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How Will Species Respond to Climate Change? Examining the Effects
of Temperature and Population Density on an Herbivorous Insect
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ABSTRACT An important challenge facing ecologists is to understand how climate change may
affect species performance and species interactions. However, predicting how changes in abiotic
variables associated with climate change may affect species performance also depends on the biotic
context, which can mediate species responses to climatic change. We conducted a 3-yr field exper-
iment to determine how the herbivorous grasshopper Camnula pellucida (Scudder) responds to
manipulations of temperature and population density. Grasshopper survival and fecundity decreased
with density, indicating the importance of intraspecific competition. Female fecundity tended to
increase with temperature, whereas grasshopper survival exhibited a unimodal response to temper-
ature, with highest survival at intermediate temperatures. Grasshopper performance responses to
temperature also depended on density. Peak survival in the low-density treatment occurred in warmer
conditions than for the high-density treatment, indicating that the intensity of intraspecific compe-
tition varies with temperature. Our data show that changes to the temperature regimen can alter
grasshopper performance and determine the intensity of intraspecific competition. However, the
effects of temperature on grasshopper performance varied with density. Our data indicate the
importance of the biotic context in mediating species responses to climatic factors associated with

global change.
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Many studies have shown potential effects of global
climate change on individual species. For example,
studies have found that increased temperature and/ or
elevated CO, concentrations can affect traits such as
growth, survival, feeding rates, and phenology in in-
sect herbivores (Hughes and Bazzaz 2001, Stiling et al.
2002, Veteli et al. 2002, Walther et al. 2002, Stiling et
al. 2003, Williams et al. 2003, Abraham 2004). These
changes may be indirect, caused by effects of envi-
ronmental changes on plant foliar quality. For exam-
ple, increased C:N ratios with elevated CO, concen-
trations lowers food quality and can lead to behavioral
changes and/ or decreased growth in insect herbivores
(Roth and Lindroth 1995, Buse et al. 1998, Veteli et al.
2002). Alternatively, changes to species traits may
result from direct effects of environmental changes on
insect physiology, which may lead to altered resource
intake. These direct and indirect effects of climate
change on species traits may alter species interactions
within a community. However, to predict how species
interactions will be affected by climate change, it is
important to first understand how individual species
will respond to basic climate variables, such as tem-
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perature. Next, it is important to understand how spe-
cies’ responses to climate variables might vary with
population structure such as density, which varies
considerably within and among years. This will pro-
vide a better understanding of how populations will
respond to global climate change and a mechanistic
basis on which to make predictions about species in-
teractions in future climate scenarios.

Temperature is especially important for insects, in-
fluencing many physiological processes such as me-
tabolism, digestion, phenology, behavior, and devel-
opment (Heinrich 1993). Changes in temperature
associated with global climate change may have im-
pacts on insects at both the individual and population
level. For example, temperature influences activity
time and digestion rates, both of which determine
resource intake for individuals (Heinrich 1993, Yang
and Joern 1994b, Harrison and Fewell 1995). By in-
fluencing resource intake, temperature can affect both
survivorship and fecundity.

Survivorship and fecundity may be affected by
other factors such as population density (Varley et al.
1973, Belovsky and Slade 1995, Hopper et al. 1996,
Agnew et al. 2002, Agrawal 2004, Hildrew et al. 2004),
which arises from resource limitation as competitive
pressure for food resources increases. Because tem-
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perature influences resource acquisition and density
influences competitive pressure for resources, both
factors may interact to determine population at-
tributes such as survivorship and fecundity, as well as
species interactions. Furthermore, because popula-
tion density and temperature are not constant, it is
important to measure the effects of these variables
across a range of values and over time.

Grasshoppers provide a good model system for field
studies examining the effects of density and temper-
ature. First, the small body size of grasshoppers allows
them to be easily manipulated in experimental enclo-
sures (Joern and Klucas 1993, Ritchie and Tilman 1993,
Schmitz 1994, Belovsky and Slade 1995). Second, the
univoltine life history of many grasshoppers allows
easy measurements of lifetime survival and fecundity
within one season. Finally, many species of grasshop-
pers have been shown to exhibit density dependent
survival and fecundity (Belovsky and Slade 1995, Laws
2004). Although there have been many laboratory
studies on the effects of temperature on grasshoppers
(Lactin and Johnson 1996, 1998; Uvarov 1977), few
studies have manipulated thermal conditions in field
experiments with grasshoppers (but see Chase 1996,
Ritchie 1996).

We conducted a manipulative field experiment to
examine the effects of abiotic conditions and popula-
tion density on intraspecific competition in the her-
bivorous grasshopper, Camnula pellucida (Scudder)
(Orthoptera: Acrididae). Abiotic conditions in the
enclosures were manipulated with the use of remov-
able plastic greenhouses or shade cloth. The combined
effects of temperature and density on grasshopper
performance traits (survival, fecundity, and body
mass) were measured. This allows us to infer how
temperature and population density might interact to
affect intraspecific competition. By using a field study,
we can allow grasshoppers to behaviorally thermo-
regulate and choose among food resources. Plant bio-
mass and quality in response to greenhouse and shade
cloth treatments were also measured to determine
whether effects on grasshopper performance traits
might be explained by changes to plant quality or
abundance. This study will begin to show how climate-
related factors (temperature) and population density
might influence grasshopper responses to global cli-
mate change.

Materials and Methods

Study Site and Organisms. This research was con-
ducted at the University of Notre Dame Environmen-
tal Research Center (UNDERC-East) in northern
Wisconsin (46°14.53 N, 89°33.27 W). The study site is
an old field that was clear-cut for dairy cattle ~70 yr
ago. The site is now dominated by grass, Phleum prat-
ense, and the forbs, Achillea millefolium, Solidago spp.,
and Asclepias speciosa. Grasshoppers are the most
abundant aboveground insect herbivore at the site,
with Camnula pellucida (Scudder) and Melanoplus
dawsoni (Scudder) (Orthoptera: Acrididae) being the
two dominant grasshopper species. C. pellucida, the
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species used in this experiment, is a univoltine, egg
overwintering species that hatches over ~2 wk in
mid-June. C. pellucida preferentially consumes grasses
but will occasionally eat forbs (Pfadt 1994). This spe-
cies is often reported to be a pest species and expe-
riences fluctuating population sizes capable of very
high densities (Pfadt 1994).

Experimental Design. This experiment was con-
ducted during the summers of 2002-2004. Grasshop-
pers were added to experimental enclosures (basal
area: 0.5 m~2; height: 1 m) placed over natural vege-
tation. The enclosures were constructed of aluminum
screen attached to a base of 7-cm-wide aluminum
edging and buried at least 6 cm into the ground (see
Belovsky and Slade 1995 for a complete description of
enclosures). Enclosures were spaced at least 1.5 m
apart, but we attempted to place enclosures over areas
with similar vegetation.

Camnula pellucida nymphs (second and third in-
star) were collected with insect nets after hatching in
mid-June. Nymphs were placed in terraria and fed ad
libitum for at least 24 h to identify and prevent the use
of injured individuals before stocking in enclosures.
Grasshoppers were stocked in an even sex ratio at two
densities (8 and 20 m ™ ?) that reflect observed high
and low field densities at our site. Additionally, some
enclosures had no grasshoppers so that plant re-
sponses to temperature treatments could be examined
(see below). Each enclosure was exposed to natural
abiotic conditions (control) or temperature treat-
ments that increased or decreased ambient tempera-
ture.

To manipulate temperature, removable greenhouses
constructed of clear plastic sheeting (3.5 Mil thick-
ness) were placed over the enclosures for 4, 6, and 8 h
during each day in 2002. Because temperatures in the
8-h treatment became too hot for the grasshoppers,
greenhouses were placed over the enclosures for 2, 4,
and 6 h/d in 2003 and 2004. Alternatively, tempera-
tures in enclosures were reduced by shading with 80%
shade cloth for 4 and 6 h during each day. Including
the control (ambient) enclosures, there were a total of
six temperature treatments in each year. All treat-
ments were set up by 0700 hours each morning, before
the sun was high enough to shine on the enclosures
over the surrounding forest. This schedule prevented
the grasshoppers from basking and increasing their
body temperatures before the shade cloths were set
up. Treatments were randomly assigned to cages in
each year and replicated four times. Enclosures with-
out grasshoppers were replicated three times for each
temperature treatment.

Temperature treatments may impact different as-
pects of the physical environment inside the enclo-
sures such as humidity or air flow. However, the main
effect of the greenhouse and shade cloth treatments
was to alter ambient temperature inside the enclo-
sures (see Results). Average temperature in the en-
closures was measured hourly throughout the day
with thermometers in enclosures (N = 30). Humidity
was measured in the 6-h shade cloth, 6-h greenhouse,
and control enclosures with a Hobotemp RH data
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logger (N = 46). Ambient weather conditions at the
site were measured with a Campbell Scientific
weather station.

The temperature treatments shifted morning tem-
perature relative to the control while allowing natural
fluctuations in daily temperature to occur in experi-
mental treatments. By providing for diurnal changes in
ambient temperature, grasshoppers can shift activity
to different parts of the day when ambient tempera-
ture is preferable. This approach may therefore pro-
vide amore realistic approximation of insect responses
to climate change than laboratory studies in which
temperature is generally held constant because it pro-
vides individuals the opportunity to behaviorally com-
pensate for changes in temperature regimens.

Population Censuses. Once a week, the surviving
grasshoppers in each enclosure were counted. The sex
and developmental stage (nymph versus adult) for all
grasshoppers in each enclosure were recorded. If all
adult male grasshoppers in an enclosure died, one was
added so that the females could be fertilized. These
added males were not included in survival analyses.

In this experiment, as well as in previous experi-
ments with grasshoppers at other sites, grasshopper
densities in enclosures declined to a stable number
that was maintained for up to 4 wk, after which the
densities began to decline because of senescence and
cold fall temperatures (Belovsky and Slade 1993, 1995;
Chase and Belovsky 1994). Grasshopper survival was
measured by dividing the number of grasshoppers in
the enclosures at the stable density by the number of
individuals stocked in the enclosures. The experiment
was ended when grasshopper densities began to de-
cline from this stable density in late season. All sur-
viving grasshoppers were collected from the enclo-
sures; females were frozen so that their reproductive
tracts could be analyzed to estimate egg production
(see below). Females were weighed in the laboratory
to obtain frozen weights.

Fecundity was measured for females collected at
the end of the experiment by examining reproductive
tracts (Phipps 1949, Singh 1958, Lusis 1963, Lanois-
Luong 1978, Bellinger and Pienkowski 1985, Sundberg
et al. 2001). A grasshopper’s reproductive tract con-
sists of several ovarioles that produce eggs. Ovarioles
that are currently forming an egg (functional ovari-
oles) can be counted to give a good approximation of
current reproductive activity (Branson 2003). When
an egg is successfully produced, the egg lining col-
lapses to form a white or yellowish follicle resorption
body at the base of the ovariole (Phipps 1949, Singh
1958, Bellinger and Pienkowski 1985, Sundberg et al.
2001). We used the number of functional ovarioles
(current reproduction) plus the number of eggs pro-
duced (past reproduction) to measure fecundity for
females. Fecundity was calculated for each female and
averaged for each enclosure.

Plant Quality and Abundance. Plant quality and
abundance were measured in each enclosure. Plant
quality depends on nutrient content and how easily
nutrients can be extracted (digested) by the herbi-
vore. We measured chemical solubility; which is cor-
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Table 1. Average, maximum, and minimum daytime temper-
atures (°C) inside enclosures for each of the six temperature
treatments

Temperature Average Minimum Maximum
treatment temperature = SD  temperature temperature
6-h shade cloth 20.9 = 6.1 10.5 30.0
4-h shade cloth 20.5 +5.9 10.0 30.5
Control 234 £59 10.0 30.0
2-h greenhouse 22.6 =58 11.0 30.0
4-h greenhouse 245+ 7.3 12.0 38.0
6-h greenhouse 26.4 + 7.7 12.0 41.0

related with in vivo digestibility for grasshoppers (Be-
lovsky and Slade 1995) and plant nitrogen content for
live vegetation collected from 0.1-m? plots in each
enclosure at the end of the experiment in 2003 and
2004. Plants were sorted to to grasses and forbs and
dried at 60°C for 24 h. Chemical solubility was mea-
sured in HCl and pepsin (Terry and Tilley 1964 ). Plant
C:N ratios were measured with an elemental CHN
analyzer (ECS 4010; Costech Analytical Instruments,
Valencia, CA).

Total grass biomass was estimated from grass col-
lected from 0.1-m? plots inside enclosures with no
grasshoppers. By using cages without grasshoppers,
we could isolate the effects of the temperature treat-
ments on plant biomass from the effects of herbivory
on plant biomass. Because C. pellucida preferentially
feeds on grasses, analyses were run on grasses only.

Analyses. We used analysis of variance (ANOVA) to
assess the effects of temperature treatment, grasshop-
per density, and year for each of our dependent vari-
ables: survival, fecundity, and female body mass. Year
was treated independently because treatments were
randomly assigned to enclosures each year of the ex-
periment. Survival data were transformed using an
arcsine transformation (Zar 1999). Statistics were per-
formed with Systat v. 11 (SPSS 2000).

Results

Effects of Temperature Treatments on Tempera-
ture in Enclosures. Average ambient daytime temper-
ature (0700-2000 hours) at the site varied among the
3 yr of the study. Ambient temperatures were lowest
in 2004 (19.7 = 5.5°C [SE]), intermediate in 2003
(21.1 = 4.7°C), and highest in 2002 (23.9 = 4.6°C).
Greenhouse and shade cloth treatments altered am-
bient temperature in the enclosures while they were
in place (Table 1; Fig. 1). Average daytime tempera-
ture in the control treatment was 23.4°C (Table 1).
While they were in place, shade cloth treatments de-
creased average daytime temperatures by ~3°C,
whereas greenhouse treatments increased the average
daytime temperature by up to 3°C (Table 1; Fig. 1).
Minimum daytime temperatures were lowest in the
control and shade cloth treatments, wherease maxi-
mum temperatures were highest in the greenhouse
treatments (Table 1).

Relative humidity did not vary significantly among
temperature treatments (F = 1.3;df = 5,785, P = 0.27),
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treatments is plotted against time. Greenhouse treatments
warm up faster and reach higher temperatures than control
and shade cloth treatments.

although there was a trend for higher relative humid-
ity in shade cloth treatments compared with control
and greenhouse treatments (Fig. 2). Relative humidity
did vary significantly over time of day (F = 259.5; df =
1,785; P < 0.01). The interaction term between tem-
perature treatment and time of day was not significant
(F =18 df = 5785 P = 0.11).

Survival. Final survival exhibited a unimodal re-
sponse when plotted against temperature treatment,
and high-density treatments elicited stronger re-
sponses (Fig. 3A). In 2002 and 2003, this unimodal
response shifted with density, so that peak survival in
the high-density treatment occurred in the control
treatment, whereas peak survival for the low-density
treatment occurred under the 4-h greenhouse treat-
ment. In 2004, survival was again unimodal, but the
peak survival occurred at the control treatment for
both densities (Fig. 3A).

110
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Fig. 2. Relative humidity is plotted against time for the
control, 6-h greenhouse, and 6-h shade cloth treatments. Bars
represent SD.
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Survival varied significantly with temperature treat-
ment and density (F = 2.63; df = 6,129; P = 0.02 and
F = 11.82; df = 2,129; P < 0.001, respectively), but
effect of year on survival was not significant (F = 1.81;
df = 2,139: P = 0.17).

Fecundity. Fecundity generally increased with tem-
perature treatments, but this trend was stronger in the
high-density treatment (Fig. 3B). The effect of year
was not significant (F = 0.1; df = 1,48; P = 0.74), so
years were pooled. The effects of density on fecundity
were significant (F = 5.6, df = 1,44; P = 0.02), but
temperature treatment and the interaction term were
not significant (F = 2.0;df =544, P=0.09and F= 1.8;
df = 544; P = 0.13, respectively).

Body Mass. Body mass of females collected at the
end of the experiment exhibited a weak unimodal
trend with temperature treatment (Fig. 3C), although
there was no significant effect of temperature treat-
ment (F = 0.99; df = 6,70; P = 0.44). Body mass of C.
pellucida did not differ significantly between densities
(F=0.9;df = 1,70; P = 0.34) but did differ significantly
among years (F = 3.7, df = 2,70; P = 0.03), with body
mass in 2002 lower than in 2003 and 2004 (F = 5.29;
df = 2,70; P = 0.01).
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Vegetation Quality and Abundance. There was no
significant difference in chemical solubility of grasses
among temperature treatments (F = 0.1; df = 5,120,
P = 0.98; Fig. 4A). However, chemical solubility did
vary significantly between years, with higher digest-
ibility in 2004 than 2003 (F = 90.9: df = 1,120 P << 0.01:
Fig. 4A). Nitrogen content of grasses did vary signif-
icantly between years, with higher nitrogen content in
2003 than 2004 (F = 20.9; df = 1,120, P < 0.01; Fig. 4B).
Nitrogen content varied significantly with tempera-
ture treatment (F = 2.9; df = 5,120; P = 0.02; Fig. 4B)
because of lower nitrogen content in the 2-h green-
house treatment. Biomass of grasses in the one-tro-
phic-level treatments did not vary significantly by year
or temperature treatment (F = 1.6; df = 1,29; P = 0.22
and F = 1.3; df = 5, 29; P = 0.30, respectively).

Discussion

The shade cloth and greenhouse treatments altered
ambient temperature relative to the control treatment
while they were in place. Ambient morning temper-
atures inside the greenhouse treatments reached 19°C,
the ambient temperature required for C. pellucida to
begin feeding and digesting (Parker 1930, Hewitt and
Onsager 1982, Pfadt 1994) , about 1 h earlier than in the
control treatments, and about 2 h earlier than in the
shade cloth treatments (Fig. 1). By altering the time
of day when grasshoppers can potentially begin feeding,
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the temperature treatments influence grasshopper re-
source acquisition and grasshopper performance.

Temperature treatments had the strongest effect on
grasshopper survival, which exhibited a unimodal re-
lationship with temperature treatment at both low and
high densities. We propose two hypotheses to explain
this relationship. First, the temperature treatments
may have altered plant quality or plant abundance,
indirectly affecting grasshopper survival through al-
tered nutrient acquisition. Second, grasshopper sur-
vival in each of the temperature treatments may de-
pend on how temperature affects net resource intake.

Effects of Temperature Treatments on Plant Qual-
ity and Abundance. Grasshopper performance de-
clines as plant abundance and/or plant quality de-
creases (Joern and Behmer 1997, 1998; Danner and
Joern 2003; Jonas and Joern 2008). However, in our
study, grass biomass did not vary significantly among
temperature treatments or between years and cannot
explain patterns of grasshopper survival. Grass chem-
ical solubility also did not vary with temperature treat-
ment in either year that vegetation was collected.
Nitrogen content of grasses did vary significantly with
temperature treatment. However, this was only
caused by a decrease in nitrogen content in the 2-h
greenhouse treatment, a result that would not explain
the observed unimodal response of grasshopper sur-
vival. This suggests that the response of C. pellucida to
the temperature treatments was not driven by indirect
effects of the temperature treatments on plant quality
or plant abundance.

Temperature Effects on Net Resource Intake. Ob-
served patterns in grasshopper survival may be caused
by the effects of temperature treatments on physio-
logical processes affecting net resource intake, which
is determined by resource intake (digestion and
feeding) relative to metabolism (i.e., energetic re-
quirements). Temperature differently affects these
physiological processes: metabolism increases ex-
ponentially with temperature (Gillooly et al. 2001,
Clarke and Fraser 2004), whereas intake increases
linearly with temperature (Harrison and Fewell
1995). Performance is determined by how much re-
source intake exceeds resource requirements. This
hypothesis can explain the unimodal relationship ob-
served between survival and temperature treatment if
altered temperatures in the shade cloth and green-
house treatments reduce net resource intake relative
to the control treatments.

Although both metabolism and resource intake are
reduced by decreased temperatures in shade cloth
treatments, cooler morning temperatures may delay
the onset of feeding behavior and thus resource intake
relative to control and greenhouse treatments. Re-
duced temperatures in the shade cloth treatments
would also slow feeding and digestion rates, further
reducing resource intake relative to metabolism. This
would cause reduced grasshopper performance in
shade cloth treatments relative to control treatments.

In the greenhouse treatments, warmer tempera-
tures increase grasshopper resource intake in three
ways. First, warmer temperatures increase grasshop-
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per feeding and digestion (Uvarov 1977, Cammell and
Knight 1992, Hughes 2000), in part by decreasing food
residence time (Yang and Joern 1994b), enabling in-
creased resource acquisition (Yang and Joern 1994a).
Second, increased digestive efficiency enables grass-
hoppers to consume poorer-quality food that may be
unavailable at lower temperatures (Heinrich 1993,
Yang and Joern 1994b, Harrison and Fewell 1995), thus
widening the resource pool. Third, the greenhouse
treatments may increase resource intake by raising
morning temperatures so that grasshoppers can begin
feeding earlier in the day than in control and shade
cloth treatments. However, resource requirements in-
crease exponentially with temperature as metabolic
costs rise, serving to reduce net resource intake, es-
pecially in the warmest treatments. Furthermore, at
high temperatures, physiological stress may force
grasshoppers to reduce activity, further reducing in-
take relative to requirements and leading to lower
performance in greenhouse treatments relative to
control treatments.

The effects of temperature on net resource intake
can also explain why peak grasshopper survival oc-
curred at different temperature treatments for low
and high densities. Warmed temperatures in the
greenhouse treatments would increase metabolism,
leading to higher per capita resource requirements
and intensified competitive pressure. Population den-
sity, which determines per capita resource availability,
further determines competitive pressure. Therefore,
competition should be more intense in the high-den-
sity greenhouse treatments than in the low-density
greenhouse treatments. This would explain why peak
survival occurs in cooler treatments for high-density
populations than for low-density populations (control
treatment versus 4-h greenhouse treatment; Fig. 3A).

Density Dependence. Grasshoppers often compete
exploitatively for food resources (Ritchie and Tilman
1992, 1993; Joern and Klucas 1993; Schmitz 1994; Be-
lovsky and Slade 1995; Belovsky and Slade 2000),
which can lead to density dependent performance
(Belovsky and Slade 1995; Ritchie 1996, 2000). There-
fore, it is not surprising that both fecundity and sur-
vival exhibited density dependence. However, it is
interesting that the expression of density dependence
also varied with temperature treatment. For example,
fecundity exhibited density dependence only in the
shade cloth treatments, whereas survival exhibited den-
sity dependence only in the greenhouse treatments.

Our data show that population density can modify
the effects of temperature on grasshopper perfor-
mance traits. Variation in density dependence with
temperature was also observed by Ritchie (2000) in a
similar study with the grasshopper M. sanguinipes
(Fabricius) (Orthoptera: Acrididae). Our experi-
ment, along with these other studies, highlights the
importance of examining potential effects of global
climate change on populations across a range of den-
sities. Because density can alter species responses to
temperature change, predictions of species responses
to global climate change based on measurements of
performance taken at only one population density
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may not be adequate. This will be particularly impor-
tant for populations in which density varies widely
among years, such as for herbivorous insects like C.
pellucida (Reigert 1967, Uvarov 1977).

Trade-Offs. Despite differences in temperature and
competitive pressure among temperature treatments
and between densities, all surviving females reached a
similar body mass within years. We do not know the
body mass of individuals that died during the exper-
iment, which may have been smaller. Because female
body mass did not vary among temperature treat-
ments, one explanation is a size threshold that C.
pellucida must reach to be competitive, but more work
is needed to test this hypothesis.

In a study on the effects of temperature on digestive
capabilities of Melanoplus differentialis (Thomas)
(Orthoptera: Acrididae), Yang and Joern (1994b) dis-
covered that temperature only affected weight gain at
very low nutritional food quality (1% N), but not at
medium (3% N) and high nutritional quality (5% N).
They argued that at high- and medium-quality diets,
M. differentialis was able to compensate for temper-
ature changes by regulating digestion rate (e.g., gut
size, food residence time). The average nitrogen con-
tent for vegetation in this study was 1.2% for grasses
and 1.5% for forbs. It is possible that vegetation quality
was high enough for C. pellucida that weight gain (and
therefore body mass) was not affected by the range of
temperatures encountered in this study. This may also
represent a trade-off in resource allocation to growth,
survivorship, and fecundity. Grasshoppers may have
chosen to allocate more resources to survival and
fecundity rather than growth, after reaching some
threshold body size.

In the high-density greenhouse treatments, fecun-
dity tended to increase while survivorship decreased,
indicating that, in the high-density greenhouse treat-
ments, grasshoppers allocated more resources to fe-
cundity than survivorship. Trade-offs like these may
be more important under warmer conditions if in-
traspecific competition intensifies with temperature,
as in this study.

How Will C. pellucida Respond to Climate Change?
The treatments used in this experiment manipulated
temperatures relative to ambient in the morning and
early daytime. Although this does not simulate future
weather patterns projected with climate change, we
believe some predictions about grasshopper responses
to climate change may be inferred from our data.
Average daytime summer temperatures in the Great
Lakes region where our study site is located are pro-
jected to increase at least 3-5°C by 2099 (Kling et al.
2003), which is similar to increases in temperature
caused by the greenhouse treatments used in this
study. Along with changes in mean temperature,
global climate change models also project an increase
in the variance of climatological variables (Easterling
et al. 2000, Houghton et al. 2001, Houghton 2004).
Grasshopper survival in the control treatments was
similar among years, although average daytime tem-
perature varied, indicating that grasshoppers accli-
mated to differences in average temperature among
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years. However, deviations from mean temperature
within years, as caused by the shade cloth and green-
house treatments, did lead to changes in grasshopper
performance. This suggests that short-term fluctua-
tions in climatological variables, which are expected
with climate change (Easterling et al. 2000, Houghton
et al. 2001, Houghton 2004), may have more negative
effects on populations of C. pellucida than long-term
shifts in mean temperature alone.

Our results also indicated that increases in temper-
ature can have negative effects on grasshopper sur-
vival, especially at high grasshopper densities. This
reduction in survival with temperature occurred even
though the temperature treatments did not alter abun-
dance or quality of grasses. The observed decrease in
grasshopper performance with increased temperature
runs counter to many studies of insect responses to
climate change, which suggests that insect perfor-
mance (e.g., growth and development rates) may be
enhanced by increasing temperatures (Bale et al. 2002,
Zvereva and Kozlov 2006, Dermody et al. 2008, O’Neill
et al. 2008). We show that that temperature changes
associated with global climate change may also have
negative impacts on insect populations, especially at
higher densities. Finally, our data indicate the need to
evaluate species responses to climate change over a
range of population densities, because density can
alter species responses to abiotic variables.

Acknowledgments

We thank A. Joern, J. Hellmann, D. Lodge, members of the
Belovsky laboratory, and two anonymous reviewers for valu-
able contributions that improved this manuscript. K. Stanton
and T. Frauendorf provided field assistance. Funding was
provided by a graduate fellowship from the University of
Notre Dame Environmental Research Center.

References Cited

Abraham, S. 2004. The Bush administration and climate
change: response. Science 306: 2042-2042.

Agnew, P., M. Hide, C. Sidobre, and Y. Michalakis. 2002. A
minimalist approach to the effects of density-dependent
competition on insect life-history traits. Ecol. Entomol.
27: 396 -402.

Agrawal, A. A. 2004. Plant defense and density dependence
in the population growth of herbivores. Am. Nat. 164:
113-120.

Bale, J. S., G. J. Masters, I. D. Hodkinson, C. Awmack, T. M.
Bezemer, V. K. Brown, J. Butterfield, A. Buse, J. C. Coul-
son, J. Farrar, et al. 2002. Herbivory in global climate
change research: direct effects of rising temperature on
insect herbivores. Global Change Biol. 8: 1-16.

Bellinger, R. G., and R. L. Pienkowski. 1985. Non-random
resorbtion of oocytes in grasshoppers (Orthoptera: Acri-
didae). Can. Entomol. 117: 1067-1069.

Belovsky, G. E., and ]. B. Slade. 1993. The role of vertebrate
and invertebrate predators in a grasshopper community.
Oikos 68: 193-201.

Belovsky, G. E., and ]J. B. Slade. 1995. Dynamics of two
Montana grasshopper populations: relationships among
weather, food abundance and intraspecific competition.
Oecologia 101: 383-396.

ENVIRONMENTAL ENTOMOLOGY

Vol. 39, no. 2

Belovsky, G. E., and J. B. Slade. 2000. Insect herbivory ac-
celerates nutrient cycling and increases plant production.
Proc. Natl. Acad. Sci. US.A. 97: 14412-14417.

Branson, D. H. 2003. Effects of a parasitic mite on life-
history variation in two grasshopper species. Evol. Ecol.
Res. 5: 397-409.

Buse, A., J.E.G. Good, S. Dury, and C. M. Perrins. 1998.
Effects of elevated temperature and carbon dioxide on
the nutritional quality of leaves of oak (Quercus roburL.)
as food for the winter moth (Operophtera brumata L.).
Func. Ecol. 12: 742-749.

Cammell, M., and J. Knight. 1992. Effects of climate change
on the population dynamics of crop pests. Adv. Ecol. Res.
22: 117-162.

Chase, J. M. 1996. Abiotic controls of trophic cascades in a
simple grassland food chain. Oikos 77: 495-506.

Chase, J. M., and G. E. Belovsky. 1994. Experimental evi-
dence for the included niche. Am. Nat. 143: 514-527.
Clarke, A., and K.P.P. Fraser. 2004. Why does metabolism

scale with temperature? Func. Ecol. 18: 243-251.

Danner, B. J., and A. Joern. 2003. Resource-mediated im-
pact of spider predation risk on performance in the grass-
hopper Ageneotettix deorum (Orthoptera: Acrididae).
Oecologia 137: 352-359.

Dermody, O., B. F. O’'Neill, A. R. Zangerl, M. R. Berenbaum,
and E. H. DeLucia. 2008. Effects of elevated CO2 and
0O-3 on leaf damage and insect abundance in a soybean
agroecosystem. Arthropod Plant Interact. 2: 125-135.

Easterling, D. R., G. A. Meehl, C. Parmesan, S. A. Changnon,
T. R. Karl, and L. O. Mearns. 2000. Climate extremes:
observations, modeling, and impacts. Science 289: 2068 -
2074.

Gillooly, J. F.,J. H. Brown, G. B. West, V. M. Savage, and E. L.
Charnov. 2001. Effects of size and temperature on met-
abolic rate. Science 293: 2248 -2251.

Harrison, J. F., and J. H. Fewell. 1995. Thermal effects on
feeding-behavior and net energy-intake in a grasshopper
experiencing large diurnal fluctuations in body-temper-
ature. Physiol. Zool. 68: 453-473.

Heinrich, B. 1993. The hot-blooded insects. Harvard Uni-
versity Press, Cambridge, MA.

Hewitt, G. B., and J. A. Onsager. 1982. A method for fore-
casting potential losses from grasshopper feeding on
northern mixed prairie forages. J. Range Manag. 35: 53-57.

Hildrew, A. G., G. Woodward, J. H. Winterbottom, and S.
Orton. 2004. Strong density dependence in a predatory
insect: large-scale experiments in a stream. J. Anim. Ecol.
73: 448-458.

Hopper, K. R., P. H. Crowley, and D. Kielman. 1996. Den-
sity dependence, hatching synchrony, and within-cohort
cannibalism in young dragonfly larvae. Ecology 77: 191-
200.

Houghton, J. T. 2004. Global warming: the complete brief-
ing. Cambridge Univerisy Press, Cambridge, United King-
dom.

Houghton, J. T., Y. Ding, D. Griggs, M. Noguer, P. van der
Linden, X. Dai, K. Maskell, and C. Johnson. 2001. Cli-
mate change 2001: the scientific basis. Contribution of
working group I to the third assessment report of the
intergovernmental panel on climate change. Cambridge
University Press, New York.

Hughes, L. 2000. Biological consequences of global warming:
is the signal already apparent? Trends Ecol. Evol. 15: 56-61.

Hughes, L., and F. A. Bazzaz. 2001. Effects of elevated CO,
on five plant-aphid interactions. Entomol. Exp. Appl. 99:
87-96.

Joern, A., and G. Klucas. 1993. Intra- and interspecific com-
petition between two abundant grasshopper species (Or-



April 2010

thoptera: Acrididae) from a sandhills grassland. Environ.
Entomol. 22: 352-361.

Joern, A., and S. T. Behmer. 1997. Importance of dietary
nitrogen and carbohydrates to survival, growth, and re-
production in adults of the grasshopper Ageneotettiix deo-
rum (Orthoptera: Acrididae). Oecologia 112: 201-208.

Joern, A., and S. T. Behmer. 1998. Impact of diet quality on
demographic attributes in adult grasshoppers and the nitro-
gen limitation hyppothesis. Ecol. Entomol. 23: 174-184.

Jonas, J. L., and A. Joern. 2008. Host-plant quality alters
grass/forb consumption by a mixed-feeding insect her-
bivore, Melanoplus bivittatus (Orthoptera: Acrididae).
Ecol. Entomol. 33: 546-554.

Kling, G. W., K. Hayhoe, L. B. Johnson, J. ]J. Magnuson, S.
Polasky, S. K. Robinson, B. J. Shuter, M. M. Wander, D. J.
Wuebbles, D. R. Zak, et al. 2003. Confronting climate
change in the great lakes region. Union of Concerned Sci-
entists and Ecological Society of America, Cambridge, MA.

Lactin, D. J., and D. L. Johnson. 1996. Behavioral optimi-
zation of body temperature by nymphal grasshoppers
(Melanoplus sanguinipes, Orthoptera: Acrididae) in tem-
perature gradients established using incadescent bulbs. J.
Therm. Biol. 21: 231-238.

Lactin, D. J., and D. L. Johnson. 1998. Convection heat loss
and change in body temperature of grasshopper and lo-
cust nymphs: Relative importance of wind speed, insect
size and insect orientation. J. Therm. Biol. 23: 5-13.

Lanois-Luong, H. 1978. Methode pratique d’interpretation
de T'etat des ovaires des crediens du sahel. Ann. Zool.
Ecol. Anim. 10: 569 -587.

Laws, A. N. 2004. Effects of population density on life-his-
tory strategies in grasshoppers. Aquatic, Watershed, and
Earth Resources. Utah State University, Logan, UT.

Lusis, O. 1963. The histology and histochemistry of develop-
ment and resorption in the terminal oocytes of the desert
locust, Schistoceca gregaria. Q. J. Micro. Sci. 104: 57-68.

O’Neill, B. F., A. R. Zangerl, E. H. Delucia, and M. R. Be-
renbaum. 2008. Longevity and fecundity of Japanese
beetle (Popillia japonica) on foliage grown under ele-
vated carbon dioxide. Environ. Entomol. 37: 601-607.

Parker, J. R. 1930. Some effects of temperature and mois-
ture upon Melanoplus mexicanus mexicanus Saussure and
Camnula pellucida Scudder (Orthoptera). Mont. Agr.
Exp. Sta. Bull. 223: 132.

Pfadt, R. E. 1994. Field guide to common western grass-
hoppers. Wyoming Agriculture Experimental Station,
Laramie, WY.

Phipps, J. 1949. The structure and maturation of the ovaries
in British Acrididae (Orthoptera). Trans. R. Entomol.
Soc. Lond. 100: 233-247.

Reigert, P. 1967. Some observations on the biology and be-
havior of Camnula pellucida (Orthoptera: Acrididae).
Can. Entomol. 99: 952-971.

Ritchie, M. E. 1996. Interaction of temperature and re-
sources in population dynamics: an experimental test of
theory, pp. 639. In R. Floyd, A. Sheppard, and P. De Barro
(eds.), Frontiers of Population Ecology. CSIRO Publish-
ing, Collingwood, Australia.

Ritchie, M. E. 2000. Nitrogen limitation and trophic vs. abi-
otic influences on insect herbivores in a temperate grass-
land. Ecology 81: 1601-1612.

Ritchie, M. E., and D. Tilman. 1992. Interspecific competition
among grasshoppers and their effect on plant abundance in
experimental field environments. Oecologia 89: 524-532.

LAws AND BELOVSKY: GRASSHOPPER RESPONSES TO TEMPERATURE AND DENSITY

319

Ritchie, M. E., and D. Tilman. 1993. Predictions of species
interactions from consumer-resource theory: experimental
tests with grasshoppers and plants. Oecologia 94: 516-527.

Roth, S. K., and R. L. Lindroth. 1995. Elevated atmospheric
CO, effects on phytochemistry, insect performance and
insect parasitoid interactions. Global Change Biol. 1: 173~
182.

Schmitz, O. J. 1994. Resource edibility and trophic exploi-
tation in an old-field food web. Proc. Natl. Acad. Sci.
U.S.A. 91: 5364-5367.

Singh, T. 1958. Ovulation and corpus luteum formation in
Locusta migratioria migratorioides Reiche and Fairmaire
and Schistocerca gregaria (Forskal). Trans. R. Entomol.
Soc. Lond. 110: 1-20.

SPSS. 2000. Systat Version 11 computer program. SPSS, Chi-
cago, IL.

Stiling, P., M. Cattell, D. C. Moon, A. Rossi, B. A. Hungate,
G. Hymus, and B. Drake. 2002. Elevated atmospheric
CO, lowers herbivore abundance, but increases leaf ab-
scission rates. Global Change Biol. 8: 658 -667.

Stiling, P., D. C. Moon, M. D. Hunter, J. Colson, A. M. Rossi,
G.]. Hymus, and B. G. Drake. 2003. Elevated CO, low-
ers relative and absolute herbivore density across all spe-
cies of a scrub-oak forest. Oecologia 134: 82-87.

Sundberg, S. V., M. H. Luong-Skovmand, and D. W. Whit-
man. 2001. Morphology and development of oocyte and
follicle resorption bodies in the lubber grasshopper, Ro-
malea microptera (Beauvois). J. Orthop. Res. 10: 39-51.

Terry, R., and J. Tilley. 1964. The digestibility of the leaves
and stems of perennial ryegrass, cocksfoot, timothy, tall
fescue, lucerne, and sanfoin, as measured by an in vitro
procedure. Br. Grassl. Soc. J. 19: 363-372.

Uvarov, S. B. 1977. Grasshoppers and locusts: a handbook of
general acridology. Cambridge University Press, London,
United Kingdom.

Varley, C. G., G. R. Gradwell, and M. P. Hassell. 1973. Insect
Population Ecology: An Analytical Approach. Blackwell
Scientific Publications, Berkeley, CA.

Veteli, T. O., K. Kuokkanen, R. Julkunen-Tiitto, H. Roininen,
and J. Tahvanainen. 2002. Effects of elevated CO, and
temperature on plant growth and herbivore defensive
chemistry. Global Change Biol. 8: 1240-1252.

Walther, G. R., E. Post, P. Convey, A. Menzel, C. Parmesan,
T.J.C. Beebee, J. M. Fromentin, O. Hoegh-Guldberg, and
F. Bairlein. 2002. Ecological responses to recent climate
change. Nature 416: 389-395.

Williams, R. S., D. E. Lincoln, and R. J. Norby. 2003. De-
velopment of gypsy moth larvae feeding on red maple
saplings at elevated CO, and temperature. Oecologia 137:
114-122.

Yang, Y. L., and A. Joern. 1994a. Compensatory feeding in
response to variable food quality by Melanoplus differen-
tialis. Physiol. Entomol. 19: 75-82.

Yang, Y. L., and A. Joern. 1994b. Influence of diet quality,
developmental stage, and temperature on food residence
time in the grasshopper Melanoplus differentialis. Physiol.
Zool. 67: 598-616.

Zar, J. H. 1999. Biostatistical analysis. Prentice Hall, Upper
Saddle River, NJ.

Zvereva, E. L., and M. V. Kozlov. 2006. Consequences of
simultaneous elevation of carbon dioxide and tempera-
ture for plant-herbivore interactions: a metaanalysis.
Global Change Biol. 12: 27-41.

Received 9 October 2009; accepted 11 February 2010.




