Karowe
2007). Similarly, performance of the cabbage looper did
not differ between unfertilized ambient- and elevatedgrown lima beans, though elevated CO2 reduced pupal
weight when plants were fertilized (Osbrink et al. 1987). In
contrast, pupal weight decreased and development time
increased for cotton leafworm larvae fed elevated-grown
alfalfa, (Agrell et al. 2006), possibly due to increased
saponin levels (Agrell et al. 2004).
Though there are still too few studies to warrant generalization, it appears that the association of legumes with
nitrogen-fixing bacteria at least partially buffers legume
herbivores against many of the adverse effects typically
experienced by herbivores of nonlegume C3 species when
their host plants are grown under elevated CO2. The
attenuated response of legume nutritional quality to elevated CO2 is most likely a consequence of symbiotic
nitrogen fixation, which generally increases under elevated
CO2 (Hungate et al. 1999; Edwards et al. 2006). Given
that legumes are expected to make an increasingly
important contribution to ecosystem nitrogen availability
(West et al. 2005; de Graaff et al. 2006) and, therefore, to
global carbon storage (Hungate et al. 2003) as atmospheric CO2 continues to rise, additional studies of the
effects of elevated CO2 on legume-feeding herbivores,
including other guilds than leaf chewers, would be valuable. Moreover, the observation that mortality of silkworm
larvae increased under elevated CO2 on birch, oak, and
maple but not on alder, which harbors the nitrogen-fixing
actinomycete Frankia sp. (Koike et al. 2006), suggests
that such environmental buffering may also be accomplished by non-legumes that are associated with a range of
nitrogen-fixing symbionts.

Performance of the legume-feeding Herbivore, Colias philodice
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