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Abstract:

Nymphs of the migratory grasshopper Melanoplus sanguinipes (Fabricius) are active within a broad
range of diurnal environmental temperatures on Montana rangeland. In this study, I determined the
behavioral thermoregulatory strategies of nymphs of M sanguinipes, and assessed whether they are
able to achieve and maintain body temperatures within a preferred temperature range. Preferred
temperature ranges, or set-point ranges, were determined for each instar by estimating the interquartile
range of body temperatures experienced by the nymphs on a thermal gradient. Dried grasshopper
models were used to estimate body temperatures of the live nymphs. Behavioral observations in the
field were compared with 1) set-point ranges established on the laboratory gradient, and 2) models that
were positioned in a variety of microhabitat/posture combinations in the field. The set-point ranges and
the model temperatures provided estimates of the body temperatures that the nymphs could achieve in
particular microhabitats, and the soil temperatures at which they could maintain optimal body
temperatures.

Estimates of body temperatures attained in the field often fell within the range of preferred body
temperatures determined for grasshoppers on a thermal gradient in the laboratory. Perch height,
insolation, and orientation of the body axes at the final chosen microhabitat were all related to surface
temperature. Although there were some behavioral differences among the instars, they tended to.
exploit similar thermal environments. They tended to move into microhabitats and assume body
positions whereby they could increase their body temperatures as rapidly as possible in cool
environments, and they tended to maintain body temperatures as close as possible to their estimated
set-point ranges in hotter environments. Also, despite the structural differences between the grazed and
ungrazed treatments, the nymphs’ behavior was similar, suggesting that they are capable of finding
suitable thermal microhabitats in a variety of habitats. This study illustrates that the behaviors of third,
fourth, and fifth instar nymphs of M sanguinipes allow them to achieve and maintain body
temperatures close to or within their set-point ranges, relative to nonthermoregulating nymphs.
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ABSTRACT

Nymphs of the migratory grasshopper Melanoplus sanguinipes (Fabricius) are
active within a broad range of diurnal environmental temperatures on Montana rangeland.
In this study, I determined the behavioral thermoregulatory strategies of nymphs of M.
sanguinipes, and assessed whether they are able to achieve and maintain body
temperatures within a preferred temperature range. Preferred temperature ranges, or set-
point ranges, were determined for each instar by estimating the interquartile range of body
temperatures experienced by the nymphs on a thermal gradient. Dried grasshopper
models were used to estimate body temperatures of the live nymphs. Behavioral
observations in the field were compared with 1) set-point ranges established on the
laboratory gradient, and 2) models that were positioned in a variety of
microhabitat/posture combinations in the field. The set-point ranges and the model
temperatures provided estimates of the body temperatures that the nymphs could achieve
in particular microhabitats, and the soil temperatures at which they could maintain optimal
body temperatures.

Estimates of body temperatures attained in the field often fell within the range of
preferred body temperatures determined for grasshoppers on a thermal gradient in the
laboratory. Perch height, insolation, and orientation of the body axes at the final chosen -
microhabitat were all related to surface temperature. Although there were some
behavioral differences among the instars, they tended to.exploit similar-thermal
environments. They tended to move into microhabitats and assume body positions
whereby they could increase their body temperatures as rapidly as possible in cool
environments, and they tended to maintain body temperatures as close as possible to their
estimated set-point ranges in hotter environments. Also, despite the structural differences
between the grazed and ungrazed treatments, the nymphs’ behavior was similar,
suggesting that they are capable of finding suitable thermal microhabitats in a variety of
habitats. This study illustrates that the behaviors of third, fourth, and fifth instar nymphs
of M. sanguinipes allow them to achieve and maintain body temperatures close to or
within their set-point ranges, relative to nonthermoregulating nymphs.




INTRODUCTION

The biology, life history, and behaviors of grasshoppers have been studied .
extensively because of their excessive destruction of valuable rangeland forz;gé (Chapell
and Whitman 1990). Many of these studies have examined adult thermoregulatory
behavior within particular microhabitats (Pepper and Hastings 1952, Anderson et al. 1979,
Joern 1982, Parker 1982, Kemp 198.6, Gillis and Smeigh 1987, Whitman 1987, Whitman,
1988). However, only a few studies have investigated the effects of the thermal .
environment on grasshopper-nymphs (Chapman 1965, Parker 1982, Whitman, 1986, With
1994). Because of the large size difference between adults and the smaller instars, and
because optimal temperatur;:s may change with age, preferred temperature ranges and

thermoregulatory strategies may differ between adults and nymphs.
.Objectives

The purpose of this study was four-fold. The first objective was to determine the
temberature ranges preferred.‘by different instars of the migratory grasshopper, |
Melanoplus sanguinipes (Fabricus), by obsérving their locations on a thermal gradient in
the laboratory. This information would provide estimates of each instar’s set-point range,

or preferred body temperatures. The second objective was to determine the various
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behavioral thermoregulatory strategies of third, fourph,- and fifth instar- M. sanguinipes in
the ﬁeld.- The third objective was to estimate the épprqximate body temperatures attained
by these nymphs by deterrrﬁning the body temperatures of grasshopper models placed in
locations which live nymphs would use within the microhabitat. Finally, the fourth
objective was to determine the effect of grazing on the thermoregulatory strategies

employed by the three different developmental stages.
\Mor_ph'ological and Physiological Means of Thermoregulation

All animals have sbeciﬁc temperature ranges within which they can function, but
preferred body temperatures are not.-always easy or possible to achieve. This is especiaily
true of inséct; and other eptother_ms which require external sources of heat. Therefore,
the thermal microclimate of an environmeht inhabited by an ectotherm is a major factor
inﬂuenciﬁg its survival, growth, and reproduction.

The maintenance ofa body temperature independent from that of the ambient
temperature is referred to as thermoregulation. When environmental conditions allow, an
active thermoregulator should exhibit body temperatures different from. what would be
éxpecfed of a paséive, nonthermoregulating anfmal. Energy is transferred between the
environment and an inseéf viathree maj_of pathways: 1) the absorption of radiant energy
from the sun 2) loss o.r gain of heat by convective e;cchange with the surrounding air, and,
3) l;)ss or gain of heat via conductive exchange with the substrate @igby 1955, Chappell

- 1983). Various morphological, physiological, and behavioral attributes available to an -
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ectotherm are used to regulate body temperature

Morphological characteﬁsticé that affect the thermoregulatory abilities of most
insects include size, coloration, and texture of the animal's quy. Because of their large
surface area to volume ratio, sma}ler in‘sects are more susceptible to convective exchange
than larger insects,‘ and are potentiallly subject to high rates of evaporative water loss
(Ander.s_on et al. 1979) that can drastical_ly lower BodSl temperatures in cool environments
(May 1976), or have 2 desiccating effect in extremely hot, arid-environments. This latter
effect is due to the fact that the bodies of small insects-heat up 50 rabidly that the
maximum time of exposure to high temperatures is much less than that of insects with
greater mass. Likewise, larger insects can maintain higher body temperatures in cool
environments, and sublethal body temperatures in hot envir(;nménts due to evaporative
cooling (Prange and Pinshow 1994, Roxburgh et al. 1996).

'fherefore, bddy temperatures of s'mall ectotherms are not as stable as those of
their larger counterparts (Whitman 1987). The high thermal inertia of large insects such
as adult grasshoppers makes them relfltively insensitive. to temporary changes in the
environment WVhitmah 1987), énd allows them to thermoreéulatg effectively (Gillis and
Possai 1983, Chappell and Whitmaln 1990), resulting in stable body tempefatures even
under conditions of fluctuating ambient temperatures.

The exterior coloration of an ectotherm has an important effect on the absorption
of solar radia:tion (Dearn 1990). Some studiés indicate that insects with darker integument
are able to heat at faster rates in higher, cooler habitats than their lighter counterparts

because they absorb a greater proportion of incident radiation (Whitman 1988, Goulson
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1993). Joern (1982) found that the b_ody temperatures of dead grasshoppers painted black

were an average 9°C higher than those paintéd white. Likewise, reflective, light-colored
individuals tend to gain heat leés rapidly (Willmer and Unwin 198i)ﬂ

Some lérge insects Witi‘l insolative hairs rely on metabolic production to warm up,
.us-ing external heat sources secondarily (Heinrich 1975). Such endothermic insects often
undertake preflight warm-up, in which they contract two sets of thoracic muscles agéinst
. .each other to temporarily generatev enoﬁgh heat for flight. Once airborne, the metabolic
energy created by the continuous action of the thoracic muscles is sufficient to keep the

insect warm.

Evaporative cboling is a physiological mechanism of heat loss for insects which is _

inﬂuenced‘ by the temperature and hunﬁdity of the surrounding air. This strategy alléws

insects to keep their body température’s below lethal levels by d;awing heat out of the

" body through the process of evaporation. Grasshoppers usﬁally use 'evéporative cooling
only in lethaily hot environments, where behavioral mechanisms are insufficient in
maintaining body temperatures below critical thermal maxima (Prange 1996). However,
this mechanism is limited to larger insects; small insects may be less able to regulate body

- temperatures by evaporative héat loss, due to srﬁaller water reserves and faster heating

rates (Prange and Pinshow 1994, Roxburgh et al. 1996).




5

Behavioral Thermoregulation

Behavioral thermoregulation is considered the most important means by which
ectotherms aéquife or lose body heat. It has been documented in a large number of insects
of different sizes, morphologies, and habitats (Watt 1968, May 1976, Anderson et al.
1979, Pé.rker 1982, Chappell 1983, Gillis and Smeigh 1987, Whitman 1987, O_'Nei]] and
Kemp 1.992, Rutowski et al. 1994). Because grasshoppers are ectothermic animals, they
must live within the thermal constraints of their environment and have evolved behav.ioral
methods of regulating their body temperatures so that they do not fall below the critical
minimum o.r rise above the critical maximum temperatures (Chapman 1965). Within the
range of these critical temperatures, there is also an optimal temperature range within
which grasshoppers are efficient at walking, féeding, jumping, or digesting (Parker 1930,
Whitman 1988). In cool environments, behavioral thermoregulation is an essential part of |
daily activities, bec-ause movement is limited without adequafe accumulated body heat
(Pepper and Hastings 1952, Mderson et al. 1979). Therefore, the maintenance of
adequate body temperatures pre-empt critical activities such as foraging, predator
avoidance, and mate-searching. In exfremely hot environmeﬂts, different behavioral
thermoregulatory strategies are required for grasshoppers to maintain body temperatures
which ensure survival.

| When direct solar radiation is available, grasshoppers can dramatically inﬂuénce
their rates of heat gain by simply mociifying the orientati;)n of their body relative:to the sun .

in order to control amounts of radiant energy absorbed. In cool environments,
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grasshoppers may orient the long axis and the dorsoventral axis of their body

~ perpendicular to incoming solar rays, so that the maximum amount of direct radiation is
intercepted. Solar exposure may be accentuated in this basking posture by lowering the
hind leg that is toward the sun to reduce shade on the body. They may a1s6 raise the
opposite hind 1e£g out of the body's .shado'w, and adult grasshoppers may lower the
abdomep below the shade of the wings. On codl mornings and afternoons, large numbers
of grasshoppers céminonly bask in this “flanking” positiqn in vegetation or on the ground '
as they exploit the sun's low-intensity, radiation (Ar'xdersc;n et al. 1979, Parker 1982,
Whitman 1987). | .

In addition to oﬁentaﬁng r‘elative to the position of the sun, grasshoppers may
increase their heat gain by adjusting their posture relative to the ground. Crouching :
against a solid substrate such as the soil surface or a rock allows a large propbrtion of the
veﬁtral thorax and abdomen to have direct contact with a warm conductive surface. This
common behavior is usually initiated in cool environments when the substrate is warmer
than the ambient temperature, and is used as a mechanism for heat gain (Anderson et al.
1979, Chappell 1983, Gillis and Smeigh 1987, than 1987). Crouching also helps to
reduce c‘onvective exbhange by lowering the grasshopper's body jnto the nonturbulent -
boundary layer of air close to the soil surface (Whitman 1987).

In hot environments, grasshoppers have developed a wide repertoire of strategies -
which may prevent them from overﬁeating. Those tﬁat are exposed to sunlight often
oﬁént the long axis of the body parallel to the sun’s incoming rays, thereby. reducing the

total amount of radiation absorbed. Additionally, stilting postures, in which grasshoppers
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extend their legs to elevate their body off the warm surface of the soil, are utilized to avoid
" . hot microhabitats close to the ground if shade is not available (Anderson et al. 1979,
Chappell 1983, Gillis and Smeigh 1987, Whitman 1987, O’Neill et al. 19945. By stilting, a
grasshopper also experiences an inereased rate of convective exchange above the warm,
static boundary layer (Whitman 1987). -

Shade-seeking is an important strategy utilized by grasshoppers to avoid extreme
temperatures during the hottest times of the day by diminishing exposure to solar radiation
('Andersonl et al. 1979, Parker 1982, Chappell 1983, Whitman. 1987). This entails moving
to shaded areas below leaves or within the shaded basal regions of the grass clumps
(Parker 1982), climbing into the vegetation and clinging to the shady sides of stems:
(Whitman 1987), or retreating to cavities within dried livestock duﬂg (O’ Neill 1994).‘ In
addition, by moving above the ground, convective cooling 'is facrlitated becaase'of higher
wind speeds‘ (Anderson et al. 1979, Whitman 1987). |

On clear days, the thermoregulatory behavior of many grasshoppers oﬁerr follows
a cychcal dally pattern After spending the night in the upper regions of the vegetation,
they often assume the basking position in the early mormng light. Basking continues until
they are warm enough to descend to the ground, where temperatures are beginning to
exceed air temperatures, and where they creuch and bask on the soil surface. Later, if the
'ground temperatures approach lethal limits, grasshoppers may stilt, cling to vegetation, or
seek shade. As the day progresses, temperature and solar radlatlon levels decrease,
driving the grasshoppers back to the warm substrate or into the sun-lit vegetation until

dusk.
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Thermoregulation by Nymphs

The repertoire of thermoregulatory behavior_s of grasshopper adults has been well
documented, but much lesg is kr_lown about how nymphs respond to their thermal
environment. Be.cause they are considerably smaller than adults, nymphs may use diﬁ‘ere.nt
forms of pﬁysiological and behavioral thermoregulation.

Grasshopper nymphs must rely almost exclusively on external mechanisms of heat
gain and loss. Their small body mass and high surface aréa-to-volume ratios facilitate heat
exchange and rapid achievement of equilibrium with the environment (Whitman 1987),
enabling them to manipulate body temperatures quickly by simply shifting between sunny
and shaded areas. Willmer and Unwin (1981) speculated that small insects may be more
capable of enduring the often deadly hot midday temperatures because of their ability to
rapidly cool down after they move to a shaded area. This may entail relocating to ..shaded
areas on the ground, or climbing into the shade of protective vegetation.

Because small insects lose water more rapidly through evaporation, and since
convective processes can significantly increase rates of water loss for nymphs, they may
move into environments with lower wind speeds. In addition, the boundary layers that
cover the surfaces of tﬁe ground and vegetation (Gieger 1965) may encompass a large
probortion of a small insect such as an early instar grasshopper, and may therefore
function in a protective manner by reducing their exposure to convection and, ultimately,
desiccation. Moving into a boundary layer is probably not a viable strategy for older

instars, since a large proportion of their bodies may extend outside of it. However, it is
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not as essential for older nymphs to avoid high wind speeds, since their larger bodies méke
them less vﬁlnerable to teniperature ﬂuctl,‘lations (May 1976, Whitman 19875. Unlike
smaller instars, whose legs may not be long enough to elevate them above ;che warm

boundary layer, fourth and fifth instars may be able to stilt in order to avoid it (Wﬁitman

1987).
Effects of Grazing

The complex thermoregulatory behaviors of grassh.opper adults and nymphs
illustrate how they may be inﬂuencéd by habitat structure.. Grazing cattle often creaté a
variety of microhabitats for grasshoppers, depending on grazing, and the variability of |
grazing wnhm a site. In season-long grazing, selective feeding on highly palatable forage
with higher pr.otei'n content creates a pattern of shorf, heavily grazed areas versus tall,
lightly grazed areas (Bakker et al. 1983, Willms et al. 1988). This mo;aic of habitats
results in increaéed: structural diversity compared with ungrazed or u_nifoi‘m]y grazed -
rangeland, and may enhance the survival of grasshoppers because of increased variability
in the microclimate. A diverse habitat may simultaneously providée warm, open areas for
oviposi;cing, a supply of food (ﬁvmov 1977), and an enviroﬁment suitable for a wide range
of thermoreéulafcory strategies.

Grazing has a number of quantifiable effects on the microclimate of rangeland. By
épéning up the vegetative canopy, grazing inc;e_ases the amount of direct solar radiation,

which increases the solar insolation of the soil surface, and the average wind speed
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(Geigér 1965). Higher wind speeds near the ground may delclzrease the relative humidity of

-a habitat. Therefore, depending on a grasshopper’s response to grazing (East and
Pottinger 1983), dé'creasihg the structural aiversity ofa ﬁabitat may in‘creas.e or decrease
the habitat’s suitability for feeding, oviposition, or thermoregulation.

Nymphs may be more sensitive than adulfcs to the chénge in habitat structure and
nﬁ&ocﬁmaté caused by grazing. However, depending on tile grazing intensity, this ché.nge
may be advantageous in some respects and detrimental in others. Even though lightly .
grazed areas have lower forage quality (Bakker et al. 1983), they accumulate greater
amounts of litter than heavily grazed areas. By creating humid conditions next to the
ground (Waterhouse 1955), litter coulnd provide important habitats for nymphs. Anderson
et al. (1979) found that nymphs of Eritettix simplex (Scudder) are more abundant than
adults 1n moist habitats, \;vhefe they are less vulnerable to desiccation. However, nymphs
may be more susceptible than adults to .-fungal and protozoaﬁ pathogéns (Henry 1971,
Bomar et al. 1993), which require high levels of humidity to germinate. In addition, native
_ plants th_af aré integsivefy grazed in early spring and tﬁen allowed to recover, sustain
minimal effects on subsequent production (Blaisdell and Pechanec 1949). This represents
a significant reduction in the amount of forage available as a source of shade or food at a
time when mo;t spring-ﬁatching nymphs are emerging. Therefore, the timing of grazing, '
in addition to a grasshopper’s life‘stage,‘r.nay combine to create a low quality ﬁabitat fora - -
nymph. | |

A long-term effect of Behavioral thermoregulation for I.I_l'OSt ectotherms is an

increased rate of dévelopment. Although specific ranges of body temperatures are
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required for daily movement and activities, the primary advantage of thermofegulatory
basking is to iﬁcrease fates of growth, developmént, and ultimately, reproducﬁon. Tﬁis is
especially important in habitats that do not provide sufficient heat within a season for
maturation and reproduction (Whitman 1988, Carruthers et al. 1992.) Basking and other
behaviors that ipcrease heat ‘gain, allow grasshoppers to regulate their body temperatures
\;vithin a preferred, or set-point range (Hertz et al. 1993), whiéh is optimal for
development. Therefore, according to Heﬁz et al., habitats which permit grasshoppers to
easily attain body temperatures within their set-point range have a high "thermal qﬁa.lity",
and habitats which require extensive thermoregulatory behaviors represent areas of low

)

thermal quality.
The Life History of Melanoplus sanguinipes.

The grasshopper M. sanguinipes is a member of the subfamily Melanoplinae. It is
commonly more abundant in areas tha’g have been lightly grazed or ungrazed, With little or
no bare ground (Jepson-Innes and Bock 1989, Quinn and Walgenbaéh 1990) and with a
high perce;ntage of total t;iomass (Capinera and Sechrist 1982). It is a mixed forb- and
grass-feeding speciés that is a widespread pest throughout North America. The egg pods
of this species are oviposited)within clumps of vegetation an average of 1.2 cm below the
soil surface at a veﬁical orientation (Kemp and Sanchez 1987). Springtime soil
ter'nperatureS and moisture content are significant factors determining when the nymphs

will emerge, and variation in oviposition locations may extend the hatcliing period.
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Tﬁé habitat preferences of M. sanguinipes on rangeland are governed by a wide
,range of,environméntal factors. Selections for particular habitat types may be influenced
by available food (Cémpbell et al. 1974, Quinn and Walgeli_bach_.1990); optimal
thermoregulafory sites (Anderson et al. 1979, Chappell 1983,‘ Whitman 1987), refuges
from predators (Dempster 1963), and oviposition sites (Isely 1938, Fisher 1993), so there
may be various reasons why a particular grasshopper chooses a specific habitat. However;
thg vegetative strpcture and microclimaté of rangeland habitats are greatly modified when
they are grazed heavily, and this has an important effect on the resident grasshoppers.

This effect may be more pronounced for younger, smaller instars who are not as mobile as
their older, larger counterparts.

Habitat selection may be correlated with a grasshopper’s developmental stage.
Gillespie and Kémp (1994) found significant age class differences within three Mélaﬁoplus
species .between a crop of ﬁnter wheat (Triticum aestivium L.) and rangeland from a
sample taken early in t.he'season. Early instar‘Melanoplus wére miore abundant on
‘rangeland than on winter wheat, despite the higher fdrage quality of the wheaf. However,
numbers increased in the crop during the middle sample peﬂods. They hypothesized that
adults and older instar nymphs with greater dispersal capabilities tl}an younger, less mobile
nymphs moved into the less densely populated -cropland with more abundant or higher
quality forage than thé rangeland (Gillespie and Kemp 1994). This stqdy ill'ustratea that

small nymphs may encounter more problems when their habitat quality is reduced.
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MATERIALS AND METHODS
The Thermal Gradients -

I used thermal gradients to determine the preferred bo.d'y temperatures (= set point
temperatures of Hertz et al. 1993) of the different instars. The gradients created a stable
environment in which most confounding variables could be controlled. They consisted of
: fouf pgrallel aluminum bars, ea'ch 106 cm long x 15 cm wide, and spaced 5 cm épart. At
each end, the bars rested upon 2 hollow aluminum rods: A pump continuously paéged
water from a hot bath through the rod at one end, ‘while another pump passed water from
a cold bath through the other rod. Asa result; a steep temperatﬁre gradient was
maintained along the len’gtJh of each bar. The gradient cquld be adjusted by changing the
temperature of the water in each bath.

Suifa_ce temperatures on the bars ranged from approximately 16 to 63° C, with
only slight deviations of 1 or 2 degrees over the course ofa weel; Gradients 1, 3, and 4
maintained similar temperature ranges, but because the range of gradient 2 was not
consistent with the other three, it was not used in the analysis. Since bars 1 and 3
consistently exhibited similar températures? the regression equations generated from bar 1
" were also used to estimate body temper;mres for the grasshoppers on bar 3. 1 méasured

the surface temperatures of the gradient bars with 0.25 mm diameter copper/constantan
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thermocouples taped to each bar. They were taped every 10 cm on gradi‘ent 1, and every
20 cm on gradients 3 and 4. Therefore, I was able to determine the relationship between
surface temperature and the distance along the bar. |

Each of the four bars was enclosed with a clear plexiglass cover that allowed ﬁe
grasshoppers to ﬁaéve along the sﬁrface Qf the gradient, yet prevented them from moving
more than 3 cm above the surface. The covers also served to stabilize the temperatures
. along the leﬁgth of each gradient. The entire apparatus was enclosed by an opaque outer
cbver, 130 cm x 95 cm x 80 cm. I observed the loca;ci‘ons of the grasshoppers through
two viewing windows, each 15 cm x 40 cm, on opposite s‘ides of the box . When
measureménts were taken, the windows were opened, and a red light attached 55 cm
above the center of fh; gradients was turned on so that the gras;hoppers could be
observed. At all other times, the grasshoppers were in complete darkness while théy were
on the gra_dient. 'i‘he darkness ensured that they would not oriént to any external light
sour.ce, and that disturbance wouid be minimized.

On the day before the gradient observations were performed, I selected 100 A
sanguinipes of one developméntal stage from the Bozeman, MT USDA léb, ‘placed them
in holding tubes in an incubator at 25° C, and provided them with ample amounts, of fresh -
lettuce and wheat bran ovemight. The following day, thg grasshoppers were transferred
from the holding tubes to the center of each gradient, and the plexiélass covers and outer
cover were put in place. The first behavioral obseﬁatiops began approximately 20
minutes after I placed the grasshoppers on the gradients, so that the gradients could

equilibrate, and the grasshoppers could habituate to their new environment.
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I observed the nymphs of each of the six develbpmentél stages on separate days,
~ with between 5 and 44 individuals on each gradient bar. The number of grasshoppers
observed per gradient varied dﬁe to factors such as grasshopper size, movements off the
surface of the gradient, and morltality. They were'observed each hour, for four hours,
following the initial 20 minute ‘equilibrium period for second, third, and fourth instars and
adults. After the first 6b§ervation, I observed the first and fifth instars at hours 2, 4, and 8.
Each observation lasted approximately five minutes, during which. time ‘;he windows to the
outer box were opened, tﬁe red light was turned é)n, and the location of each grasshopper
on each gradient was recorded. Individuals that climbed up the sides or to the top 6f the
ﬁlexiglass were recorded, but were not includea in the .ﬁnal analysis, beé_ause the
temperatures at tﬁese locations were different than those found on the surfage of the
gradient By recording the position' of each grasshopper along the gradient, I was able to
estimate the preferred temperature range for eacﬁ stage, and the differem.:es between
stages. |

Operative body. temperatures (Ty). are the predictéd equilibrium témperatures of
nonthermoregulating ectotherms (Hertz et al. 1993). In order to obtain T, I measured the
body temperatures of dead grasshoppers of each stage that were placed on the gradients
by inserting thermocouples into the membranqus area directly posterior to the pronotum
on the dorsal thorax. I used 0.08 mm diameter wire for the first, second, and third inst;a,rs,
and 0.25 mm wire for fouﬁh and ﬁﬂh instars. The thermocouples were glued in place, and
the models were allowed to dry ‘for approgimately 24 hours before being placed on the

gradient.




16

T used gradients 1 and 4 to measure the operative body temperatures, because they

were the most accessible. All five stages were placed on each of the two gradients

_simultaneously, withl'each grasshopper model placed directly over a different

" thermocouple taped to the gradient. The plastic covers were put in place, and after a 20

minute equilibrium period, I measured Ty for each model, and the surface temperature (Ts)
at that location on the gradient. I tﬁen :rem‘oved the plexiglass covers, and eacﬁ model was
moved to t.he next thermocouple location on the gradient. This was repeated every 20
minutés until each of the six models had been at every thermocouple location on its
respective gradient. Two diﬂ'erent trials were performed on two different days.

Estimates of the actual body terperatures of the live grasshoppers on the gradients
were interpolated from the operative body temperatures, using two simple linear
regression equations. The first equation exp‘ressed the linear relatioﬁship between specific
locations on the gradient, and the respective surface temperatures. The second equation

expressed the linear relationship between surface temperature, and the operative body

temperatures obtained from the grasshopper models on the gradient. This allowed me to

determine the operative body temperatures of the models at specific locations on the
gradient. The data could be further used to interpolate what the operative temperatures

would be at locations on the gradient where T was not known. Since grasshoppers are

_ectotherms, it can be further assumed that the operative temperatures obtained from the

models may effectively approximate the actual body temperatures of living grasshoppers.

-Therefore, I was able to estimate the average body temperature for each hourly

observation of every instar. A preferred body temperature range (Tser) was also
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established for each grasshopper stagé by determining the Ty’s of the interquartile range of

the live grasshoppers.on the gradient during the behavioral observations (Hertz et al.

1993).
Study Sites and Species

I observed M. sanguinz:peé nymphs nine miles south of Three Férks, Méntana,

US.A. (1atit1_1de 45° 45' N, longitude 111°35' W), in a crested wheatgrass (Agropyron
cristatum (L.) Gaertn.) pasture characterized by patches of bare soill. All field
observations §vere recorded ﬁtﬁn two 35 mx 35 m plots. Since 1993, one plot (uniform)
has been inténsively grazed, so that, following grazing each year, .the vegetation is at a
low, uniform height. The ground betvx;een plants in this plot was covered with little or no
piant litter, and was more exposed to direct solér radiatioﬁ. Although‘ this area had been
heavily graied by.cattle for three consecutive years, before this study began, it was not
grazed before these data were collected. The 'control plot has been ungrazed since 1992,
so that the standing veget;ation was dense, and composed of new, green stems and leaves,
~as well as old, dried stems from previous years. The bare spots between the grass clumps
in the control treatment have accumulated a dense matt of plant litter. I observed third,
fourth, and fifth instars of M. sanquinipes within both grazing treatments between 10 June
- 24 July 1996. Data were collected only on sunny days with low wind speeds, so that

environmental variation within and between days could be minimized.
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Field Behavioral Observations

I observed nymph behavior by slowly waiking thréugh one of the treatments until a
nympil was.ﬂushed After it landed, I determined whether it was,a. third, fourth, or fifth
instar by noting its body size, _aind the presence/size of wmg buds. The behavior of the
nymph was observed and recorded for two minutes. Observations were discontinued and
discarded if nymphs 1) moved to a new location during the last 30 seconds of the two
minute observation period, 2) were disturbed by th'e‘obser_ver or another insect, or 3) fed.
This help‘ed’ to ensure that the final location was one that was preferred by the nymph, and
" not a transitional area, or one chosen for reasons other than thermoregulation.

I recorded soil surface temperature (Ts) immediately after the two minute
observation period ended, by inserting thé tip of a 0.25 mm diameter copper/constantan
thermocouple just undef the surface of an area of sun-exposed soil, shading the tip from
solar radiation, and recording the temperature after it had equilibrated. The ambient air
temperature at the thoracic height of the nymphs (Try) was. also measured at the beginning
and end éf the two minute observation period, and the two ‘Femperatures were then |
compared to determine whether nymphs moved into warmer or cooler microhabitats as a
function of surface temperature. For'each instar, a linear segmented model was used to
estimate thé threshold teﬂipg;ature where the nymphs changed thermoregulatory strategies
and began to move into cooler microhabitats rather than warmer ones.

I also recorded perch height, and an index of the intensity of solar radiation

. (insolation) experienced by the grasshopper at the start and finish of the two minute
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period. All height data were subjected to a log transformation, because of the
nonnormality of the data sets due to 2l1 prevalence of zeros. For the latter, focal
observations were made to determine whether the nymph was in full sun, partial sun, or
full shade. I also recorded the ciistance the nymph‘traveled, the total number of complete
stops made, and whether the fmal body posture was crouched, normal, or stilted. Ina
crouched posture, thé nymph pressed the venter of the thorax and abdomel.l. against a
warm substréte, such as the sun-heated soil surface. Stilting nymphs extended their legs,
elevating the thorax and abdomen several millimeters above the hot substrate.

Finally, I observed the final orientation of the nymph’s body relative to direct solar
radiation. The orientation of the body in two different directions was recorded;. the
orientation of the longitudinal axis in the horizontal plane (LAH), and the orientation of
the longitudinal axis in the vertical plane (LAV). To determine LAH, I recorded eight
different honzontal orientations relative to the pomt on the horizon above which the sun
was located, and estimated each angle to the nearest 45 degree; 0°, 45°, 90°, 135°, 180°;
235°,270°,and 3 15 °. If a grasshopper was perched at 0°, its head was facing the
position on the horizon directly below the location of the sun. Similarly, if it was perched
at 90° or 270°, its longitudinal axis would be perpendicular to the sun’s radiation, thus
maximizing the tota'l body surface area exposed to solar incidence. The eight orientations
were grouped iﬁto three categories (0°, 45°, and 90°) fér ease in analysié, larger sample
sizes, and corllsistency in the percentage of body surface_area exposed to the sun. To
determine LAV, I recorded three different vertical orientations of the grasshoppers’ long’

axis relative to the soil surface: 1) parallel to the ground, 2) at a 45° angle to the ground,
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and 3) ﬁerpendicular.(~90°) to the ground.

I'used a nominal logistic regression for the analysis of the horizontal orientation
data, so that I could model the probabilities that a randomly chosen graéshopper would be

| ina 15articu1ar orientation of 0°, 45°, or 90° in relation to the sun asa function of soil
surféqe temperature.

To assess thc;, ﬁ't. of the nonﬁnal logistic model, binary (individual) logistic
regressions were also used to test for goodness-of-fit, and diagnostic procedures such as
Deita Chi-Square and Delta Deviance discerned which particular observations were
unusual. These results were then integrated in a descriptive way to determine the o

adequacy of the fit of the multivariate nominal model.
Operative Body Temperatures in the Field

I measured the oper.ative body temperatures (Tg) of M. sm@inipes models 1n the
field so they could be compared with the behavioral observations of live M. sanguinipes in
the field, and vﬁth the preferred body temperétures within the set point range (TS;‘T) .
estimated from the gradient observations. Using dried grasshoppers, I determined Ty by
.implanting 0.25 mm diameter thermocouples into the membranous area directly posterior
to the pronotum. Operative body temperatures were taken using third, fourth, and fifth
instars. Approximately 40 operative body temperatures were randomly measured within
both treatments. As with the field behaﬁora; observations, measurements were only

taken on cloudless days with limited wind.
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I qhose six different positions and. orientations relative to the sun that are
commonly observed for M. sanguinipes in the field. After arbitrarily tossing a 1 m’ metal
ring into a treatment area, I held a grasshopper model in each ;)f the six positions within
the ring, and recorded the Tg of each position after the .thermoco'uple had equilibrated. I
alternated measurements between the grazed area (uniform) and the ungrgzed area
'(control), using the same si); pbsitions for each instar. In the first position, I placed the
" model on unshaded bare soil_, with its longitudinal axis on'ented. perf)endicular to incoming
sqlar radiation. In the second position, the model was placed on an area of bare sbil or
dried matted grass that had fallen to the ground from previous years, and it was oriented
so that the body was aligned with the shadow of .’a standing stem. In this position, the
model was either in partial sun 6r full shade. - In the third position, .I plagéd the model in
full sun 5 cm above the surface of the ground on a.horizontal stem .or on elevated, matted
grass, with the longitudinal axis of the body orientea perpendicular to solar radiation. In
the fourth position, I held the model against the shady sicie of a vertical stem of v_arying -
thickness, approximately 5 cm above the ground. The fifth and sixth positions were
_ similar to the fourth, éxcep_t that the model was held 10 cm and 20 cm a‘t;ove the soil
surface.

The amount of time required for equilibration varied with the size (instar) of the
grasshopper model and the characteristics of the environment. Younger instars reached an
equilibrium terﬂperature moré qﬁickly than older ones, because of their smaller .si_ze. In
addition, models that were placed on the hot mid-day surface 6f the soil took longer to

reach a final temperature, due to the extreme temperatures, than did models that were
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placed higher up on the stemg of grasses, where they were exposed to more moderate
temperatures. |
Surface temperature (Ts) was recorded prior to r;leasuring the Ty, of each set of si‘x.
model measurements. It was fecorded by inserting the tip of a 0.25 mm diameter
copper/constantan thermocouple just under the surface of an area of sun-exposed soil,
shading the tip from solar radia_tioﬂ, and recording the temperature after it had

equilibrated.
Statistical Analysis

~ Tused chi-square contingency tables to determine if the frequéncy distributions of
nymphs adopting different behaviors variéd with soil temperature. Data analyzed in this '
manner included the level of insolation that the nymphs moved into, and their horizontgl
and vertical orientations. I used a nominal logistic regréssion (Minitab) to find the
expected probability that the horizontal orientation of a nymph was a function of soil
temperature. I also used one-way ANOVA’s (SAS Institute 1997) to determine whether
there were significant differences, as a ﬁmgtion of instar or grazing treatment, between 1)
the mean final heighté achieved‘ by the nymphs, 2) their changes iﬁ height during the two-
minute observation period, 3) the difference in mean final ambient temperature within the
two minute period, and 4) the difference iﬁ t.otal and linear distanc_eé that the nymphs
“traveled. I used a linear segmented regression model With two linear portions (SPlus).

The point at which the two lines joined was used as an estimate of the ambient
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temperatures whére the nﬁnphs moved into cooler ambient temperatures rather than
warmer ories. I also used simple linear regressions (Minitab) to determine the relé.tionship
between surface temperature and. 1) the linear and total distances that were. traveled, and
2) the total number of stops made by the nymphs within the two minute observation
period. Finally, simple linear regressions were used to determine the relaionship between

the operative body témperatures of the grasshopper models and $0i1 temperature.
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'RESULTS
Set-Point Ranges on the Gradient

I found that there vslras a strong correlation between location on the gradient, and '
TS, spanning étemperamrg range between 15-6OI°C (Tﬁble 1). There .was also a strong,
linear cérrela_tion between T and the Ty of models that were placed on the gradient (Table
1). These regressions provided a basis for estimating the T experienced by live nymphs
that were released onto the gradient. The nymphs tended to distribute themselves
nonrandomly with respect to Tg (Figures 1-3), indicatiﬁg preferred set-point température
ranges.

- The set-point ranges that were generated aﬁer the second-hour observations were
used to estimate the nymphs’ preferred temperature ranges. Following suggestions of
Hertz et al. (1993), the set-péint ranges for each instar were determined by calculating the
interquartile range of all estimated body temperatures on the gradient. The temperature
ranges that were established indicated .that the _set-points did not vary as a function of ]
instar, aithough there was a slight tendency for the set-point widths to decrease with larger

instars (Table 2).
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Table. 1. Regression equations used to estimate the body temperatures of five instars of
M. sanguinipes at four different hours on gradients 1, 3, and 4.

‘Instar  Hour - Gradient Regression of cmvs Ty Regfession of Tgvs Tg
Equation P Equation o
1 1 1 y=54.12-0.40x 100  y=2.82+0.89x  1.00
3 ; - y=2.82+0.89x 1.0
4 - - y=2.48+0.90x  1.00
2 1 y=55.15-0.40x  1.00  y=2.82+0.89x  1.00
3 - - y=2.82+0.89x  1.00
4 - y=2.48+0.90x  1.00
3 1 y=55.68-0.41x  1.00 y=2.82+0.89x  1.00
3 - - y=2.82+0.89x  1.00
4 - - y=2.48+0.90x  1.00
4 1 y=54.80-0.40x  1.00 y=2.82+0.89x  1.00
3 - - y=2.82-+0.89x 1.00
4 - - y=2.48+0.90x  1.00
2 1 1 y=53.58-0.39x  1.00 y=3.70+0.85x 1.0
3 y=54.10-0.39x 0.9 y=3.70+0.85x 1.0
4 y=52.19-0.37x  1.00 y=3.07+0.88x 1.0
2 1 y=54.08-039x  1.00 . y=370+085x  1.00
3 y=56.42-0.40x 1.00 y=3.70+0.85x 1.00
4 y=55.62-0.38x  1.00 y=3.07+0.88x  1.00
3 1 y=55.69-0.39x  1.00 y=3.70+0.85x 1.0
3 y=56.41-0.39x - 1.00  .y=3.70+0.85x  1.00
4 y=55.62-038x 100  y=3.07+0.88x  1.00
4 1 - y=54.50-039x  1.00 y=3.70+0.85x  1.00
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Instar Hour Gradient

Regression of cm vs Ty

Regression of Ty vs Ty

Equétion ' . Eﬁuation r
3 y=55.01-039x  1.00 - y=3.70+0.85x  1.00
y=55.17-0.40x  1.00  .y=3.07+0.88x 1.00
3 1 1 y=58.10-0.44x  1.00  y=274+0.89%x . 1.00
3 y=59.34-0.46x 099  y=2.74+0.89x  1.00
4 y=59.27-045x  0.99  y=3.14+087x  1.00
2 1 y=5829-0.43x 100  y=2.74+0.89x  1.00
3 y=59.64-0.46x 099  y=2.74+0.89x  1.00
' 4 y=59.53-0.44x  0.99 y=3.14+0.87x 1.00
3 1 y=5885-044x 100  y=2.74+08%x  1.00
3 y=59.70-046x 099  y=2.74+0.89x 1.0
4 y=59.60-0.45x  1.00  y=3.14+0.87x 1.0
4 1 y=58.59-0.44x  1.00  y=2.74+0.89x 1.00
3 y=59.60-0.46x  0.99 | y=2.74+0.89x 1.00
4 y=58.59-0.44x  1.00 y=3.14+0.87x © 1.0
4 1 1 y=5430-040x 100  y=6.48+0.76x 099
3 y=54.48-039x 099  y=6.48+0.76x . 099
4 y=54.91-040x 099  y=449+0.84x 098
2 1 y=5486-040x 100  y=6.48+0.76x  0.99
3 y=55.02-039x 100  y=6.48+0.76x 0.9
4 y=5530-0.40x  1.00  y=4.49+084x  0.98
3 1 y=54.89-0.40x 100 y=648+0.76x  0.99
3 y=5530-039x 100  y=6.48+0.76x  0.99
4 | y=449+0.84x 1.0

y=55.54-0.40x

1.00




" Table 1, continued.

27

Instar  Hour Gradient Regression of cm vs T Regression of Tg vs Ty
| Equation r Equation r
4 1 y=54.66-0.39x  1.00 y=6.48+0.76x 0.99
3 'y=55.08-039x  1.00 y=6.48+0.76x 0.99
4 y=55.41-040x 100  y=4.49+0.84x  1.00
5 1 1 y=54.81-0.40x 1.00 y=5.26+0.80x 1.00
3 - - y=5.26+0.80x 1.00
4 - - y=3.93+0.84x 0.99
2 1 y=54.11-039x  1.00 y=5.26+0.80x 1.00
: 3 - , y=5.26+0.80x 1.00
4 - - y=3.93+0.84x 0.99
3. 1 y=54.86-0.40x  0.99 y=5.26+0.80x .  1.00
3 - - y=5.26+0.80x 1.00
4 ; - y=3.93+0.84x  0.99.
4 1 y=54.41-039x  1.00 y=5.26+0.80x 1.00
3 - - y=5.26+0.80x 1.00
4 - - y=3.93+0.84x 0.99

Cells with no values indicate instars where regressions could not be conducted because the experiments
were performed before thermocouples were placed on gradients 3 and 4.
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Figure I. Proportion of first and second instars ofM sanguinipes on the gradient
with estimated body temperatures at each ofthe four observational hours.
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Table 2. The estimated set-points and their respective widths after the second hour for all
five instars of M. sanguinipes on a thermal gradient.

Instar N ' Set-point Range Setpoint Width
) 69 . O
1 93  3677-4052 3.75
2 53 34.28 - 37.77 3.49
3 45 37.04 - 39.34 230
4 9 36.51 - 39.43 2.92
5 49 35.99 - 37.83 1.84

The range of temperatures used by the nymphs tended to widen as the time
spent on the gradient increased. Accordingly, the rénge of estimated body temperatures
also widened with ;cime, and was generally more narrow after the first and second hours
. than after the third and fourth hours ('fable 3, Figures 1-3). Furthermore, the distribution

was unimodal with a slight skew toward the cooler temperatures for the smaller instars.

Table 3. Width of the estimated body temperature ranges (°C) of five instars of M.
sanguinipes as a function of time spent on the gradient.

Estimated Range of Body Temperatures

Instar Hour 1 Hour 2 Hour 3 ‘ Hour 4
1 283 25.5 31.8 '36.5
2 15.5 19.0 115 23.5
3 19.1 150 177 243
4 14.4 123 210 © 300
5 8.0 5.5 147 123
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Field Behavioral Observations

Because of heavy grazing in the uniform treatment from previous years, there were
major microhabitat difféerences between the two treatments. These included the amount of
standing and fallen vegetation preéent from past years, the proportion of the environment
that was shaded, and wind speeds. Despite tile differences in microhabitat structure and
solar radiation r.eachir'lg the soil surface, the range of surfacé tempcraturés that I recorded
throughout the day for control and uniform treatments were similar. Temperatures from
control were slightly warmer and slightly cooler (control range 13.5 - 61.6°C; uniform

range 14.8 - 60.3°C).

Insolation

The amount of direct solar radiation that reached a nymph influenced its behavior.
Those that were flushed when surface temperatures wer? low tended to move into
microhabitats with greater insolation during the following two minute observaﬁoﬂ period
(Figures 4, 5, and 6). In cool mbrhings, ‘nymphs that were flushed into shady areas usually
walked or climbed immediately into insolated microhabitats, either on the soil surfabe, or -
up in the vegetation. In addition, as soil surface temperatures increased to 50°C and
beyond, thdse that were.ﬂushed on‘;o fully insolated éurfaées near or on the ground ;tended
to jump or walk quickly into cooler microhabitats. Therefore, as T increased, a gréater
propoﬂioﬁ of nymphs moved into microhabitats with less solar insolation. These trends

were consistent among the three instars, as well as in the control and uniform treatments
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(Table 4).

Table 4. Chi-square dontingency table analysis of the change in insolation associated with
four temperature categories for instars three, four, and five.

Treatment Instar N x? (6 df) P-valie

Control 3 79 29.8 0.000
4 131 387 0.000
5 199 - 68.4 0.000

Uniform 3 51 230 0.001
4 99 46.8 0.000
5 , 42 - -

Missing chi-square value represents an invalid test due to a large number of cells with 0.

Orientation

By orienting the bo-dy’ S longifudinal axisina horizontal or vertical plane relative to
the sun’s position, a nymph can control the amount of solar radiation it intercepts. The
temperature of the soil had a large impact on the speed at which they adjusted their
orientations, and the angles that they preferred, with more conspicuous adjustments méde :
in more extreme thermal environments.

Thé orientation of the nymphs in a horizontal plane differed significantly with
surface temperature, except for fifth instars in the uniforrﬁ treatment, in which case
insignificant results may have been due to a smail sample size (Tablé 5). At surface
temperatures lower than 30°C, a large proportion oriented the long axis of the body

approximately perpendicular (90°) to the direction of the sun (Figures 7, 8, and 9).
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Conversely, at surface temperatures higher than 40°C, a relatively large propofti_on
on'ented parallel (0°) to the sun’s incoming rays. However, the relationship between
orientation and surface température wés not as strong for high temperatures as it was for
low temperatures. At temperatures bet\;veen 30 and 40°“C, the nymphs did not prefer any

particular angle of orientation (Figures 7, 8, and 9).

Table 5. Chi-square contingency table analysis of the horizontal orientation of instars
three, four, and five associated with four different temperature categories. :

Treatment Instar N | x> (6 df) P-value
Control 3 79 253 0.000
4 126 13.8 0.031
5 190 | 47.8 0.000
Uniform 3 51. 212 0.002
4 96 19.6 0.003

5 38 . 338 0.701 .

The results of the logistic ana.lyéis support the hypothesis that the probability that l
a randomly chosen nymph will be found in a particular‘orientatién:of 0°, 45°, or 90° in
relation to the position of the sun is a function of surfacé temperature (T'able 6; Figure
10). The odds ratio valﬁe for third instars in the control treatment indicates that for every
0.1 degree rise in _surface‘ temperature, the nymphs are an estimated 1.06 times as likely to .
be oriented 45° coﬁpmed with 90°, and an estimated 1.11 times as likely to be priented |
O°. compared with 90°. The odds ratio values were consisteﬂtly hjghér for the orientations

of 0 versus 90°, as compared with 45 versus 90°, suggesting that as soil temperatures




Table 6. Results of a nominal logistic regression analysis in which the probability that a grasshopper is horizontally

oriented at an angle of 0°, 45°, or 90° in relation to the position of the sun is correlated with the predictor, Ts.

Treatment Instar N  Angle of Slope SE OddsRatio G Statistic ~ P-Value
Orientation . Coefficient (2df)
Control 3rd 56 0° vs 90° 0.1020 0.004 . 111 16.305 - 0.000
55 45° vs 90° 0.0536 .‘ 0.003 1.06 16.305 0.000
4th . 89 0° vs 90° 0.0682 0.002 1.07 14.052 0.001
89 45° vs 90° -0.0040 0.002 1.00 - 14.052 0.001
5th 132 0° vs 90° 0.0201 - 0.002 1.12 45.035 0.000
131 45°vs90°  0.0185 0.002 1.08 45.035 0.000
Uni'fprm 3rd 40 0° vs 90° 0.2173 0.010 1.24 23.260 0.000
34 45° \-/s 90° 0.0563 0.007 1.06 - 23.260 0.000
4th 70 0° vs 90° 0.1384 0.004 1.15 21.233 0.000
| 67 45° vs 90° 0.0586 0.004 1.06 21.233 0.000
5th 27 0° vs 90° 0.0501 0.008 1.05 1.766 0.414
29 0.0386 0.007 1.04 1.766 " 0.414

45° vs 90°

Iy
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Figure 10. The expected probability that a nymph will orient in any of
three horizontal orientations (0°, 45°, and 90°) relative to the direction of the
sun as a function of soil surface temperature.
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increase there is a stronger tendency for the nymphs to orient parallel (0°) to the sun’s
rays as opposed to orienting at a 45° angle. The G-value is a likelihood ratio test for the
overall signiﬁcance of the slope coefficients f;or the independent variable in the model |
(Hosmer and Lemeshow 1989). A large G—test statistic with a small P-value mdlcates that
the model has a good fit. All of the tests were significant with a P-value of at least 0.001,
- except for instar five in the uniform treatment. Insigniﬁcance in this group is probably due
to a small sample size.
| Although the diagnostic procedures indicated that 21 of the 580 observations
recorded for third, fourth, and fifth instars were unusual (Appendix), I kept them in the
model because I had no reason to believe that the observatlons represented aberrant
behaviors on the part of the nymphs due.to observer presence. Most of the 21 outhers
were created by grasshoppers oriented at a 0° angle relative to the pos1tlon of the sun at
low surface temperatures (48%), or onented at a 90° angle at high surface temperatures
(52%). However, such “outliers” are to be expected, because the behaviors of nymphs are
influenced by factors other than thermoregulation, such as.feeding and a\/oiding predators.
As with the horizontal orientations, I found that the vertical orientation of the
nymphs’s body also depended upon surface temperature. When T was below 40°C, more
nympbs tended to orient their body parailel to the soil surface, Whereas_wben T; was
above 40°C, the rrrajority oriented perpendicular to the soil surface (Figures 11, 12, and
13; Table 7). The vertical orientation data are to a large extent a look at the substrate
types utilized by the nymphs at different soil temperatures, rather tban their responses to

solar radiation on a vertical plane. In cool temperatures, the soil surface is the warmest -
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part of the environment, and so nymphs tend to remain on the ground. As temperatures
increase, they move up into the stems and leaves of the vegetation, thus vertically '

orienting the longitudinal axis of their bodies perpendicular to the ground.

Table 7. Chi-square contingency table analysis of the vertical orientation of instars three,
four, and five associated with four different temperature categories

Treatment Instar N . x> (6 df) P-value
Control 3 79 11.824 . 0.066
4 126 44.374 0.000
5 190 61.830 0.000
Uniform _ 3 51 . - -
4 96 . 49.860 0.000
5 38 . - ’ -

Missing chi-square values represent an invalid test due to a large number of cells with 0.

Height

Nymphs were able to influence the air temperatures and wind .spe'eds that they
experienced by moving vertically within the vegetation in their microhabitat. Most
changed height by either climbing onto the stems and leaves, or by jumping, which was
more common during the warmer parts of the day. Because ambient temperatures were |
warmest near the soil surface, and became progressively cooler with increasing height and
greater wind speeds, a range of environméntal temperatures could be used. Therefore,
nymphs tended to move up into the vegetation at higher temperatures, and there was a

positive relafionship between soil temperature and the final height attained by nymphs of
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each instar (Figure 14; Table 8). This relationship varied among instars. It was stronger

in the fourth and fifth instars than in the third, with no significant relationship for third

instars in uniform.. This discrepancy may reflect that when third instar nyrnphs were
flushed, they tended to jump higher up into the vegetation, regardless of the soil J
temperature, ’Whereas the older, larger instars tended to flush to the ground, énd then
walked 'up onto the vegetation with increasing soil temperatures. Consequen.tly, the mean
final héil;;hts differed among instar§ (ANOVA, F=16.50, 55), P<0.0001); heights of third
instars were significantly higher than t;ourth and fifth instars (;I‘ukeys, P<0.05). However,
there were only marginally significant differences in mean final height betweén control and

uniform treatments (ANOVA, F=3.63 ; 5o, P=0.06); heights in uniform were slightly

* higher.

Table 8. Coefficients of determination for the relationship between soil temperature and
the final heights attained by third, fourth, and fifth instars of M. sanguinipes in both

treatments.

Treatment  Instar N r P-value Mean Final Ht (+SE)
Control 3 79 0.08 0010 8.05 (0.71)

4 131 0.15 © 0.000 4,52 (0.55)

5 199 0.23 0.000 427 (0.37)
Uniform 3 51 0.01 0.417 9.00 (1.30)

4 99 0.19 0.000 5.17 (0.84)

5 42 0.18 0.005 7.27 (1.88)

I expected a significant diﬂ’erencé in height among the instars and between the
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treatments during the two-minute obser;/ation period, because each instar prefered'
different landing sites after they were f']ushed,‘ and becauée of the differences in habitat

. structure between control and uniform..- However, the diﬁ'ergnce in height at the beginning
and end of the two minute observation period varied only slightly as a function c;f soil
temperature (Figure 15). Fourth and fifth instars tended to move higher with increasing
temperatures, perhaps because of their tendency to initially flush to the ground before
climbing up the vegetation. Likewise, third instars tended to move lower if théy changed
height at all. This may reflect their habit of flushing onto areas of the vegetation that were
above the ground. As soil temperatures increased, third instars were already occupying
microhabitats that were either suitable, or too cool, in which case they moved to warmer
areas closer to the ground. There was a- 51gn1ﬁcant difference in the change in height from
the begmnmg to end of the two minute observation period (ANOVA, F=4.23, 59;),
P=0.015) between the third and fifth instars (Tukeys, P<0.05), but not among the other
instars. There was also a significant difference in height change between fthe control and

uniform treatments (ANOVA, F=18.18,, s, P<0.0001).

Ambient Temperature at Final Thoracic Height

Because the air temperatﬁre experienced by a nymph affects rates and direction of-
convective héat excﬁange, it influences body temperatures. Measurements of air
temperatures at the nymphs’ thoracic heights at their initial and final locations produced
estimates of the ambient températﬁres they exploi'ted at particular soil temperétures. This

allowed me to determine whether they moved into warmer or cooler microhabitats. The
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threshold temperatures (Table é) estimated by the linear segmented models could be
considered the body temperatures at which ,grasshop;;ers changed thermoregulatory -
strategies. Nymphs that were ﬂushed into areas where the initial Tp; was lower than the
threshold terﬁperature tended to move into areas where T was slightly higher. Nymphs
that were flushed into microhabitats at or above the threshold attempted to stay within
optimal ambient temperatures by avoiding Tr;’s that were too cool or too hot (Figure 16).
These observations suggest that when initial T;; was below the threshold temperature,
third, fourth, and fifth instars c;f M. sanguinipes remained 1n microhabitats with the same
ambient temperatures. However, in areas where initial Ty was warmer than the threshold
temperature, they actively moved into microhabitats of higher habitat quality (Hertz et al. l

1993), where air temperatures were closer to their estimated set-point ranges.

Table 9. Initial Ty threshold temperatures and Final Ty mean temperatures of third,
fourth, and fifth instars of M. sanguinipes in control and uniform treatment areas.

Treatment  Instar N Initial Tpy; Threshold N Mean Final Ty
Temperature (+SE) Temperature (+SE)

Control 3 79 33.01 (0.84) 15 33.20 (0.57)

4 131 30.90 (0.58) 54 33.54 (0.28)

5 "199 32.44 (0.53) 88 32.82 (0.27)
Uniform 3 51 30.83(1.10) . 10 32.76 (0.49)

4 99  32.93(0.85) 38 34.49 (0.34)

5 42 34.74 (2.95) 21 33.07 (0.60)

The data also indicates that all three instars exploit similar ambient temperatures.
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Figure 16. Final ambient temperature at thoracic height as a function of
initial ambient temperature at thoracic height. C = control treatment and
U = uniform treatment.
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There was no large difference in the initial T, threshold temperatures between any of the

instars, nor between the control versus the uniform treatment (Table 9), implying ;chat' the

nymphs responded similaﬂy to specific ambient tem};eratures between approximate]y 30to
35°Cby changing‘ thermoregulatory strategiés, regardless of the instar or grazing regime.
“There was a significant ciiﬁ‘erence in the mean final T as a function of instar (ANOVA,
F=5.59;, 153,, P<0.0043) only between fourth and fifth instars (Tukeys, P<0.05), and there |
was also a significant difference in mean final 'Tm between thé control versus the urﬁform
treatment ﬁeas (ANOVA,, F=4.40; ), P<0.037). Therefore, after the initial threshold
temperature was reached, nymphs experienced slightly higher mean final Ty in the control

rather than in the uniform treatment.

Distance Traveled

Most of the instars I observed did not travel in a straight line during the two-
minute observation period after they were flushed, but rather followed sinuous paths while
traveling various distances. They walked around or through clumps of vegetation,
climbed or jumped onto the vegetation, or walked onto dead mattea grass or bare soil. I
found a signiﬁcant.diﬁ‘erence in the linear distance traveled as a function of instar
" (ANOVA, F=11.72,, 55, P<0.0001), with fifth instars moving the farthest, and third
instars moving the least. The same trend was also apparent in the total distance traveled as
a function of instar (ANOVA, F=14.04, 555, P<0.0001) between all three instars (Tukeys,
P<0.05). HoWever, there were no significant differences as a ﬁnction of treatment in the

total distances traveled (ANOVA, F=0.73;, 95, P=0.40), or in the linear distances traveled
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(ANOVA, F=2.51;, 549, P=0.11). There may be questions concerning the validity of this
analysis, because there was a seasonal increase in microhabitat height between the third
and fifth instars, which may in turn increase the r.ange/ of dist_anceé tr.aveled'by nymphs.

Soil temperature was not related to the distances traveled by each of the instars.
There wag no relatioﬁéhip between surface temperature and 1) the linear distance trav;aled
by grasshoppers within the two-minute observation period (Figure 17, Table 10), 2) the .
totai distance traveled (Figure 18, Table 11), or 3) the total number.of stops made Withip
the observation period (Figure 19; Table 12). As with the distance traveled; the number of
stops made per grasshopper per observation was random with respect to soil temperature,
and may perhaps be more closely associated with the availability of preferred

microhabitats rather than soil temperature.

Table 10. Coefficient of determination for the relationship between soil temperature and
the linear distance traveled.

Treatment Instar N . " P-value

Control 3 79 . 0.03 0.111
4 131 0.01 . 0.19
5 199 0.05 0.002

Uniform 3 51 0.01 0.633
4 99 . 0.02 0.190
5

42 _ 0.04 0.218
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Figure 17. Linear distance traveled by third, fourth, and fifth instars of
M sanguinipes as a function of Tswithin the two minute observation

period. C = control treatment and U = uniform treatment.
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Figure 18. Total distance traveled by third, fourth, and fifth instars of
M sanguinipes as a function of Tswithin the two minute observation

period. C = control treatment and U = uniform treatment.
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Figure 19. The total number of stops made by third, fourth, and fifth instars
ofM sanguinipes as a function of Tswithin the two minute observation

period. C = control treatment and U = uniform treatment.
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Table 11. Coefficient of determination for the relationship between soil temperature and '

the total distance traveled.

0.05

Treatment Instar N o P-value
 Control 3 79 0.03 0.146 -
4 131 0.01 0.387
5 199 0.04 0.005
Uniform 3 51 0.00 0.965
4 99 0.02 - 0.183
5 42 0.142

Table 12. Coefficient of determination for the relationship between soil temperafure' and

the total number of stops.

Treatment Instar N r P-value
‘Control 3 79 0.02 0.176

4 131 0.00 0.966

5 199 0.00 0.390

Uniform 3 51 0.00 0.758

| 4 99 0.01 0.243

5 42 0.07 0.096

Posture

The postures adopted by nymphs may play an important role in the amount of

direct solar radiation that they intercept, and may be a significant thermoregulation

strategy. However, there was little variation in the body postures adopted by third, fourth,

and fifth instars, regardless of the type of substrate they were on, or the temperature of the
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soil. Despite evidence that adult M. sanguinipes commonly assume normal, stilted, or
crouched postures relative to the soil temperature (O'Néill and Rolston, unpublished data),
most nymphs were positioned mainly in the normal posture. However, the smaller size of

the nymphs may make their postures more difficult to see from a distance.
Operative Body Temperatures in the Field '

Data on the field behavior of the nymphs, and on the corresponding range of T
that they experienced, were used to design a set of experiments in which the potential
range of body temperatures were estimated in the field. Models were placed in 6 different
nﬁCrphabitat/pos;cure combinatioqs in the control treatment, and 4 or 5 different
combinations in the uniform treatment. There were fewer combinations in uniform due to
a lack of appropriate microhabitats for the models to be placed in; the vegetation tended
to be shorter than 20 cm, and it was rarely situated on a horizontal plane 5 cm above the
ground (Table 13). For alllmicrohabitat/posture cbrhbinations, Ty, tended to increase
linearly with T from early morning to mid-afternoon (Table 13,’ Figures 20-25).

" However, the temperatures of the models varied relative to the particular’
microhabitat/posture combination they were placed in. For all instars, the models wi;ch .
the highest operative temperatures were positioned on bare soil, in full sun exposure, with
the l'ongituciinal axis of the body perpendicular to incident solar radiation (Figures 20-25). '
Models that were placed on .the soil ;c,urfac_:e and aligned with the shade of a stem had

operative temperatures that were slightly lower, and models placed 5cm high in full sun
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Figure 20. Te as a function of Ts for models of third instar M scmguinipes

placed in six different microhabitat/posture combinations in the control
treatment. Dotted lines indicate the set-point range.



Ve mage wn O

Opgxo

62

O TsvOcm Bare Soil 00
O TsvScm Sun .
A Tsv5cm Vertical Stem 0 cm Bare Soil
v Tsv 10 cm Vertical Stem
O Tsv20cm Vertical Stem
0 TsvAlignto Stem
Align to Stem
5 cm in Sun

5 ¢cm Vertical Stem
10 cm Vertical Stem
20 cm Vertical Stem

Il 1 1 1 H H- I
10 15 2025 30 35 40 45 50 55 60

Surface Temperature (0C)

Figure 21. Teas a function of Ts for models of fourth instar M scmguinipes

placed in six different microhabitat/posture combinations in the control
treatment. Dotted lines indicate the set-point range.
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Figure 22. Te as a function of Ts for models of fifth instar M sanguinipes

placed in six different microhabitat/posture combinations in the control
treatment. Dotted lines indicate the set-point range.
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Figure 23. Te as a function of Tsfor models of third instarM sanguinipes

placed in six different microhabitat/posture combinations in the uniform
treatment. Dotted lines indicate the set-point range.
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Figure 24. Te as a function of Ts for models of fourth instar M scmguinipes

placed in six different microhabitat/posture combinations in the uniform
treatment. Dotted lines indicate the set-point range.
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Figure 25. Te as a function of Ts for models of fifth instar M sanguinipes
placed in six different microhabitat/posture combinations in the uniform

treatment. Dotted lines indicate the set-point range.
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Table 13. Coefficient of determination for the regression of operative temperature as a
\ function of soil temperature for models of third, fourth, and fifth instars of M. sanguinipes
placed in six different microhabitat/posture combinations within each treatment.

Instar Position Control Uniform
N r P-value N B P-value
'3 0cmBare Soil 52 094 P<0000 52 096 P<0.000
| Align to Stem 52 087 P<0.000 52 091 P<0.000
5 omHorizontal 52 090 P<0.000 3 .. P<0.000
5 cm Vertical 51 . 091 P<0.000 52 089 P<0.000
10 cm Vertical 52 091 P<0.000 49  0.87  P<0.000
20-cm Vertical 52 091 P<0.000 3 . P<0.000.
"4  OcmBareSoil 59 096 P<0.000 59 096 P<0.000
Align to Stem 59 091 P<0000 59 092 P<0.000
5cmHorizontal 58 088 P<0.000- - 14 095  P<0.000
5 cm Vertical 50 092 P<0000 59 093 P<0.000
10om Verical .~ 59 0.94 P<0.000 55 091 P<0.000
20 cm Vertical 59 093 P<0.000 4 . P<0.000
5  OcmBareSoil 50 091 P<0.000 51 085 . P<0.000
Align to Stem 50. 089 P<0000 51 088 P<0.000
5 cﬁ Horizontal 50 - 085 P<0.000 4 - P<0.000
5 cm Vertical 50 084 P<0000 51 085 P<0.000
10 cm Vertical - 50 082 P<0.000 45 08  P<0.000
20 cm Vertical 50 075 P<0.000 1 . P<0.000

Missing r* value indicates a microhabitat that was not available for a model to be positioned on.

on horizontal vegetation were cooler still. Finally, models placed on vertical stems 5, 10,

and 20 cm off the soil surface exhibited a trend of consecutively cooler operative
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temperatures (Figures 20-25). In addition, the operative temperatures of each of the
combinations remained consistent among instars and Between treatments.

By comparing the operative temperatures of the models in the field with the set-
point ranges that weré established on the gradient, I was able to esﬁmate the range of
sﬁrface temp‘eratures within which the-nymphs can maintain body temperatures.
Generally, when Tg< .~35°C, third, fourth, and fifth instars in the; field cannot achieve Tys .
yvithin their respective set-point ranges, and must instead attempt to minimize the
difference between the two. However, at all T¢>~35°C,-body tempera;cures within the set-
point range were available if the nymphs chose the correct nﬁcrohabitat.

I predicted that- a fairly iarge percentage of the opérative temperatures that were
determined in various microhabitats within thé field would, at some point in the day, fall
within the set point ranges that h?,d been established on the gradient. However, only a
small proportion of the operative températures were within the estimated set-point ranges
(6%-11%), which implies that there may only be a limited number of opportunities or
microhabitats available where 6ptima1 body temperatures can be attained (Table 145. This
contrasts with Figures 20-25, which indicate that, when soil temi)eratures are between
approximately 32 and 55°C, there are a large number of microhabitats available where
nyrﬁphs of all three instar;s can maintain body temperatures within their respective set-
point ranges. Additionally, in both treatments, third instars had the highest D;’s (an index
. of thermal quality, calculated by finding the deviations between Ty and the set-point
range), followed by fourth instars, with fifth instars exhibiting the lowest (Table 14).

!

Habitats with high Dy, are of lower thermal quality (Hertz et al 1993). This indicatés that
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Table 14. The percentage of operative temperétures that were below, within, or above
each of the instars’ set-point ranges in the six microhabitats chosen in the field, and the
respective estimate of habitat quality, Dg. '

Treatment Instar N % Below % Within % Above D; £+ SE

Control 3 311 068 007 025  9.27(0.40)
353 061 011 027  800(03%)

5 300 065 0.06 020 693(032)

Uniform 3 211 065 008 027  8.85(044)
4 25 057 . 0.0 033 17.74(0.40)

s 203 064 006 0.30 6.25 (0.34)

'the habitat has a lower thermal quality for the third instars compared with the fourth and
fifth instars, and suggests that smaller nymphs may have to spend more time or energy
thermoregulating to achieve body temperatures close to or within their estimated set-point

range.
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DISCUSSION

ﬁody temperatures can be highly variable in ectotﬁerms, and may fluctuate into
dangerously high or low extremes. At the \I/ery least, non-optimal 'body temperatureé
comprpmise physiological processes. To cbunteracf extreme temperatures in their
environmeﬁt, grasshbppers have evolved specific chara.cteristics that help them to maintain-
body temperatures within preferred therm;ﬂ.ral.lges. Grasshoppers also gchieve these
temperatures by adjusting the locatiop and position of their bodies‘ within é;. microhabitat.
Behavioral thermoregulatibn is a mechanism by which grasshoppers can modify their body
temperatures to avoid death, digest food more efficiently (Harnison and Fewell 1995,
Lactin and Johnson 1995), aﬁd, ultimately, to increase fecundity and the rate of
‘development (Kemp 1986, Whitman 1988, Coxwell and Bock 1995). Nymphs are
considerably more vulnerable to temperature e;xtremes because of their high body surface
area to volume ratio. Even though they eiperience smaller temperature excesses thén
adults overall, ’fheir body temperatures tend to increase or decfease mofe rapidly (Heinrich
1977, Willmer and Unwin 1981, Whitman 1987, Lactin_ and Johnson 1§96b):

The results of this study in&icate ;that behavioral adjustments énable_ small
ectotherms such as third, fourth, and fifth instars of M. sanguinipes to maintain ;elatively
consistent body temperatures tﬁroughout a variety of surface temperatures by shiﬁipg

among microhabitats and by adopting various postures which maximize or minimize heat
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gain. When the set-point ranges from the gradient are superimposed onto the operative
temperatures that were determined in the field, all three instars were capable of finding
microhabitats within an optimal temperature range betweeﬁ surface temperatures 32-55°C.
Furthermore, behavio;’al observations in the field indicate that these microhabitats and

postures are commonly used by each of the instars.
Gradient Data

The distribution of estim.afed body temperatures on the gradient was ur;imodal and
nonrandom throughout the observation periods for all ﬁve instars. The estimated mean Ty
was consistently between 34-40°C during the sécond observational hour, in_dicatin'g ;che
nymphs prefer a particullar. ¥ange of temperatures. Similar results have been recorded from
earlier studies. Uéing a thermal gradient, Chapman (1965) recorded the positions of
second ingtar nymphs of Schistocerca gregaria (Scudder) on 30 minute intervals fc‘)r five -
hours, and determined that the nymphs preferred temperatures between 34-45‘;C. In
addition, when Ty was estimated by observing fhe distanpe and oﬁenfatioﬂ of M.
sanguinipes nymphs relative to temperature gradients established from incandescent bulbs,
Lactin and Johnson (1996a) found that nymphs tended to prefer body temperatures
between 35-43°C. They also determined that Ty was not influenced by size, although they

did not specify the instar of the nymphs they worked with.

In the present study, Ty distributions for the smaller instars were slightly skewed to

the cooler temperatures, whereas the larger nymphs tended to exhibit less variation and
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greater conférmity in Tg,. Pérhaps tﬁi's difference occurred because the bodies of younger, .
smaller instars were closer to the gradient, making them more prone to desiccation, and
causing them to move to locatio'ns within an& slight‘ly'below their set-point ranges.
As the time spent on the gfadient increased, the nymphs became more mobile and
eghiéited a greater tendency toward randomness. There are several possible reasons for- -
. this. Firsf, hunger may have played a role in the increased activity (Chapman 1965).
Because the nymphs were not fed while the& were on the gradient, the need to feed may
have become more of a priority than thermoregulating precisely, so they may have moved
about in sea;ch of food. Second, if food is not available, some nymphs may move to the
cooler end of the gradient in an effort to conserve energy and slow down r_nefabolic
processes. Lastly, fthose instars that inadvertently moved to the cool end of the gradient
may havé lowered their body temperatures to such an extreme that they were unable to

" move onto warmer surface temperatures. This explanation is probably more relevant f.or
the smaller instars, since they tend to gain and lose héat more rapidly.

" . Tassumed that the set-point ranges generated for each instar on the gradient
fepresented.the targef body temperatures that the nymphs were attempting to achieve in
the field. A laboratory setting wz;s used to collect this information because field data
would be confounded with variablels that would be difficult or impossible to measure,
fesulting in set-point ranges that do not accuratély p;)rtray temperature-dependent
preferences of the nymphs. For example, nyrﬁphs in the field are required not onl.y_ to
thermoregulate, but also to find food and avoid predators. The mean estimated body

temperatures were only significantly different between instar two and instars one, three,
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aqd four. However, because the differences appeared random, and were not size-related,
these results may not have an.y significant relevance. If this can be assuﬁed, it Would
indicate fhat despite the considerable size differences between the nymphs, they all prefer
similar temperatures on the gradient, and thz;.t differences in behavior among instars
observed in the ﬁgld represent distinct thermoregulatory strategies reqﬁired by each size in

an attempt to attain the same optimal temperatures.
Field Behavioral Obseirvations

Insolation

Within the rangeland microhabitat of this study, the intensity of solar radiatior_l
vz'm'ed extensivély. A large amc.)unt of variation was associated with time of day, as the
intensity of incident solar radiation peaked near nﬁdday. In addition, vegetation created a
variety of shaded and unshaded microhabitats within the vegetation and on the soil surface
(Waterhouse 1955). The ground was exposed to relati\'/ely little direct sun in the early -
morning and evening hours due to long shadows that were caét by the vegetation.
Therefore, during these hours, more solar radiation could be intercepted higher up in the
vegetation. ,'However, as the angle of the sun’s radiation became perpendicular to the
ground, the shadows diminished, increasing the proportion of the microhabitat exposed to
direct solar radiation.

Grazing had a tremendous impact on the intensity of solar.radiation intercepted by

the soil surface. The vegetation in the control area was much more dense than that in the
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uniform area, resulting in a greater proportion of shaded and partially s_héded areas.
| Furtﬁermofe, since rﬁost of the ground in the control area was povered by a thick layer of .
matted grass deposited from previous years and shielded it from direct solar radiation, fhe
soil was probably cooler. Likewise, a large proportion of the soil surface in the grazed |
treatment was completely bare and absorbed a greater amount of solar radié.tion.

- Because sunny and shaded microhabitats were often available within the tW(;
treatment sites, nymphs could move into areas of greater or lesser solar radiation. During
- cool mornipgs, when surface ten;peratures were low, a large proportion of nymphs that
were flushed into shaded or partly shaded regions immediately moved into microhabitats
with higher levels of insolation. This behavior ensured that the amount of solar radiation

.absorbed could be maximized under the prevailing conditions.

Eventually, as surface temperatures increased, the nymphs tended to move into
microhabitats with insolati.on levels lower than or equilavent to their initial level of
insolation. Despite the increase in Ts, a large proportion of nymphs did.not move in order
to change the amount of solar radiation they intercepted. Shade—éeeking is an impoﬁant _
strategy used by other grasshoppers to avoid overheating (Whitman 1987), and so ii:
seems unusual that it would not be used more' frequently by‘this species. There are two
possible explanations for this behavior. First, because the nymphs tended to move up into
the vegetation, the increased wind speeds may have been sufficient in reducing Tp, and
therefore shade Was not needed. Furtﬁermore, in the middle of the day there were
relatively few microhabitats that exhibited low levels of insolation, and so the nymphs may

have been unable to find more suitable areas.
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Because of the coarse manner in which insolation was recorded, it was difficult ItO
determine whether there was a difference in the amount of solar radiation exploited by the
three nymphs as a function of instar or treatment. Lactin and J ohnson'(1996b) found that
v-s.zhen Melanoplus packardii (Scudder) nymphs were illuminated in tﬁé laboratory, Ty
increased consistently with size, because the amount of energy intercepted increased with
size. Howevér,_ the rate of Ty change varied with size, such that Ty increased at a greater
rate fof smaller'nyinphs tﬁan for larger ones. This study suggests that larger instars will
have higher body temperatures, and that smaller instars may be more susceptible to
temperature .extremes because they heat up much faster. Presumably, third instar nymphs
in thié study were more susceptible to high environmental temperatures and high levels of
insolation than their older counterparts; this is implied later in the analysis on the

orientation and height data.

Orientation
~ Grasshopper nymphs were able to significantly increase the total amount of

intercepted solar radiation by modifying the orientation of their bodies relative to the

' directipn of tile‘ sun. Whitman (1987) determined that for the gfasshopper Taeniopoda
eques '(Buﬁneister), orienting the long axis of the body (flanking) is the most important
posture influencing heat gain. This is also true for nymphs of M. sanguinipes (Laqtin and
Johnson 1996b), for which the significance of body orientatiéns relative to the sun was
apparent in the speed at which the orientations were adjusted. In’ the field, the nymphs

tended to adjust their body orientation rapidly in response to extreme hot or cold surface
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temperaturesl such as 10 or 50°C, whereas more moderate surface _températures created
weaker responses.. This conspicuous behavior iilustrates the importance of maintainihg -
appropriate body temperatures, and it emphasizes the signiﬁqant role of body orientation
for nymphs.

As the intensity of solar radiation increased throughout the'day, T also increased, -

' resulting in significant changes in the horizontal and vertical body orientations exhibited by

the njmphs.- On a horizontal plane, body orientations. perpendicular to the sun allowed the

nymphs to absorb the greatest amount of solar radiation, thereby increasing the rate of

heat gain. This behavior was usually observed in the cool mornings, and Becarhe less

frequent as soil and body temperatures increased.

Although body orientations that reduced the total amount of insolation (45° and 0°

. relative to the sun) became more prevalent with increasing soil temperatures, they were

rarely as common in warm temperatures as orientations of 90° were in cooler

temperatures. This may have occurred because as Ty increased, nymphs tended to move

‘oﬁ' the soil surface and up into the vegetatibn, where_ higher wind velocities may. have
contributed significantly to the reduction of their body temperatures, and orientations that
minimized solar interception were not required. The); could also move into the shade of a
stem; however, only. orientations in sun and partial sun were analyzed.

.'I.‘he correlation between T and the horizontal angle of orientation adopted by the
instars tended to be highly significant. The odds ratios from the logistic model were
consistently larger for oﬁentatioﬁs of 0° versus 90°, compared with 45° versus 90°,

indicating that as soil temperatures increased, there was a greater tendency for nymphs to
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orient parallel (0°) to solar radiation as opposed to orienting at a 45° angle. In addition, -
data on the frequencies of different orientations at T¢>50°C shows that theré wasa .
stronger tendency for third instars than for fourth and fifth instars to orient at 0°. In
contrast, the logistic regression analysis of the hoﬁzontallorientations, graphically predicted -
that nymphs of all three instars would equally orient at 0° in hot temperatufes, implying
that fourth and fifth instars behave similarly to third .instars, and have a similar tendehcy to
orient parallel to the sun when temperatures are higli. This'contradicti.on is probably due |
to tile predictive ratfler than empirical nature of the logistic model.

Overall, horizontal orientations that increase' the éxposure of the body surface area
to direct solar radiation may be equally important for all three instars when T is low.
However, horizontal orientations that decrease the amount of ‘surfa.ce area exposed to
soiar radiation may be slightly more important f;)r third instars than for fourth and fifth
instars when T is high. -Because the orientation of the longitudinal axis of the body
toward a heat source directly affects Ty, (Whitman 1987, Lactin and Johnson 1996a), and
because smaller nymphs fleat up more rapidly (Lactin and Johnson 1996b), it may be more
important for third instars to orient away from solar radiation than for the larger instars.

Vertical orientations relative to the ground did ﬁot appear to be nearly as
important as horizontal orientations wefe,. possibly because on a vértical plane, there is a
smaller discrepancy between the total amount (')f solar insolation that can be intercepted by
the nymphs. Although there was a tendency for the nymphs to vertically orient parallel to
the soil surface in cool temperatures, and to vertically orient perpendicular to the soil

surface as T incréased, this behavior can be attributed to the type of substrate that they
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' ' perched on at different soil temberatures, rather than to their responses to solar radiation

on a vertical plane. Because the soil surface is the warmesf paﬁ of the environment, the

nymphs tendpd to remain on the ground when temperatures were cool, and then moved

into the vegetation with higher temperatures. The sr'nall probortion of 45° vertical

origntations are a testament to the smaller amount of vegetation found at this angle,

especially in the uniform treatment, where tﬁere was very little matted grass.

There was a slight difference in the {Iertical orientations exhibited by third instar

- nymphs qompared to fourth and fifth instars. Third instar; tended to orient perpendicular
to the soil surface when T was low as well as when it was high. This can be exialained by
their preference for vegetation rather than the ground, regardless of Ts. In addition, there
were noticeably more nymf)hé oriented vertically at high temperatures in uniform than in
control. Due to a lack of shade or matted grass in this treatment, in high temperatures |

| nymphs may have had no récourse other than to move onto the vegetation. |

The effects of orientation are probably related ’éo the size of the nymph. Even

though the data in this study only suggests a difference in the.horizontal orientations
between third instars and their larger counterparts, there may be more discrete
distinctions. On a laboratory gradient, Lacﬁn and J ohﬁson (1996a) found that when
energy is expressed as th.e. amount intercepted, small instars attained greater .TB elevations
than la;rger ones. This is largely because a flanking third instar exposes a greater surface
area to radiation relative to the volume of the body that needs to Be warmed. There{qrg,
small nymphs can not intercept as much energy overall, but their Ty elevations increase at

a faster rate.
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Height
| The daﬂy patterns of grasshopper movement within vegetation has been a well-
documented beliavior (.Whitman 1987, Parker 1982). Typically, ‘they begin the day
perched in the tops of vegetation where early morning sun can be exploited, then move
downward to the nolar-heated ground as it is warmed by the sun. | They then move back
up the vegetation to avoid high temperature extremes in the middle of the daj However,
in this study, the nymphs were flushed prior to being observed, so that any changes in
microhabitat preference beﬁveen the initial location and the final location could be
renorded. Therefore, the nymphn were less _1ike1y to be recorded in vegetation in the early
mornings when T; was low.

Nymphs of all three instars moved to similar heights throughout the day. They
tended to exhibit directional movements up in‘ié the vegetation as Ty increased, which was
significant for most of the instars exi:‘ept third instars. They demonstrated an insigniﬁcant
rélationship between T; and'ﬁnal height in the nniform treatment, and the Weakest.
relationship relative to the other instars in the control treatment. This diﬁ‘erenne probably
reflects that when third instars were flushed, they tended to jump high up in the
vegetation, regardless of T, whereas the older instars flushed to the ground and then
walked up onto the vegetation as Tg increased. With (1994) also observed this behavior in
nymphs of Opeiéz obscura (Thomas). He found that .nymphs leap between vegétative
structures such as grass blades, whereas adlilts tend toi walk on the ground. |

Even though third instars had a significantly higher mean final height than fourth

and fifth instars, all of the instars tended to orient perpendicular to the sun when T was
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low. This implies that smaller nymplrs do not neeci to utilize the conductive properties of
the soil surface to gain heat, and can rely solely on radiative heat to maintain body
ternperatures within or near an optimal temperature raﬂge without being greatly influenced
- by higher wind speeds. However, convection increases proportionally with vegetation
helght and the body temperatures of small insects fluctuate more with greater wind
velocity (Whitman 1987). This behavror may be explained by the boundary layer. Perch
surface temperatures above the ground are influenced by a thm layer of air that
encompasses the substrate (Bakken 1989). Because of their small size, a large proportion
. of the bodies of third instars may be surrounded by this thin boundary 1ayer,'which covers
the surface of vegetation and may help to protect the nymphs from the detn'merrtal effects
of high wind velocities. Likewise, the larger bodies of fourth and fifth instars probably
extend outside of this protective layer, forcing them to retreat to the ground where the
'boundary layer is thicker and wind speeds are lower. Therefore, the boundary layer-that
covers the surface of vegetation may allow the small nymr)hs to reimain on stems and grass
blades without experiencing the cooling and desiccating effects of the wind.-

Grazing had a peculiar effect on the heights attained by the nymphs. Mean final
heights were marginally higher in ttre {niform treatment than in the control. Although this
seems unusual, the field observations were recorded before grazing occurred in the
uniform, and therefore the year’s vegetation was high in both treatments. In addition,
because the uniform area had no litter on the ground and fewer shaded regions, rrroving up
. into the vegetation may haw}e been the only refuge from high soil temperatures available to -

nymphs in this treatment.
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The change in heigﬁt between the two-minute observation Ipen'od was only
significantly different between third ;dnd fifth instars. This difference may have occurred
Because third instars tended to move down from their initial perch in the vegetation into
warmer températures, whereas fifth instars, which tended to flush to low heights, either -

remained at the same height, or moved up as T increased.

Ambient ’i‘emperature at Final Thoracic 'Heighg .

The nymphs in this rangeland ecosystem were capable of exploiting a wide rangé
of ambiept temperatures. Unshaded ground absorbed a large amount of solar radiation,
and because of its conductive properties, it rapidly hea’ged up the surrounding air.
Therefore, T,-was warmest near the soil surface, and became progressively cooler higher
up in the vegetation, due to increaged wind speeds. Shaded rggions of the microhabitat
also had an influence on the s.urrounding air temperatures, although these effects were
more pronounced in the morning when there were more shadows.

" Ambient temperature has a direct influence on the body temperatures of small
ectotherms such as grasshopéer nyr’nphs, because it aﬁ'ects:the rate and directioh of
convective heat exéhange between the animal’s body and its environment. Kemp (1986)
fognd that air temperature was the best predictor in détermining the body temperatures of
three different grasshoppers on rangeland. However, more recent sudies have questioned
the appropn'atenesé of regressing body temperature as a function of air temperature,

‘because an insect’s body temperature represents a variety of environmental and
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oriehtational factors (Lactin and Johnson 1996a) In the present study, air temperature ‘
was not recorded at a speciﬁc height above the substrate in conjunction with Ty, as is
cémmc_)nly d(.)ne (Kemp 1986, Whitman 1987), but rather it was measured at places in the
habitat where the nymph was located at the beginning and end of a two-minute
-observation period. Tﬁe threshold temperature represents the initial ambient temperature
at which the nymphs’ final ambient température leveled oﬁ' and rémajned thhm a
relativeiy constant fange.

There was a nonlinear relationship between air temperature at the initial thoracic
height (initial Tryy), and air temperature at the final thoracic height (final Ty) for all three
nymphs. This relat_ioqship was only slightly greater than a 1:1 ratio until the initial Ty
increased to temperatures that were closer to or above the threshold. This implies that
ambient temperatures of final microhabitats were only slightly higher than those of the
initial microhabitats ﬁntil initial T,y was approximafely 32°C. i—Iowever,'when nymphs’
were flushed into microhabitats where initial T;; was above the threshold, they actively
moved into areas where the ambient temperatures were cooler, creating a line with a slope
near zero. )

| ’fﬁese data indicate that when initial Ty was below the threshold, the nymphs
were not thermoregulating as eﬁ‘ectively as when initial T-;; was above the threshold. This
may occur because the range of ambient temperatures that the nymphs could exploit in the
mofning was narrow compared with the range in the afternoon. Ea;ly ip the day, the soii
surface was predominately shaded, making it cool due to limitea sun exposure. Therefor.e,

when T was low, the nymphs could not find microhabitats with final ambient
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temperatures that were signiﬁcqntly warmer than the initial ambient‘ temperatures.
Although it appears that the nymphs’ §vere not thermoregulating, they actually were,
because.they moved to microhabitats where they could exploit the warmc;,st ambient
temperatur;es possible in their limited thermal environmen‘;. Even though the nymphs
were not able to find suitable ambiént températures when T was low, they could still
increase Ty by moving into microhabitats with low levels of convection, and high levels of
insolation where they could orient their bodies perpendicular to solar radiation.

After initial Ty became warmer than the threshold temperatures, the nymphs

exhibited thermoregulatory behaviors by moving into microhabitats with cooler ambient

- temperatures. There was also more of a spread in the range of ambient temperatures that

the nymphs could use as the day progressed and surface teinperatureé warmed up. Most"
of the nymphs tended to move from nﬁcrohabitats with air temperatures b'etweeﬁ 33-58°C
into microhabitats W.here the air temﬁeratures were consistently close to 32-34°C, showing
that the nymphs preferred a fairly narrow range of anllbient temperatures, and tended to
‘.exploit this range once they were capable of reaching it.. Therefore, the njrmphs were
capable of finding _ambient temperatur,ésWhich allowed them to maintain body
temperatures close to or within their set-point ranges.
There was no clear reason why the mean final Ty between fourth and fifth instars
‘was significantly diﬁ'e’ren’;. This difference is not attributable to body sizé, because there
~'was no signiﬁcant diﬁ'erence between third and fifth instars. Likewise, it seems '
counterintuitive that the nymphs 'experienced_ significantly higher mean final Tp’s in the

control treatment compared with the uniform treatment, because the soil in uniform had
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greater exposure to solar radiation, and should ﬁave been warmer. However, Waterhouse
(1955) found that in habitats where the vegetation growth is nét ve‘.ry dense, the warm
bpundary layer of air is nearer to the ground dﬁe to higher wind speeds. This may expléin
the cooler temperatures in uniform. In.addition, this difference may also be caused by the

presence of an outlier in fifth instars in control. =

Distancc Traveled

If third instar nymphs were required to travel the same distance as fifth instar
nymphs to reach a suitable microhébitat, it can be suggested that, relative to body size,' the
émaller instars were moving farther.. Therefore, small instars shouid travel the shortest
total distance. Accordingly, Smith and Grodowitch (1987) and With (1994) found thét
adult grasshoppers move falrther than nymphs.

Distance traveled provided an estimate of how much effort thé nymphs expended
before they found a suitable location. In some cases, the nyfnphs traveled far from their
initial location on long, §vinding paths only to end up in an area near where they started.
The total distance and the linear distance tréveled increased with the age of the instar,
implying that size has an influential role. However, this interpretation is confounded
because different instars were observed at different times in the season. The height of the
vegetation, and therefore the distances that were traveled, increased throughout the

summer with older instars.
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Opérative Body Temperatures in the Field

For small ectotherms such as grasshopper nymphs, operative temperatures can be
consi&ered valid ‘estimations of body temperatures. . The heat production of small
nonflying animals such as nymphs is negligible (Bakken 1992), and can therefore be -
approximated by models in the field (Lactin aﬁd Johnson 1996b). Furthermore, because
they have the same morphological characteristics as live nymphs, th;e Ty, of these models
are influenced by, and respond similarly to, thé same enﬁronﬁentﬂ vaﬁables that live
nymphs expeﬁence. In this study, the various microhabitat/posture .c;ombinations of the
~ models were chosen to rei)resent the full raﬁge of common microhabitats and postures
assumed by the nymphs of M. sanguinipes. Therefore, the models provided valid
estimations of the potential range of body temperatures that could be experienced within
the study site by nymphs (Hertz et al. 1993).

A comparison between field operative temperatures and the set-point ranges
established on the gradient shows that nymphs of all three instars, and within both
- treatments, were capéble of achieving body temperatures within their respective set-point
rangés aﬁer T reac;hed approximately 30-35°C if they moved into the appropriate habitat.
Figures 20-25 depict the body temperatures that nonthermoregulating nymphs would
-experience in each of the six rrﬁ(.:rohabitat/posture combinations throughout a range of
surface temperatures between 10-60°C.l ‘These figures also provide legitimate estimates of
the particular combinat‘.ions that would allow a nﬁnph to remain within its set-point range

at specific soil temperatures. The results predict that a perfectly thermoregulating nymph
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would reniain on bare, sun-expoged soil with its body oriented perpendicular to solar
radiation until Tg was approximately 32°C, after which it would change strategies and
either ahgn to the shadg of a stem or move onto a horizontally positioned stem positioned
~5 cm oﬂ‘ the ground in full sun. After 'i‘s approached 40°C, the nymph would then move
vertically up the vegetation, with the height of the nymph proportional to the increase in
- , .

| Because there are probably a number of microhabitats on rangeland with thermal
regimes similar to the six combinations that the T; models vs./ere placéd in, the nymphs
could have chosen a wide range of microhabita;cs, and a variety of body positions to.
maintain-l;ody temperatures close to or within their set-point range. However, the
behavioral observations in this study describe strategies similar to the perfectly
thermoregulating nymph, with slight variations according to instar. This indicates that the
nymphs were thermoregulating, because they responded to temperature extremes in their
environment by moving into mc;re suitable thermal microhabitats, an‘d by rhodifying their
body positions in ways which allowed them to achieve more optimal body temperatures.

' Despit;e differences in behavior among instars observed in the field, the models all

.ex}ﬁ‘t.)ited similar operative temperatures relative to each of the microhabitat/posture
combinations. Models placed on bare, sun-exposed soil consistently had the highest
dperative temperatures, Whereas mociels placed 20 cm up on a vertical stem consistently
had the lowest, and the remaining combinations were always in the same temperature

categories. Overall, these results agree with the behavior of fourth and fifth instars, but

- they do not agree with observations of third instars that jump into the vegetation at low
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' soil temperatures. Instead, the Ty models show that third instars would be able to achieve
higher body temperatures on the soil sufface, rather t'han up in the vegetation. This
implies that the smallsf nymphs may be respohding to environmental factors other than the
thermal quality of their habitat. |
| Even though one or tws of the microhabitat/posture combinations could not be
used in uniform (i.e. when the models were 5 cm off the ground on horizontal vegetation,
or 20 off the ground on vertical vegetation) there appeared to be no large differences in
the operative temperatures between each treatment. Although it is highly probable that
the nymphs will find microhabitat/posture combinations other than the six tilat were usea
in this study to achieve preferred body tefnperatures, this reduction in available optimal
habitats demonstrates the detrimental eﬂ‘e.ct that gr;izing may have on grasshoppers (Quinn'.
and Walgenbach 1990, van Wingerden et al. 1991, Welch et al. 1991). |
The estimates of habitat quality (D;E) determined that only 6-1 1% of the model
operative temperatures were within the set-point ranges, implying that the six different
microhabitat/posture combinations would provide only limited opportunities for the
nymphs to achieve optimal body temperatures. However, this contrasts strongly with data
which indicates that optimal body temperatures can be attained between a wide range of
soil temperatures. There is also no apparent difference in the estimated haﬁitat quality
between grazing treatments. There was a tesdency for habitat quality to decrease with
smaller instars, implying that third instars were required to spend more time and energy

thermoregulating to achieve optimal body temperatures than their larger counterparts.

Bécause insects with higher surface area to volume ratios are more susceptible to
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temperature changes in their environment (I-Ieiriﬁch' 1977, Willmer aﬁd Unwin 1981,
Whitman 1987), smaller nymphs may have to modify their behavior more to maintain body
temperatures within their estimated set-point range. However, the behavioral observations

in the field provided no evidence in support of this.
Summary

This study illustrates that the behaviors of nymphs of M. sanguinipes help them
achieve and maintain body temperatures close to or within their set-point range, relative to
nonthermoregulatiﬁg nymphs. The operative temperatures.and estimated set-point ranges
provided an estimate of the body temp'eratures' that the nymphs could achieve in particular
microhabitats, and the surface temperatures at w};ich they could maintain preferred body
temperatures. Although there were some behavioral differences among the instars, they
tended to exploit similaf thermal environments. They tended to move into microhabitats
and assume body positions whereby they dould increase Ty z;s rapidly as possible in cool
enviro.nment.s, and to maintain Ty close to their estimated set-point ranges in hotter
environments. Also, despite the structural differences between the two treatments, the
nymphs’ behavior was similar in both upiform and control, suggesting that they are

capable of finding suitable thermal habitats in a variety of habitats.
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APPENDIX




Table 15. Diagnostic Ax? and ADeviance for outliars of each of the three instars, and within both treatments.
m is the total number of grasshoppers oriented at the specific temperature.

Treatment Instar Angle of N Temperature m Estimated =~ Ay’ ADeviance

Orientation ) ‘ Probability
Control IMm . 0°vs90° 56 15.7 . 1. 0.0860 | 11.0981 | 5.3759
20.1 A 1 0.1213 7.5605 : 4:5367
2_2.0 o1 0.1401 6.4000 4.1938
58.5 1 _ 0.7971 4.1460 3.4075

. 45°vs 90° - 55 - - - - -
v 0° vs 90° 89 18.2 1 01504 5.8428 3.9835
45° vs 90° 89 . - - - - -

\% 0°vs90° 132 199 1 0.0731 12.8950 5.4420
| 24.8 1 0.1239 7.1952 4.2986
53.3 1 0.8088 43139 33929

53.9 1 0.1896 46352 35171

542 1 0.8248 4.8047 3.5798

57.2 1 08707 68755 42328

58.0 1 0.8811 7.5635 4.4139

45°vs 90° 131 196 1 0.1777 4.7204 3.5493

L6



Table 15, continued.

~

Estimated

Treatment Instar  Angle of N  Temperature  m Ayx? ADeviance
Orientation O Probability
Uniform I 0°vs90° 40 253 1 10,0103 98.5438- 11.5283
50.7 1 0.1504 5.8428 3.5636
45°vs90° 34 199 1 0.1557 5.9228 42204
25.0 1 0.2001 42628 3.4826
IV 0°vs90° 70 29.5 1 0.1569 5.5262 3.8537
52.1 2 0.8269 10.4533 7.9128
523 1 0.8310 5.1388 3.7770
45°vs 90° 67 17.2 1 0.1915 4.4805 3.5636
v 0°vs90° 27 ; - ; . ]
45° vs 90° 29 - - - - -

Rows with no values indicate that there were no outliars for the orientation for that particular instar.
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