




















The 37ï41ÁC TSET range determined for adults
was nearly identical to the TSET estimates for M.
sanguinipes nymphal instars IïV on the same
gradient (Rolston 1997), suggesting that there are
no major developmental changes in TSET in this
species. Lactin and Johnson (1996a), after placing
M. sanguinipes nymphs on temperature gradients
established with incandescent bulbs and using a
different method of calculation, estimated the
preferred range to be 35ï43ÁC; both their
estimate and ours have the same median value of
39ÁC.

In the field, M. sanguinipes adults progressed
through a consistent daily sequence of often
subtle behavioral responses within their
heterogeneous thermal environments. Early in the
morning, they quickly moved to warmer,
insolated patches of soil surface, which often
placed them in shallow depressions in the soil or
against the bases of plants. Here they usually
rotated to orient the long axes of their bodies
perpendicular to the direction of the sun, often
while crouching and positioning their legs in a
manner that placed them against the soil surface
and minimized self-shading. Together, these
behaviors maximized body temperature within
the available range by maximizing the amount of
direct solar radiation intercepted (Lactin and
Johnson 1997), and minimizing convective heat
loss. For small animals, convective heat loss is
lowest near the soil surface and against large
objects (Stevenson 1985). Later in the day, M.
sanguinipes avoided high body temperatures by
seeking cooler, often shadier locations and by
occupying perches increasingly higher above the
soil surface. In both this and a previous study
(OôNeill et al. 1994), grasshoppers immediately
hopped to plants when they came in contact with
soil surfaces with temperatures in excess of 55ÁC.
The repertoire of thermoregulatory behaviors that
we observed, including basking (flanking),
crouched and stilted postures, seeking shade, and
movement in the vertical temperature profile,
have also been observed in other grasshoppers
(e.g., Waloff 1963; Anderson et al. 1979; Chappell
1983; Gillis and Smeigh 1987; Whitman 1987;
Samietz et al. 2005). Our analysis of TE of model
grasshoppers and estimates of the TE of live
grasshoppers indicate that M. sanguinipes adults
can use these behaviors to attain temperatures
well in excess of ambient and that they were
frequently within TSET during hotter times of day.

Several other studies provide independent

evidence that M. sanguinipes stabilizes body
temperatures in the field near the TSET estimated
in the laboratory in our study. Working at the
same site at which we conducted our study, Kemp
(1986) measured body temperatures of living
adult M. sanguinipes across a wide range of
ambient temperatures, regressing body
temperature on ambient using a logistic model.
Body temperatures rose during the day, but
eventually stabilized at about 40ÁC for males and
41ÁC for females, at or near the upper limit of
preferred range of temperatures we measured on
the gradient. In a population in California, M.
sanguinipes body temperatures peaked in the
range centered around 40ÁC (Chappell 1983). The
coincidence between our TSET estimate, the field
body temperatures measured by Kemp and
Chappell, as well as the range of behaviors and TE
that we measured in the field, suggest that M.
sanguinipes can achieve preferred temperatures
at a wide range of ambient air temperatures. In
our study, however, grasshoppers were able to do
that only after TS exceeded ~35ÁC. Similarly, the
majority of the M. sanguinipes observed by
Chappell (1983), including all grasshoppers
captured before ~0930 h and after ~1630 h, did
not have TB within the TSET we determined; the
relevance of the this depends, of course, on
whether TSET is similar in the two populations.

The fact that many grasshoppers in our study still
had estimated body temperatures outside of the
TSET range has several possible explanations that
are not mutually exclusive. First, perhaps the
decline in physiological performance and increase
in thermal stress experienced as a grasshopperôs
body temperature deviates from optimum
temperature is more gradual than reflected in the
use of the interquartile range. If so, a broader
range may be a more appropriate measure of
TSET. This problem can only be addressed by
further research on the relationship of
temperature to physiological performance and
thermal stress. Second, under field conditions
there may be more inter-individual variation in
preferred body temperatures, related, for
example, to the need to combat infection through
behavioral fever (Boorstein and Ewald 1987) or
the need to conserve water. Third, the
thermoregulatory options perceived by a
grasshopper may be different in the field
compared to the gradient. A grasshopper on the
gradient is faced with a smooth continuum of
temperatures leading to the preferred optimum.
In the more thermally heterogeneous field
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environment, however, a grasshopper attempting
to walk from a location where body temperature is
near optimum may be immediately faced with a
location where it deviates even farther from
optimum and may become stressful. For example,
a grasshopper perched on a short stem where TE
= 32ÁC may have to traverse a soil surface where
TE = 57ÁC when attempting to move to a location
where TE is within TSET. Thus, staying in place
may be the best option in the short-term if the
grasshopper cannot reliably predict where the
nearest prime thermal microhabitat is located or
is unable to move to it without being thermally
stressed. Fourth, grasshoppers were observed
only over a two-minute interval, during which
time they settled into place and into apparent
thermoregulatory postures and orientations.
However, it is possible that, over longer intervals,
they further refine their behavior to come closer
to the preferred optimum.

Based on TE estimates, M. sanguinipes at our site
had body temperatures as much as 12.5ÁC in
excess of air temperature measured at the exact
location of the grasshopperôs thorax. Chappell
(1983) commonly found that live M. sanguinipes
achieved body temperatures 15ï20ÁC in excess of
ambient. In a review of literature, Chappell and
Whitman (1990) reported that maximum
temperature differences between air and body
temperatures for free-living grasshoppers ranges
from 7ï18ÁC (the high value being for M.
sanguinipes). However, examination of the
methodology used in different studies reveals
some inconsistency in where ñambientò or ñairò
temperature was measured relative to the position
of the grasshopper; and some papers do not say
exactly where air temperature was measured.
Body temperature has sometimes been compared
to air temperature measured at a location away
from the grasshopper, in a different, often cooler,
microclimate (e.g., at a different height and in the
shade). To assess how far a grasshopper can raise
body temperature above air temperature using a
particular behavior, a comparison of the body
temperature of a grasshopper basking on the soil
surface to air temperature one meter above the
ground in the shade is not as relevant as a
comparison to air temperature at the
grasshopperôs exact location (our approach, and
that of others, for example Chappell 1983).
Because air temperatures decline rapidly in the
first 10 cm above the soil surface, measuring air
temperature at some constant height well above
where grasshoppers are located can lead to

overestimates in the temperature excesses
afforded by behavioral tactics.

Although M. sanguinipes has the option to raise
body temperature early in the day and attain
preferred temperatures later, thermoregulation
may come at a cost. Jech (1996) reported that six
species of grasshoppers spent 37ï82% of their
time from ñdaybreak to duskò basking, but just
4ï32% feeding. A stationary basking grasshopper
or one that climbs a grass stem to increase
convective heat loss is limited in its ability to
locate food or mates, and may be more vulnerable
to predators. However, M. sanguinipes do have
some options to avoid stressful high temperatures
while still remaining active for short periods. For
example, while scavenging livestock dung, M.
sanguinipes sat and fed within shade of cavities in
the dung, where TE averaged 17.5ÁC below
locations on nearby bare, insolated soil surfaces
(OôNeill 1994). Similarly, while scavenging the
dead bodies of other grasshoppers when TS
exceeded 45ÁC, M. sanguinipes commonly fed
while standing in a stilted posture atop the
cadaver or after dragging the cadaver up onto a
plant stem (OôNeill et al. 1994); stilting results in
a significant reduction in body temperatures
relative to grasshoppers in normal or crouched
postures (Chappell 1983; OôNeill et al. 1994).

Within a field, grasshopper species may be
unevenly distributed among different
microhabitats (Kemp et al. 2002). Though likely
linked to variation in food plant preferences, this
could also be related to variation in thermal
environments among patches and to variation in
thermoregulatory strategies among species. For
example, on shortgrass prairie, Psoloessa
delicatula occupies open vegetation and exhibits
behaviors similar to those of M. sanguinipes.
Eritettix simplex, in contrast, is restricted to
dense vegetation with greater shading and has a
more limited repertoire of thermoregulatory
strategies; its greater susceptibility to desiccation
apparently precludes its exploitation of open
habitats (Anderson et al. 1979). Coxwell and Bock
(1995) found Aeropedellus clavatus more
abundant on east-facing slopes where it achieved
higher body temperatures and higher growth
rates. Differences in thermal tolerance and
thermoregulatory abilities have also been
implicated in the differences in the distribution of
four grasshopper species among sites with
different vegetation heights in Great Britain
(Willott 1997). Together, these results suggest that
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