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Abstract:

The role of behavior in the integration of individuals into a population of Aulocara elliotti (Thomas)
was investigated in the field and in the laboratory. The effects of environmental factors, communicative
signals, and individual movements and interactions on population structure and performance were
examined. Both descriptive and experimental procedures were employed. A specially designed arena
was utilized to study kineses and taxes. A wind tunnel facilitated olfaction studies, and an alternative
humidity chamber was used to investigate response to different relative humidities. A sampling device
to measure hatching rhythm also was designed and utilized.

The time of hatching of eggs of this species appeared to be determined by an increase in temperature. A
preference for conditions of low (0-10%) relative humidity over high (95-100%) was generally
demonstrated by nymphs and adults, but the moister conditions were preferred during each molt. A.
elliotti increased activity and showed a downward movement in response to wind at low speeds (4-10
ft./sec.). Grasshoppers moved upwind in response to attractive odors, and unfed hatchlings displayed an
inherent ability to find a suitable food source by odor alone. Receptors of the antennae are very
important for the responses to odors. Light and temperature influenced general activity. Temperature
responses appeared to be primarily kinetic; while responses to light sources (sunlight and artificial light
sources) included both kineses and taxes. Low intensities of light inhibited locomotor and stridulatory
activities.

A. elliotti primarily utilized visual and acoustic signals for communication. Several song types
distinguished by differences in rhythm construction were identified. Loss of visual and/or physical
contact with individuals of the opposite sex increased the number of songs produced by both males and
females. Visual signals, especially those involving movement, were important to interactions between
members of the species. Courtship behavior by males included simple and complex displays. Complex
courtship involved prolonged sequences of mating behavior and were characterized by symmetric and
asymmetric positions and movements of body parts. Groups of males often follow an ovipositing
female. This behavior may be related to sexual selection by the female.

It is hypothesized that 'pottering' or intermittent wandering is a kinetic response controlled by
environmental factors and the physiological state of the grasshopper and that pottering is a major factor
in the displacements and distributions of individuals.
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ABSTRACT

The role of behavior in the integration of individuals into a
population of Aulocara elliotti (Thomas) was investigated in the field
and in the laboratory. The effects of environmental factors, commu-
nicative signals, and individual movements and interactions on popu-
lation structure and performance were examined. Both descriptive and
experimental procedures were employed. A specially designed arena
was utilized to study kineses and taxes. ' A wind tunnel facilitated
olfaction studies, and an alternative humidity chamber was used to
investigate response to different relative humidities. A sampling
device to measure hatching rhythm also was designed and utilized.

The time of hatching of eggs of this species appeared to be
determined by an increase in temperature. A preference for conditions
of low (0-10%) relative humidity over high (95-100%) was generally
demonstrated by nymphs and adults, but the moister conditions were
preferred during each molt. A4. elliotti increased activity and showed
a downward movement in response to wind at low speeds (4-10 ft./sec.).
Grasshoppers moved upwind in response to attractive odors, and unfed
hatchlings displayed an inherent ability to find a suitable food
source by odor alone. Receptors of the antennae are very important
for the respdnses to odors. Light and temperature influenced general
activity. Temperature responses appeared to be primarily kinetic;
while responses to light sources (sunlight and artificial light sources)
included both kineses and taxes. Low intensities of light inhibited
locomotor and stridulatory activities.

A. elliotti primarily utilized visual and acoustic signals for
communication. Several song types distinguished by differences in
rhythm construction were identified. Loss of visual and/or physical
contact with individuals of the opposite sex increased the number of
songs produced by both males and females. Visual signals, especially
those involving movement, were 1mportant to interactions between
members of the species. Courtship behavior by males included simple
and complex displays. Complex courtship involved prolonged sequences
of mating behavior and were characterized by symmetric and asymmetric
positions and movements of body parts. Groups of males often follow
an ovipositing female. This behavior may be related to sexual selec-
tion by the female. : ‘

It is hypothe51zed that potterlng or intermittent: wandering is
a kinetic response controlled by enviropmental factors and the physi-
ological state of the grasshopper and that pottering is a major factor
in the dlsplacements and dlstrlbutlons of individuals.




INTRODUCTION

Aulocara ;iliotti (Thomas) was first observed in Colorado and
Wyoming in 1870 by ?rof. Cyrus Thomas, United States Entomologist
(Henderson, 1931). This species occurs on short-grass plains in the
area. west of the Mississipbi River from séuthern Canada to Arizona
(Pfadt, 1949; Bfooks, 1958; Strohecker, 1968). It is primarily a
grass feeder and attacks many species. Pfadt (1949) observed that
the first two instars féed chiefly on sandberg bluegrass (Poa secunda
Presl.), while the older instars and the adults feed almost entirely
on western wheatgrass (Agropyron smithit ﬁydb.). Western wheatgrass
appears to be the main food plant of both nymphs and adults in Montana
(Anderson and Wright, 1952).

A. elliotti has become very abundant at times in parts of its
range. Cooley (1904) reported Heavy infestations of grasshoppers on
rangelands in eastern Montana during 1901, 1902, 1903. The three
most common grasshoppers were 4. elliotti, MngnopZus atlanis (Riley)
[M. sanguinipes (Fab.)]l, and Cammula pellucida (Scudder), with A
eZZiotEi the leading species in abundance. Great numbers of 4. elliotti
occurred in Gallatin, Beaverhead, and Madison counties in 1919, and
another outbre;k oqgurreq in parts of Montana in 1923 (Cooley, 1919;
1923). The short-grass ranges of Montana were again heavily infested
with 4. elliotti and Melanoplus mexicarnus (Saus.) [M. sanguinipes

(Fab.)] from 1934 to 1937 (Strand, 1937). An appearance of large
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numbers of grasshoppers in 1949 was terﬁed an outbreak by some workers
(see Anderson and Wright,.l952). Montana has not suffered a major
infestation of A. elliotti since 1949. Howevef, large fluctuations

of grasshopper numbers have occurred in localized areas (personal
communication, Dr. Norman Anderson and Prof. Ellsworth Hastings of
Montana State University).

Outbreaks of 4. elliotti have been reported during the 1890's,
1930's, and 1940's in Wyoming, Colorado, Nebraska, Kansas, North and
South Dakota; Utah, New Mexico, Arizona, and Washington (Pfadt, 1949).
White and Rock (1945) sfated that this species is economically the
most important grasshopper on Alberta shortegrasé plains. Nerhey
(1954) and Ball et al. (1942) cpnsider A. eZZiottiAto be "qne of the
most injﬁrious ranée grasshoppers in Arizona."

Dr. R. A. Cooley described the first organized studies of Montana
grasshoppers in the First Annual Report of the State Entomologist of
Montana (1903). Following the outbreaks in the early 1920's, research
of an ecological natﬁre, concerning egg and nymphal development and
the effects of weather on érasshopper populations, was conducted
(Parker, 1933; 1937). Extensive ecological studies of the facto;s
suspected to be thg underlying causes of grasshopper outbreaks were
instigated by the Grasshopper Research Laboratory of the United States
Department of Agriculture at Bozeman after its establishment in 1930

(Shotwell, 1941; Davis and Wadley, 1949). The Department of Zoology
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and Entomology, Montana State Collegé,‘organized a research program on
réngeland grasshopperé in 1946 (pérsonal communicatibﬁ, Dr. James H.
Pepper of Montana State University).

Studies in the late 1940's and early l956's'conducted in the
figld revealed: (1) Grasshopper distribution on rangeland is not
random; (2) Most grasshoppers have specific food preferences; (3)

The amount of damage to vegetation is not necessarily proportional

to the numbe; of grasshoppers present; (4) Individual grasshopper
species and not merely numbers of grasshoppers must be considered in
studies of grasshoppgr damagé; (5) Locai movements of grasshqppers may
be influenced by chéngés_iq environmental‘éopditioné; (6) Individuals
from different species respond.differently to similar environﬁental
conditions. During the outbreak in southeastern Montana in 1949,

some regions within the: outbreak are; were virtually grasshopper free
or demonstrated a low incidence of gfasshoppers. High pqpulations of
mixed species generally were found in transition areas between differ-
ent habitats. The increase in numbers of one species did not neées—
sarily coincide with the increase in numbers of another. (Anderson
and Wright, 1952) It was concluded that the behaviér of a grasshopper
population (that ié{_the individua;s which make up a population)’is

an expression of the énviroqmeﬁtal factors acting on the grasshgppérs;
grasshqppérs-respond tp environmental factors through the mediation

and interactions of biochemical and physiological systems. Infestations
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b
by grasshoppers were‘thdught to be composed of geneticaily different
groups or subpopulations. Chromosomal studies to demonstrate genetic
differences between wil& populations failed to show differences in

A. elliotti. (Personal communication, Drs. Stephan Chapman and
Norman Anderson of Montana State University)

Physiological and developmental studies of the eggs and embryos
of A. elliotti have been conducted in the Department of Zoology and
Entomology at Montana State University from 1958 to ﬁhe present (Van
Horn, 1963; Roemhild, 1961; Wessel, 1973; and others). Nymphs and
adults from wild populations were reared under laboratory conditions
.inlan attempt to gain some.ingight.into the manner in which a popu-
lation responds to aspects of its environment. Factors such as
temperature, light, humidity{'food,‘and spaqe,requifemgpts could be
varied in thellaboratory and their influence én the eggs and embryos
of individuals from Fhe experiﬁental population could be observed.
However, 1aborétory conditions may not be representative of the
. environment of a wild population., Solomon (1949) stressed that a
"population functions in relation to a whole which includes itself."
Only if an experimental group represents a 'population' can‘such
studies héve relevance to the wild population. The problem of how
this is to be accémplished still remains.

Field studies of ;ﬁe_structuye and performance of a natural

population of A. elliotti were initiated in 1970 in an attempt to
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define a wild population. Distribution, dénsity, and movements of

the individuals in a field population were observed. ‘Both wild and
field-caged grasshoppers were used to measure survival, longevity,

and fecundity and to identify behavioral patterns (Mussgnug, 1972).

The behavioral investigations presented here were instigated in 1971
on the basis of the following hypotheses: (1) Communicative signals
are vital to population integration and distribution, especiall§ in
adults; (2) Orientation to 'key' factors (Morris, 1959) is particularly
important to population structure and performance in nymphs. Defini-

tions and concepts utilized in this study are preseﬁted in Appendix A.

Literature Review

A review of the literature indicates that the integration of a
population is established primarily through behavioral mechanisms.

For example, sensory stimuli initiate behavior. The enviromment
contains many stimuli, some of which are not detected by organisms.
Aspects of the environment which are not sensed may serve no useful
purpose. This is not to say that un&etected étimuli are unimportantf
Some stimuli, such as X-rays, may even be harmful. If X-rays oc-
curred naturally, those species developing the capability to detect
the rays would have a better chance of survival. (Davis, 1966)

Response to stimuli in any organism only occurs if the stimuli
are relevant. For example, honeybees utilize wavelgngths of light

and planes of light polarization for guiding their activities.  Light
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stimuli, on the other hand, afe of minor importance to a flying bat,
which relies on sound waves for guidance. |

Davis (1966) presented the proposition that organisms respond
only to those stimuli relevant to the species and the corollary that
organisms ignore irrelevant stimuli and fail to discriminate among
those not regularly encountered. This agrees with the hypothesis of
Morris (1959) that 'key' factors largely establish population trends.
Morris conclﬁded';hat data on the major events influencing population
dynamics should provide an understanding of the functioning of the
life system of the subject.

Interactions between the genetically controlied "blueprint' and
the environménp control the development of behavior in the iﬂdividual
(Thorpe, 1963). The expression of genes dgpends upon the environment
providing stimuli or reiﬁ%oréers necessary fof_the gene to‘be ex-
pressed inlphe phenotype (King,ll967). Often, several .genes contrib-
ute to a particular trait. Combinations of genes show_chéracteristic
patterns (units) of behavioral response to éhanges in the environment.
Selective'pressurgs can operate Qn_and may tend to fix patterns in
the genotype. Through ev&lution, behavioral units may be modified
and reshuffled and put to different uses. Comparati&e studies of
behavipr, based on behavioral units, can be usgd to demonstrate

phylogenies. (Manning, 1967, Caspari, 1967)
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Behavior is seen to develop since it dépends upon morphological
and physiological changes occurring during the development of an
organism. Ultimately, behavioral development depends upon the
maturational stage of the nervous sy;tem. As such, behavioral
development should parallel overall and differential rates of morpho-
logical development. (King, 1967.)

King (1967) emphasized that behavior can be modified. Environ-
mental conditions and eépecially previous stimuli and behavioral
activities of ani.organism modify behévior. The phenotypic expression
of a behavioral pattern is enhanced by reinforcement from thg,environ—
ment, by reinforcement from other responses, and by self-reinforcing
properties of the responses themselves. King further stated that the
development of behavior depends on the time when a response can first
be expressed, or on the time when it is likely to be reinforced by

" the environment, and on the temporal relationship to other responses
that may enhance‘oﬁ impede its fu;ther development,

The modification of behavior is important to the eyolutiop of a
species. ‘Mayrv(l958; 1970) regards behavior as 'perhaps the strongest
selection pressure operating in the animal kingdom." King (1967) con~
cluded that slight behavioral deviations from the norm can affect:

(1) the union of gametes in populationé, (2) fecundity and viability,
(3) gene flow between and within populations, (4) survival and con-

tinuance of gametes of each individual. Breeding patterns, assortative
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mating, courtship, parental care, social tolerance, migration,
shelter seeking, and agnostic behavior are patterns affecting changes
in the gene frequency of populations. Mayr (1970) éites shifts into
new niches or adaﬁtive.zones as an example of a change mediated by an
alteration of behavior! Browning (1963) stated "the ;nfluence of the
environmeﬁt depends, often in a striking way, on the behéviér of the
animal." Wright (19495 divided adaptive characters and activities
into three categories: wviability, fertility, and fecundity. Speiss
and Langer (from Caspari, 1967) added two more categories: rate of
development_and maturation for mating. Behavior may relate to any or
éll of‘the above categories. Manning (1967) pfesents numerous ex-—
amples of the influence of mating behavior of insects on fertility
gnd vigbility.' $imilafly, behavior patte;ns may p?oduce sexual
isolatipn and thé establishment of mgting sygtgms (Perdeck, 1958).
Assortative ﬁating can cause rapid ghanges in gene freggency by
departures from random mating, which coﬁtribute to differential
fgrtility (King, 1967; Caspari? 1967).’ Genetically con;;olled mating
and habitat preferences méy be important faqtors in the_formatiqn of
species (Caspari, 1967). This conclusion is supportéd by experimental
studies of Drosphila spécies (Manning, 1963, 1967; Béstock, 1956;
Merrell, 1949, 1953;.Ehrman, 1964).

Caspari_(1967) summariged the role of behavior. Hg sta;ed that

behavior not only integrates a population, it also is a.major factor
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influencing evolutionéry processes leading to adaptation and speci-
ation, both éf'which occur at the populatioﬁ levei. From a taxonomic
point of view, species differ in behavioral activities and potenti-
alities just as much as they do in morphological -and physiological
characters. Mayr (1958) proposed that behavioral characters rather
than morphoiogical characters could be used as a basis for taxonomy,
and in many cases behavioral analysis would give‘ﬁore'refined and
reliable results. |

Behavioral characteristics may be classified according to the
sense organs by Which stimuli are received, one of which’ is usually
gmphasized, depending on the species. senges responéive‘to.auditory,
visual, chemical, and tactile systems are particulgrly‘iqporpapt.
tKlopfer and Hagch, 1968.) Allee et al. (1949) added humidity aqd
temperature to these systems. Davis (1966) classified sense organs
-according to Fhe type of physical stimuli de;ected and. lists six
major categoriés: graVity, temperaturé? chemicais,_éne;gy, préssure,
and electricity.

Behavioral patterns may also be arrapge@zaccording to function
such as aggregationl orientation, communigapion, habitap éelection,
and mate selectibp. yKing:(l967? emphésiégd the co@tripgtion of
behaviora;zpatterns to témporgI{ spatial, and sex~age distributions

in the subject population;
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Behavioral analysis, ultimately, should provide information

concerning: (1) population structure, (2) populatiOn performance,
(3) major ecological events and processes inf;uencing a population.
This in turn should prévide data on the major events determining
population fluctuations and quantitative-data on which to base an
explanative ang predictive model qf the sgbject population. Pest
management sfrategies, based on a better working knowledge of popu-
lation dynamics and the life system of the subject population, could
be formulated from such a model.

| The present study attempts to define the role of behavior in
population integrgtion. A survey of the behavioral chargcteristics
of A. elliotti attempts to answer several que;tions:' (1) What ére
the major behavioral.patterns respongible for popg1a£ién igtegration?
(2) What are the major behavioral patterns influencing nymph, adult,
and egg distributién? (3) What are charac;eristic patferns of
behavior in a population? - (4) Are changes in behavior obsérvable.as
deyelopment proceeds from the time of hatching through maturation to
the adult s;age? (5)- How does the behavior of caged laboratory grass-— °
hoppers compare to that of caged field grasghoppers gnd'to_that'of a
wild population? .(6) What are the major environmental (ecological)
stimuli requnsible for popuiation structure and‘ferfofmgnce'as

evidenced by behavioral responses?
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This study‘was_made'as inclusive as possible, at ;he expense
of more detai;ed investigations on any one aspect of behavior,
because of a paucity of informatién about -the behavior of A. elliotti
either iﬁ the laboratéry or in the field. A recogﬁitibn of Eehavioral

patterns of response is a prerequisite to comparative studies.
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MATERTALS AND METHODS

The laboratory stock of nymphs of Aulocara elliotts Wwas collected
from a short-grass study site 5 mi. west of Billings, Montana.
Mussgnug (1972) gave a detailed descript%on‘of this area. He charac-
terized the climate as hot, dry; and sunny. Occasional storms in the
afternoon produced thunder, hail, and high winds. Observations of
caged'and wild individuals were conducted at this site, and the be-
havior of these grasshoppers was compared with that of animals in the
laboratory at Bozeman, Montana.

Third and fourth instar grasshoppers were collected from Billings
in mid-June of 1971 and 1972 aﬁd.reared in a glass roofed room in the
insectary_at'Montaﬁa State University. Rearing was conducted in wooden
cages with cléar,plastic sides. Each cage'consisted of alx Z’in.
fir framé, 34% x 66 x 26% in. high. A 3 in. high band of window
screening at the base of each cage ‘allowed air to circulate freely;
while the 23% in. higﬁ plastic sides gbpve‘the screen prohibipgd
climbing and jgmping ou; pf a cage. ihe top .of each cage was left
open in order to avoid fi;tering of sunlight and restriction of air
flow. A grasshopper would jump out of a cage only if suddenly dis-

' turbed. |

Vegetation and soil were traﬁsported from thg study site and

placed in the.gageé in an‘attempt go provide aﬁ environment ;hat

approximafed the field conditions in soil and flora.
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Qne hundred éifpy.maie—femaie‘paiis of grasshopper nymphs were
‘reared in the laboratory each summer. Mortality factors, especially
those caused by handling, marking, testing, etc., reduced the original
numbers.cdllected to a stable population of approximately 100 pairs
for each summer. Each year, two cages were maintained at a densit&
of lS‘Eairs each, one cage at 30 pairs, and a fourth cage held tHe
remainder as'replacements. One cage of 15 pairs was utilized each
summer primarily for behavioral observations, and these grasshoppers
were not used for other experimentsl

Rearing and obsgrvations of caged.grasshoppers in the laboratory
were performed in a glags—roofed, thermpsta;icaily contrplled ro&m.‘
This room had begn:cpnverted from awfiber glass to a,glass roof, when
it became.apparent_that phe fibef glags_te#ded to reduce solar radi-
ation levels in the room. The conversion resulted in radiant emergy
fluctuations in the room beyond the capacity of ;he original heating-
cooling'system. Nigh; temperatures were set at i5.6°c (10 p.m.-6 a.m.)
gnd dayvtemperatures wefe set at‘29?490 k6 a.m.—lO pfm.) on the
thermostats. Air temperatures_in the room ranged from a low of 11.7°C
to a high of 18.9°C at night and frqm a low of 21.1°C to a high of
46.7°C during:the @ay. Detailed weather data from the fiel@ study
site for 1971 obtained by Mussgﬁug (1972) was used as a standard of
referepgg for 1abpratpry:conditions qu 1972.‘ Air tempgrafu;es inh

the 1abofatory in Juiy‘of 1972‘averaged 30.6°C,maximum, 15.3°C
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minimum, with a mean of 23.1°C. Air temperatures in the field in
July of 1971 averaged 39.1°C maximum, 11.1°C minimum, with a mean of
25.1°C. Air temperature in the field as well as relative humidity at
1 in. above the soil surface were measured by a continuous rgcording
hygrothermogfaph (Bendix Aviation Company). Air temperatﬁre in the
room was measured by a con;inubus recording thermograph (Taylor
Instrument Company) with the ;emperature probe suspended 1 ft. above
the soil in an open, draft free area between the cages. Air and soil
temperatures in the cages were monitored by thermistors connected to .
a tglethermometerrwith'a range of -15° to 50°C (Yellow Springs
Instrument Company).' Thermistor probes placed'%_in. above the soil
in the cages oﬁteﬁ recorded temperatures ranging from 37.8°f43.3°C
or higher,‘while'the tempgrature probe megsuring room air temperature
registeréd 29,4°-32,2°C. ngeAtempe;atures remained within 1°C of
those of the.rogm if measurements were made under similar conditions;
i.g., temﬁergture prpbes suspended . at the same height above soil and
shaded. The plggement,éf temperature,proses has a decided'efﬁect on
temperatufe. The higher maximum air tempggatupe,ayerggg in the field
as compared to that of the room is in part due to different place-
ments of the temperature recording probeg.

Thermistors connected to tglethermometefs (Yellow Spfiﬂgs
Instrumepf Company) were #sed_for tempera;gre-meésurements in all

observations and experiments of the present study. Soil temperatures
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were determined by placing a banjo thermistor on.thé‘surface of the
soil. ‘Air'temperaturés were measured at % in. above the séil unléss
otherwise specified. This height above the gréund approximated the
height of the body of a grasshopﬁer above the soil.

Relative humidity readings were made from-a_hygrometer (The
Chemical Rubber Company) suspended in the middle of & cage % in.
above the soil surface; Accurate control of humidity in the cages
was impossible“since each cage contained a large quantity of Poth dry
. and fresh vegetatioé and since the soii varied from wet to dry dej
pending on the length of timevfrom thg 1;$t irrigation. Relative
humidity variéd from OZ—iOOZ in the cagéé. Daytime levels averaged
20%—40%. _Watering.of the cages was schéduled to approximate the rain-
fall pattern in the field. As a result, vegetation in the cages
became very dry by the end of each sgmmér."

Solar radiation levels during July of 1972 were measured by two
identical solar radiation meters (Weather Measpre Company), one in
the field gnd one in thelglass—roof?d room of the insec;arf. Maximuﬁ
radiation'lévels at‘the two sites are compared.in Table 1. Solar
radiation levels in the'fie;d were only slightly highe; ghan those
in the glass-roofed room. A comﬁafison of soiar radiation in a
fiber glassQroofed room and in the glass-roofed room of the insectary,
obtained frgm reco;dings made in Septgmbef;-lQZZ, Qemqnsﬁratéd a. much

lower level of radiation in the fiber glass covered room (Table 2).
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TABLE 1. COMPARISON OF MAXIMUM SOLAR‘RADIATION LEVELS .FOR THE FIELD
AND THE GLASS-ROOFED ROOM OF THE INSECTARY, 1972.
(Expressed in gm. cal./cm.2/min.)

Maximum Solar Radiation

Date ‘ Field#* © Insectary

July 11 1.35 1.05
2 1.45 1.24
3 1.36 1.26
4 1.16 1.20
5 1.27 1.17

6 1.27 1.27
7 1.10 . - 1.22

8 1.09 1.00 -
9. 1.16 1.16
10 1.08 0.89
11 1.13 ———
12 '1.27 1.16
13 1.13 1.18
14 . 1.26 1.11
15 1.14 - 1.13
16 1.18 . 1.09
17 1.31 1,16
18 1.12 0.98
19 0.33 0.65
20 0.21 0.51
21 1.20 1.13
22 1.12 1.13
23 1.08 1.09
24 1.17 ———
25 1.09 ———
26 1.09 1.02
27 1.12 0.98
28 1.05 1.03
29 1.12 . 0.96°

30 1.12 . 0.89 -
31 1.16 0.91
Aug. 1 1.25 0.88
2 1.23 0.95
3 1.09 0.88°
4 1.27 0.88
Average Daily Maximum 1.12 1.04

*Field data collected by Mussgnug of Montana State University.
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TABLE 2. COMPARISON OF MAXIMUM SOLAR RADIATION LEVELS FOR THE
FIBER GLASS AND THE GLASS-ROOFED ROOMS OF THE INSECTARY,
1972. (Expressed in gm. cal./cm.%/min.)

Maximum Solar Radiation

Date : : ~ Glass Roof Fiber Glass Reof
Sept. 1 .93 .32
2 .91 . .36
3 .99 .40
4 1.05 - .40
5 1.01 .36
6 .29 .32
7 .96 .37
8 v ' ' ———— . ——ta
9 Average Daily Maximum .88 .36

However, solar radiation"levels.#ere often equa} in the fooms, if

not slightly higher iﬁ the'fibg; glass roofed foom, on cloudy days.
It is suspected that the fiber glass absorbs and‘xeflédts those wave-
lengths of light most likely to be absorbed and reflected by a heavy
cloud cover. Thefefbre, the roof aqts like an artificial cloud co&er
on sunny days.

Specialized equipment and techﬁiques were utilized in several
experiments. Appropriate descriptions of these are given in the
details of thé’specific experiments tb which they apply.“ Individual
experiments are described in the Investigations section. 4qu; major
types of apparatus were devgloped and_utilized ip this study:

..l. Tilt Table.. (Figure 1). This apﬁarétug was usea to test
grasshopper orientation to factors such as light; geotaxis, and

visual signals. The test area cpnsisted of a plate glass floor, 3 ft.
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Figure 1. Tilt Table.

=18~

Plate
Fiber

glass

glass

floor

ring




-19—
in diameter, with a fiber glass ring forming sides 5 3/4 in. in
height. A removable clear plastic cover was used in éxperimenﬁs in
which air currents were controlled. The entire dev%ce'could be
easily cleaned-wiéh ethanolior ofher solvents to remove odor clues
from previous experiments. A 300 W., clear, incandescent bulb, 5 ft.
above the center of the arena provided illumination. Heat_effects
from this bulb could be minimized by coptrol'of room.ﬁemperature.
White mpslin shields surrounded the entire apparatus from floor to
ceiling to eliminate distracting visual clues. The floor of the
arena was supporfed on two vertical wooden pillars, 14 in. high,
which could be replaced with taller supporté to aliow any tilt of
the apparatus from 0°-90° above the hori;oﬁta;. Lights, heaters,
fans, screens, and the likelpermitted_cqntrolled intrqduction of
many stimuli. A Y~-tube olfactometer, paﬁterned after Hocking and
Lindsay (1958), was used with this arena for preliminary olfaction
tests, but'tu;bplent;air currents, produpedlby the,cﬁrved sides of
the arena, limited. the use of the ol?actomete;'and necessitgtgd the
consp;quion-of a separate wind tunnel for plfactidq tests. |

The Tilt Tapletarena'was similar in desigq to test arenas used
by Ellis (1951, 1953) and'Gillet (i972>. If differed from other
designs in itévversatilityP and it was larger than most othgr designs.
Attraétion.to the walls.was reduced by the large size of the arena

in relation to the size of the grasshoppef.'
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2. Wind Ignnel. A wind tunne; to test olfaction'responses was
constructed in 1972 The design of Haskell et al. (1962) was followed.
Electric fences used to-keep grasshoppers off the end filters were
eliminated and four 250 W. GE infrared lamps were substituted for the
three Philipps 375 W. infrared lamps of the original design. Low wind
speeds of 1-4 ft./sec. were found to be the most effective for ador
tests. Temperature in the tunnel was monitored by nine thermistors,
six at the surface of the sand in the bottom of the tunnel, two % in.
. above the sand for air temperatures, and one movable probe for spot
measureménts.' Temperaturesvcpuld be controlled within leés than 1.0°C
variation. White muslin shiglds were used to visually isolate, the
grasshoppers. Thg'shields were removed for observations of hatchling
nymphs, which proved to be very difficult to see against the sand.
The apparatus was large enough that Ehese'first_instar nymphs rarely
) apprpached the sides or ends of the tunnel and appeared not. to notice
the observer. However, adults rapidly‘reached«the sides and'would’

sit watching the observer if the muslin screens were not in place.

3. Alternative Humidity'Chamber. An alternative chamber based

on the design of Atkins and Wellington (1962) was constructed to test
the effects of humidif& on orientation and activity'of grasshbppers.
The major modifications from the original design included enlargement
of the chamber and the use of wooden boxes lined with metal trays

instead of battery jars. The apparatus'waszA in. square, 16 in.
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high, and divided in the middle into two.boxes 22 x 11 x 16 in. A
window screening metal floor covered the inner boxes. A woodeﬁ box
24 in. square by 18 in. high surrounded the entire assembly. This
‘outer box had a tight fitting Plexiglas cover, which was'positioned
1% in. abové the screening floor. Illumination was by a single 200
W. bulb suspended 3 ft. abovg the center of the apparatus. All tests
were performed at 32.2°C. Appropriate salts and éolutions (0'Brien,
1946) provided a choice of relative humidities in excess of 95% on
the wet side and less than 10% on the dry side. Equilibrium was '
achieved in 45;60 min. The assembly mainpained the humidity gradignts
for 3—4'hr. or longer, with leéé than % in. transition zone between

the extremes of humidity. Test grasshoppers were introduced to the

choice chamber through a hole in the center of the Plexiglas cover.

4. Hatch Sampler. (Figure 2). This device was used to sample

the number of grasshoppgr nymphs emerging from egg'pods at any given
time. Two samplers, each small enough to fit inside a G.E. Model 808
incubator, were constructed. Each sampler utilized a counterclockwise
rotating drum obtained from an event recorder. Each drum completed a
rotation in 24 hrs. An inverted, covered 9 in. pie pan was mounted
on top of the drum so that it also rotated. The plastic cover of the
pén was divided into 12 pie shaped sections and served as a collector
for the emerging n&mphs; .A.narrow opening was cut in the metal pan

of the collector around the ‘circumference. ‘A second metal pie pan
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Figure 2. Hatch Sampler.
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wés inverted over the firsf as a cover. A 6 in. diameter plastic
funnel was fastened to a wooden support and positioned over the
assembly so tha£ the apex of the funnel opened through a hole in the
cover-pan directly over the slot in the collector-pan. The cover-pan
acted as a lid to seal the apparatus and was stationary since it was
affixed éo.the funnel. The collector rotated beneath the stationary
lid. Grasshopper pods were suspended in the funnel so that when the
nymphs emerged they would slide down the funnel and into one of the
pie shaped divisions of the collector. The‘pods were first mounted
in the funnel by pieces of plastic tape, but several nymphs became
glued to the tape. This problem was eliminated by hanging the pods
by means of individual fine copper wires from a ring in the top of
the funnel. The entire assembly could be placed into an®incubator
and temperature and lighting could be varied to test their influence
on haFching patterns. Concurrent replicate tests were performed,
since two idegtical incubators were availgble. ihe 12 divisions of
the collector sampled the number of nymphs emerging in any two hoﬁr

period.




INVESTIGATIONS

I. Hatching Experiments

Iﬁ Septembef, 1972, Aulocara elliotti egg pods, laid by labora-
tory reared grasshoppers from Billiﬁgs during the previous summer,
were sifted from the soil . and incubated in sand in 9 in. pie‘pans in
the glass—roofed room of the imsectary. The‘room temperature was
regulated at 29.4°C during the day and115.5°C during the night.
Variations in the room temperature could be controlled within * 2.0°C
during the fall and winter months. The pods were exposed to a
natural photoperiod. Egg pods also were collected from a field site
near Townsend, Monfana, which had had a highhdensity (approximately
80 grésshoppers_or more per square yard) populatign during the summer.
These  pods were treated in ‘the same manner as the previous pods.

Hastings>(197l) used.a 60—d;y cgld treatment at 5°C to te;minate
diapause in:eggs of 4. eZZ%otti. Mussgnug'(1972) reported that dia-
pause was more successfully terminated b& chilling the eggs at 3-5°C
for 80 days than for 50 days. Both groups of pods used in_the present
gtudy were placed in a’ cold room at 3-5°C on October 14, 1972, to
terminate diapause. The pods were removgd from the cola afger 80 days
and incubated in the insectary under fluctuating_l;ght (lightg on at
6 a.m., off at 10 ﬁ.m;) and temperature (29.4°C_from 6 a.m. to 10 p.m.,

15.5°C from 10 p.m. to 6 a.m.).
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Additional eggs were collected at Townsend, on January 16,

1973, and May 6; 1973. The pods collected in January were divided
into two groups. Ninety pods weré'incubated in the glass-roofed room
under the conditions described, without additional cold. One—hundreg
thirty pods were given an additional 80 days of cold (3-5°F). Pods
collected in May were used in experiments to be discussed later;

Figure 3 summarizes data concerning hatching of the eggs col-
lected in the laboratory and at Townsend in September, 1972, and from
.eggs collected from Townsend iﬁ January, 1973. The latter were incu-
bated without further cold treatment.

The graph for the eggs collected from Townsend in January shows
a typical laboratory emergence pattern. Numbers emerging rapidly
increased to a maximum within 2-4 days of the initial emergence and .
then grédually declined; if all the Rods in the experimental group
reéeived similar treatments of cqld incubation.

The data are combined for eggs from three laboratory cages and
from the Townsend field site, and a common pattern was observed. The
hatch rate for all groups appeared to decline after anhinitial in-
crease of emergence numbers; yet, only a relatively small percentage
of the eggs had hatched. Notipg.that the sand in the pans had become
compacted  from top watering, the sapd was 1oo§gned with a knife, which
resultéd in an immediate/emeréenée of nymphs:from all'four pans and a

high percentage of hatch through the day. Examination of the pods
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Hatching of eggs of A. elliotti in the insectary. Eggs were collected in
September from the laboratory cages and from the Townsend field site; eggs
collected in January were from Townsend and were maintained in loose soil.
Soil around the eggs collected in September was compacted from top watering.
On the fifth day after the first hatch, the hardened soil was loosened with a
knife.
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that failed to hatch in this and other hatching experiments revealed
that occasionally nymphs emerge from the egg but are not successful

in escaping from the pod, especially-if the pods aré in compacted

soll or are very dry.

It was decided to test if soil compaction could inhibit or delay
escape from the pod. Two plastic bottles 2 in. in diameter by 2 in.
deep were filied with sand to within % in. of the top. . Egg pods from
Townsend, Montana, were inserted in a normal upright position in each
jar. Each jar contained 30 pods. The pods in one jar were arranged
in a loose layer of sand with the anterior ends of the pods slightly
above the surface of the sand. Wet sand was packed firmly aréund the
pods in the other jar, and % in. of wet sand was firmly packed over
the ends of the pods. Less than % in. of hard, dried sand had covered
the pods_ip the pig pans in which loosening of the sand appeared to
contribute to emergence success. The pods used in the compacpion test
had been collectéd on May 6, 1973 and examination of a sampie pf the
pods revealed that diapause had terminated. These pods were inpubatgd,
as'befo;e, in the insectary room without fgrther cold treatments.
Taﬁles 3 and 4 present the emergence data for the pods in the loose
and thg packed sand. The nymphs in the loose sand emergéd over a
period of eight days, while those in ;he packed sand emefged over a
peripd‘of four days.' Emergence percentéges were pnly s}ightly lower

for the packed soil. Examination of the egg pods which failed to
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TABLE 3. ECLOSION OF NYMPHS FROM PODS INCUBATED IN LOOSE SAND UNDER
A NATURAL PHOTOPERIOD. (91.4% of total eggs hatched)

. . Time of Day Daily
Date 8:30 a.m. 11:30 a.m. 5:30 p.m. 8:30 p.m. Totals
5-12 10 0 0 0 10
5-~13 7 0 0 0 7
5-14 18 0 0 0 18
5~15 41 5 0 3 49
5~16 37 9 0 0. 46
5~17 20 0 0 0 20
5-18 0 0 0 0 0
5-19 _9 0 0 0 _9
Time

Period

Totals 142

}_l
B~
(@]
w

159

TABLE 4. ECLOSION OF NYMPHS FROM PODS INCUBATED IN COMPACTED SAND
UNDER A NATURAL PHOTOPERIOD. (85.47% of total eggs hatched)

Time of Day Daily
Date 8:30 a.m. 11:30 a.m. 5:30 p.m. 8:30 p.m. Totals
5~12 0 0 -0 0 0
5~13 0 0 0 0 0
5-14 19 0 0 0 19
5-15 80 0 0 0 80
5-16 11 0 0 0 11
5-17 13 0 0 0 13
5-18 0 0 0 0 0
5-19 _o0 0 0 0 _0
Time
Period
Totals 123 0 0 0 123

hatch did not reveal any pods in which\the'nymphs had hatched and

failed to emerge from the pod. Some of the pods were filled with
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dirt, indicating that tﬁey were probably old pods that had hétéhéd

in the field the year before. This accounts fér the 25 pods reported
in the data for the packed sand and the 28 pods for the loose sand,
instead of 30 pods for each test. Parasitism, sterility, and arrested
development accounted for the pods failing. to hatch.

Obsefvations of the hatch from the packed sand revealed that on
May 14 nymphs from three pods broke through the sand in three places.
All 80 nymphs that hatched on the morning of May 15, emerged before
8 a.m. Instead of numerous holes leading from each pod through the
sand, the entire c;ust of hardened'sand had been lifted and brokep.
Apparently, the‘combined pressure of a number of nymphs at.one time
was sufficient to break the surface layer of hardeped sand. Thig in
turn may have released the pressure on other pods, allowing them to
hatch.

Frequently,‘during these and other hatghing'experiments, groups
of nymphs were seen to hatch within a few minutes of watering either
the pods or the soil. Hastingg of Montana State University (personal
communication, 1973) stated that he had performed some preliminary
tests on the effects of water on_hatchiqgrand found”evidgnce that
application of water could indpce hatching, if the eggs had developed
to the hatching stage. Whethef water activates some types.of hatching

mechanism or facilitates opening of the pod is not known.
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Muésgnug (l972).conciuded that a diurnal pattern of emergence
existed in 4. elliotti. Numbers emerging in the laboratory in the
present study were found to. be greatest during the hours of 6 a.m.
and 12 noon. Since both temperature and light cycled daily, experi-
ments were designed to examine these factors separately.

The cold-treated pods collected in January, 1973, from Townsend
were removed from the cold room on April 10, 1973. Thirt§ pods were
placéd in each of the two hatch samplers (Figure 2, p. 22). SeVenty
pods were placed in the greenhogse under fluctuating conditions, as
in the previous tests, to serve és confrols.

Table 5 presents the data obtained from 30 pods in a hatch
sampler placed in an incubator under a fluctuating temperature regime
(20°C from 12 midnight to 12.nmoon, 30°C from 12 noon to 12 midnight)
and constant dark conditions. Pods were watered and emerged nymphs
removed from the apparapﬁs daily at 8 a.ﬁf A 10 W. red, darkroom
safelight‘was usea in examination of the pods. Behavior tests
indicated that nymphs and adults of A. elliotti could not orient to
this light. The incubator was housed in a windowless room in order
to eliminate extraneous light.

A greater number of nymphs emerged at the time of the tempera-

" ture increase_(lZ noon) than at any other time. No eggs hatched at
the time of the temperature decrease. A few nymphs emerged prior to

the time of the temperature increase, but more hatched after the




TABLE 5.

ECLOSION OF NYMPHS INCUBATED UNDER CONDITIONS OF CONSTANT DARK AND FLUCTUATING
TEMPERATURE (20°C from 12 midnight to 12 noon, 30°C from 12 mnoon to 12 midnight).

Totals

44

o - Time. of Day

103 35 5-7 . 7-9 9-11 1i1-1 1-3 3-5 5-7 7-9 9-11 11-1 Daily
Date a:m.. a.m. a.m; a.m. @.m,- p.m. - p.m. Pp.m, Pp.m. Pp.m. Pp.m. a.m. Totals
4-20 0 I o0 2 15 25 17 5 1 1 0 0 67
4-21 -0 0 0 1 0 5 5 2 1 0 0 0 14
4-22 0 0 0 o 1 14 2 1 0 0 0 0 18
23 0 0 o o o o o 1 1 o 0 0 - _2
Time
Period , :

24 9 3 1 0 101"
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increase than before. |

Table 6 presents the data obtained from 30 pods in a hatch
sampler placed in an incubator under a fluctuating ligﬁf regime
(fluorescent ligh;s in the chamber on at 12 midnight, off at 12 noon)
and constant temperature (25°C) conditions. Pods were watered and
emerged nymphs removed from the apparatus daily at 8:30 a.m. The
.data suggests a random pattern of emergence, although a large number
of eggs hatched at the 4 p.m. time period.'

Table 7 presents the data obtained from 70 control pods incu-
bated under fluctuating temperature and light in the greenhouse.
The greatest numbers hatched between 6'aﬂm. and 12:noon. Previous
tests demonstrated that few or no grasshoppers.egerge between the
hours of 10 p.m. and 6 a.m. qnder these coﬁditions.' jhérefore, ex-
cept for occasional spot checks, datg for this time period were not
obtained.

The time of first emergence ana the duratipp of the hatch qf_
the constant temperature pods varied greatly from that of the
fluctuating temperature and control pods. The pods used in all
three tests of pods in the hatch sampler were removéd from the cold
on April 10, 1973 after 84 days. On April 20, the nymphs in the
incubator under‘constant dark and fluctuaping temperature (20°-30°C)
conditions bggan to‘emerge. The hatch began ten days aftgr removal

from the cold and was completed in four days. On April 26, after




TABLE 6. ECLOSION OF NYMPHS FROM EGGS INCUBATED UNDER CONDITIONS OF CONSTANT.TEMPERATURE

(25°C) AND FLUCTUATING LIGHT (lights on from 12 midnight, lights off from 12 noon).

Time of Day _

: 1-3 3-5 5-7 7-9 9-11 ~11-1 1-3- 3-5 5=7 7-9 9-11 11-1 Daily
Date p.m. p.m p.m p.m p.m. a.m. a.m. a.m. a.m. a.m. a.m. p.m. Totals -
5-4 0 0 0 0 0 2 1 1 0 0o 0 0 4
5-5 8 28 0 0 1 0 0 0 0 0 0 7 4,
5-6 0 4 3 r 0 0 3 0 0 1 4 0 16
5-7 0 0 0 0 0 0 3 0 1 0 -0 0 4
5-8 0 0 0 0 0 0 0 0 2 0 1 0 3
5-9 3 0 0 0 0 2 0 0 1 0 0 0 6
5-10 4 1 0 0 0 0 0 0 0 .9 3 5 22
5-11 4 3 0 0 0 9 0 0 0 0 0 0 16
5-12 0 0 0 0 0 0 0 0 0 0 0 0 0
5-13 0 0 0 0 0 0 0 0 0 0 6 2 8
5-144 0 O 0 0. 0 1 2 0 6 0 0 9 3
Time T
Period
Totals 19 36 3 1 1 14 9 1 4 10 14 14 126

_gg..
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TABLE.7. ECLOSION OF NYMPHS FROM EGGS INCUBATED UNDER FLUCTUATING
CONDITIONS OF TEMPERATURE AND LIGHT IN THE INSECTARY
(natural photoperiod).

Time of Day
8:15- 11:15- 2:15~ 5:15- 8:15~- 10:15 p.m.-

11:15 2:15 5:15 8:15 10:15 8:15 Daily
Date a.m. p.m. P.m. P.m. p.m. a.m. Totals
4-26 21 84 27 13 13 2 160
4-27 59 97 12 0 0 0 168
4-28 7 41 14 8 0 0 70
4-29 7 9 5 0 0 0 21
4-30 0 7 : 1 0] 0 0 8
4-31 o 7 0o 0 0 o _
Time
Period
Totals 94 245 59 21 13 2 434

16 days, the nymphs from the control pods exposed to fluctuating
temperature (60°—85°F, 15.5°-29.4°C) and light in the greenhouse be-
gan to emerge, and the hatch continued for six days. ' Lastly, on May
4, the nymphs in the incubator under constant temperature (25°C) and
fluctuating light started to emerge. The hatch began 24 days after
reméval from the cold and lasted 14 days. Four pods, that had not
hatched by May 14, were combined with pods used in a second identical
test and these four_hatched by May 18.

One hﬁndred twenty additional pods were obtained frém Townsend,
Montana, on May 6, 1973, to further test the effects of temperature
and light on hatching. Thirty pods were placed in each of the two
sampler; in the incubators, withouf further cold treatment. The

remaining pods were used in the sand compaction tests, already .
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described (Tébies 3 & 4), and they also served as controls for the
environmental qonditionstof the insectary.

No definite pattern of emergence was discerned in the previous
test of constant temperature and fluctuating light. This test was
contiﬁued by the addition of 30 pods on May 6, 1973, to the sampler.
All but four of the pods, that eventually hatched from the original
test group, had emerged by May 14. On May 15, nymphs began to
emerge from the second test group.

Table 8 presents the data .obtained from the second test of pods
incubated undér constant temperature (25°C) gnd fluctuating light
and summarizes the data from Eoth tests. Again, more nymphs emerged
during the 4 p.m. time period than at any other, glthough nymphs
hatched during most time periods. The combined data from the two
tests indicate the possibility of two periods of increased emergence,
one early in the dark cycle, and one early in the light cycle.

The original test of the effects of fluctuating ﬁemperature
under constant dark conditions indicated that a peak of emergence
occurred at the time of tempe;gture increase. However, the hatch
began at the 6 a.m. time period and reached a_maximuﬁ at the 12 nooﬁ
time period. The control pods in the glass-roofed room of the
insectary showed a pattern of emergence-beginping at 6 a.m. and
reaching a peak by 11 a.m. To gliminate the possibility that the

12 noon peak in the incubaﬁor resulted from a'slightly shifted cycle




TABLE 8. ECLOSION OF NYMPHS FROM EGGS INCUBATED UNDER CONDITIONS OF CONSTANT. TEMPERATURE
(25°C) AND FLUCTUATING LIGHT (lights on from 12 midnight, lights off from 12 noon).

. . Time of Day

1-3 3-5 5-7 7-9 9-11 11-1 1-3 3-5 5~7 7-9 9-11 11-1 Daily
Date p.m. p.m. Pp.m. Pp.m. Pp.m a.m. a.m. a.m a.m. a.m. a.m p.m. Totals
5-15 5 1 0 0 0 0 0 0 0 0 0 5 11
5-17 0 0 0 0 0 0 0 0 0 0 0 0 0
5-18 1 11 - 5 0 0 0 0 0 0 0 0 0 17
/5-19 0. 0 0 3 1 2 0o -0 0 0 4 4 14w
5-20 5 11 8 9 9 11 4 0 0 0 0 0 57
521 0 0 0 o 0 o 7% 2+ 1% _  _ _ 20%
Time .
Period o
Totals 11- 23 13 12 10 13 4 "0 0 0 4 9 99 + 20%

, ' (119)

*Clock stopped.
Combined
Totals of
Tables
6 & 8 30 59 16 13 11 27 13 1 4 10 18 23

T
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of emergence, 30 pods were placed in the hatch sampler in the
incubator on May 6, 1973, and conditions established as before, ex-
cept that the temperature increased from 20° to 30°C at 12 midnight
and decreased to 20°C at 12 noon. Pods were watered and emerged
nymphs removed from the apparatus at 8 a.m. as before.

Table 9 presents the data from the second test of 30 pods
incuba;ed under constant dark and fluctuating temperature (20-30°C).
The greatest number of nymphs again emerged at the fime of the
temperature increase. This was a shift of 12 hours from the previ-
ous test. Nymphs began to emerge as eatrly as tbe_4 p.m. period and
the peak of emergence occurred at 12 midnight. On May 16, nymphs
began to emerge during the 4 p.m. pe;iod and continued until the.
midnight period, but the incubator fai;ed to change to the high
temperature cycle at midnight and no nymphs emerged at that time.

Grasshoppers were emerging in the field, by May 16, making it
impossible to obtain spfficient numbers of pods to condgct further
tests of‘temperature effects on hatching. The data obtained imply
that temperature may be able to initiate emergence, if the embryo
has developed to the definitive stage.

The pods in the constant dark and fluctuating temperature incu-

bator were among the first to hatch from the May 6th groups. The

first nymphs emerged on May 13, and the hatch continued for six days.

The pods incubated in the insectary in loose sand, started to emerge




Totals

TABLE 9. ECLOSION OF NYMPHS FROM EGGS INCUBATED UNDER CONDITIONS OF CONSTANT DARK AND
FLUCTUATING TEMPERATURE (20°C)from 12 noon to 12 midnight, 30°C from 12 mid- .
night to 12 noon).

. Time of Day
1-3 3-5 5-7 7-9 9-11 11-1 1-3 3-5 5-7 7-9 9-11 11-1 Daily

Date p.m. p.m p.m p.m. p.m a.m. a.,m. a.,m. a.,m. a.m. a.m. p.m Totals

5-13 0 0 0 0 0 0 6 1 0 0 0 0 7

5-14 0 0 1 3 2 23 3 0 0 0 0 0 32

515 o 0 6 6 13 4 2 0 0 o0 O 0  _74

Time

Period

0 7 9 15 70 1% 1 0 0 0 0 113

™ 1T




-

-39-
one day egrlier, on May 12, and finished the hatch in eight days.
The pods in the compaéted sand emerged oﬁ May 4, and thévhatch'lasted
fouf days. The pods in the fluctuating light and constant tempéra—
ture incubator were the last to emerge. The first nymphs emerged

on May 15, and the duration of the hatch was 12 days.

Discussion: Roemhild (1965) reported that diapause termination
required a minimum of 50 days of cold at 9-10°C. Mussghug (1972)
found 80 days of cold at 3-5°C to be more effective than 50 days for
diapause termination. He found that embryos completing blastokinesis
but failing to hatch occﬁrred in similar percentages for both groups
and concurred with Roemhild (1965) that hatching and diapause termi-
nation may be controlled by two independent mechénisms. |

It appears that hatching in 4. elliotti may follow a circadian
rhythm under natural conditions. Haéching was not observed in the
field, but fluctuating temperature and light conditions in the'
insectary approximated those of the field. Hunter-Jones (1966) re-
ported a circadian rhythm for emergence in Schitocércq grégaria
Forsk, (Acrididae). The_work of Mussgnug (1972) and the present
study demonstrate a maximgm of hatching numbers from 6 a.m. to 12
noon in the insec;ary.

Scott (1936) suggested that fluctuatiﬁg environmental factoré
such as temperature, light, barometric pressure, relative humidity,

electric potential, and electric conductivity of air may be
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responsible for diurnal rhythms. He concluded that light and tempera-
ture, because of the magnitude of their daily changes, were the most
important factors. Harker (1961) hypothesized that cirgadian rhythms
may be endogenous, and that the rhythms are phased by environmental
factors. Harker regards a change in light-intensity as the most
powerful phase setter in almost every case, and she reports that
temperature~dependent rhythms hive been shown to exist in Drosophila,
Ephestia, Ptinus, and Periplaneta. She concluded, '"temperature
fluctugtions do not appear to act as strongly or as generally‘as do
light fluctuations."

Scotf (1936) qnd_Moriarty (1959) noted. an increase. in the
eclosion of Ephestia kﬁhnre?la Zell. with a decrease in temperature.
Scott induced a 16 hr. eclosion cycle in Ephestia which followgd.a
16 hr. temperature cycle. Thé cycle Feverts to 24 hrs. under con-
stant temperature; phe timing of the rhythm determined by the time
of the last temperature decrease (Moriarty, 1959). Both authors
concluded that an external factor (a change ip temperature or light
intgnsity) regulates,ag endogenous rhythm to maintain a pe;k of
emergence at the correcf time of the day.

Temperature appears to be important in triggering the émergencé
of A. elliotti, although moisture, light, or other factorg may be
important. The occurrence'of hatchiné before thg temperéturelin-

crease, suggests the existence of an endogenous rhythm phased by
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the previous temperature increase. However, the lack of a peak

of emergence, when the incubator failed to increase the temperature
on May 16 suggests an initiating effect of temperature on emergence.

Light intensity may be important to A. elliotti in combination
with temperature for timiné ha?ching. Behavioral experiments indi-~
cate tﬁat fluorescent light is not as attractive to A. elliotéi as
other sources of light (see section of this paper on visual, photic,
and thermal responses). It is possible that the fluorescent lights
in the incubators are not of the proper intensity or wavelength of
light to phase emergence rhythms. It is probable that only a minute
amount of light reaches the eggs in a pod in the field, since the
pods are about 1 in. below the surface of the soil. Although
Pittendrigh and Bruce (1959) indicated that minute amounts of light
could establish the time of hatching in Drosophila, it is probable
that temperature is more important under field conditions than
light for timing the emergence of A. elliottri.

The two increased periods of emergence early in the }ight cycle
and early in the dark cycle of the constant temperature incubgtor
may have been caused by light or temperéture. It is possible that
a change in light intensiﬁy can trigger an emergence cycle. It does
not seem probable that either an increase or a decrease in 1light
intensity should initiate a cycle of hatching. Under"normal' con-

ditions in the laboratory, grasshoppers do not hatch during the dark
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hours as occurred in.the incubator. The constant temperature of 25°C
in the incubator is not accurate. The compressor of the incubator is
needed to cool the interior of the cabinet dﬁring the lights on
period since fluorescent lights generate heat. Heaters are often
needed during the lights off period to maintain 25°C since a source
of heat is removed when the lights are turned off. These changes
cause temperature fluctuations at the beginning of each cycle, which

may be responsible for the observed increases of emergence.

IT. Humidity Experiments

Nymphs of Aulocara elliotti frequently were unable to shed the
pro-nymphal exuvium when conditions in the laboratory were'very dry.
Some nymphs died within the exuvium; many were unable to free.their
metathoracic legs, which greatly hampered movement. Older nymphs
occasionally experienced the same difficulties at each ecdysis.
Riegert (1958) reported: that nymphs of Camnula pellucida (Scudd.)
often died in the field because they were unable to rid themselves
of the pro-nymphal skins on hot, dry days. He also'bbserved that
exuviae were frequently piled in degse clusters under succulent
weeds, where the microclimate is more humid than in areas of sparse.
or dry vegetation. His experiments on the humidity preferences of
c. peZZucida and Melanoplus _biz/)ittatus‘ (Say) indicated tha:t nymphs
preferred dry conditions until the time of ecdysis, when a pre-

ference for moister conditions was manifested.
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Laboratory hatched and'reared nymphg and‘adults of A. elliotti
were used as test subjects for humidity tests of theqpresent study.
These grasshoppers were kept in a room of the insectary 29.4 * 2°C
and 20-40 percent relative humidity. Grasshoppers were conditioned
at 25 percent relative hpmidity and 24°C for four hours prior to
testing. Newly emerged nymphs were tested immediately -upon hatching
without prior conditioning.

All tests were conducted in the humidity chamber described in
the Materials and Methods section, p. 12. Nymphs of each of the
five instars and adults of both sexes were exposed in groups of 15-
20 to a choice of less thgn 10% and greater‘than 95% relative‘humidity.
Riegert (l959> found that the index of reaction for (. pellucida in-
creased as the difference between alternative humidities increased
with a‘maximum at 0% and 90% relative humidity.

Groups of A. elliotti were introduced intp the center of the
apparatus and allowed to settle for five minutes. Preliminary
observations indicated that within ZO.min. the grassﬁoppers tgnded
to settle in basking positions. Position records were maﬁe at 25
and 45 min. after the introduction-of the animals. Tests were con-
ducted at the beginning,.middle, and end of each stadium. Nymphs
that had molted within 12 hrs. of testing were considered to be
representative of the earlier stadiuﬁ. Nymphs tested 374 days after

the previous ecdysis were categorized as mid-stadium. Each stadium
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normally encompassed 6-10 days, although some third instar nymphs
unexpectantly completed ﬁhat stage in four days. Late stadium nymphs
were determined by tﬁe length éf time since the previous moit, by
physical appearance, and by behavioral clues such as decreased feeding
activities. . These nymphs could usually be identified within 24 hrs.
of the ensuing ecdyéis. Some of the late stadium grasshoppers molted
during the tests. Groups containing individuals which were observed
to molt during a test are included in the category 'transition stage'
in the ;ébles.

The index of each reaction was calculated from the formula

lQO(D—W)

N s, in which D is the number of position records from the drier

side, W is the number of position régords from the wetter side, and
N is the total number of oBservgtions (Bentley,il944). ~This is.a |
variation of the "excess percentage of reaétionf of Gunn and Cosway
(1938). 1Index values range from -100 to +100; Q percent ipdicates
no reaction; a negative value indicates a preference for the higher
humidity; a positive value indicates a preferepce for the lqwer
hpmidity{

A few A. elliotti were observed in the narrow transition zone
between the dry and the wet side of the’cﬁamber during'most tests.,
The number N is the total number of position records .(wet + dry +
transition)._ This wvalue adjusts the indéx of reaction to account

for grasshoppers in the transition zone.
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Table 10 summarizes the humidity reactions<.of first instar

TABLE 10. DISTRIBUTION OF FIRST INSTAR NYMPHS IN THE ALTERNATIVE
HUMIDITY CHAMBER (Temperature 32°C, relative humidities
«<10% and >95%, nymphs tested within 8 hrs. of eclosion,
January 13, 1973).

No. of Animals’

Expt. No. of in each Zone 100 (D=W) and Si
No. Animals Dry Mid. Wet : N
la. . 17 6 - 11 -29.4
1b. 17 5 - 12 ~41.2
lc. 17 4 2 11 -41.2
2a. 9 3 - 6 -33.3
2b. 9 4 - 5 - -11.1
3a. . 17 5 1 11 ~ °~ -35.3
3b. 17 5 1 11 -35.3
_ 4ba. 9 3 - 6 -33.3
4b. 9 S 2 -1 6 ~bb .4
5a. 18 6 "2 10 T =22.2
5b. - 18 7 1 10 ~16.6
Total = 157 50 8 99 -31.2 * 3.23

pymphs within 8 hrs.‘of emergence from the pod. There appears to
bé ; marked preferencé for the higher felative humidity-

Table 11 presents the data for the rasponses of first instar
~nymphs during ghe'first half of the stadium. Whereas the nymphs
preferred the highér humidity early in the stadium, this prefer—
ence was not- seen ét 72 hrs. The humidity responses of nymphs be-~
tween the first and the third days after hatqhing were vafiableq

A summation of responées to humidity by nymphs of each instar

and by adults appears in Table 12. In'genefal,'a preference for

LLL 3
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TABLE 11. DISTRIBUTION OF MID-STADIUM, FIRST INSTAR NYMPHS IN THE
’ ALTERNATIVE HUMIDITY CHAMBER (Temperature 32°C,. relative
hiumidities <10% and >95%, nymphs tested at different
stages after eclosion).

No. of Animals

Hrs. after No. of in each Zone 100 (D-W
Eclosion Expts. Dry  Mid. Wet ' N -
1- 4 8 42 - 9 94 -35.9
b= 6 8 26 5 58 -38.2

30 4 22 19 26 - 6.0%
48-50 4 27 "2 28 - 1.7%
52-54 6 24 3 75 ~-49.0
72 2 25 5 14 +25.0

*Although the index value is negative, grasshoppers moved farther
into the dry zone. '
tHe drier eﬁvironment was é&idenced by.adulté~and mid—staaiaAnymphs.
About 20 hrs. prior to ecdysis, a preference for the wetter environ—
ment began to be manifested. This re;ponse conﬁinued through'the
molting-perid& unfil approximately 12 hrs. after the molt. The
responses of fourth instar nymphs to relative humidities demon-
strated strong changes in movement direction at each of the three
observed periods of the stadium. These movéments were more pro-
nonnced than in earlier instars, both in regards to position
. C

numbers and. to position distance from the transition‘zone°

Table 13 shows thg‘changes in response to humidity conditiqns
which occur if the grasshéppgrs were left.in the alternative chamber

for several hours without food. The initial response increased in

intensity or reversed within 1-4 hrs. If the initial movement was
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DISTRIBUTION OF NYMPHS AND ADULTS IN THE ALTERNATIVE
HUMIDITY CHAMBER (Temperature 32°C, relative humidities
<10% and >95%, nymphs and adults tested at different
periods in the ecdysial cycle).

No. of Animals

in each Zone 100 (D-W)
Stage Period Dry Mid. Wet N
Early . 118 22 251 -34.0
_First Mid., 74 26 68 ~+ 3.6
Instar lTrans. 35 13 58 -21.7
Early 49 5 95 -30.8
Second Mid. 19 5 19 0.0
Instar Late 15 5 26 -23.9
Early - - - -
Third Mid. ~ - 100 7 74 +14.4
Instar Mid.-Late T34 5 - 37 - 3.9
Late 52 ‘6 61 - 7.6
Early 9 3 16 -25.0
Fourth- . Mid. 101 4 64 +21.8
Instar Late 16 3 45 =45.3
| Early - 16 2 32 ~32.0
Fifth Mid. 11 1 " 37 -53,0%
Instar Mid. 25 3 20 +10.4F
Late 18 3 78 ~-60.6
Early 3 0 15 -66.6
Mature 44 3 27 +22.97

*Food was very dry, same group ate fresh vegetation and

response (1).

reversed
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DISTRIBUTION OF NYMPHS AND ADULTS IN THE ALTERNATIVE
HUMIDITY CHAMBER (Temperature 32°C, relative humidities
<10% and >957%, nymphs and adults left in choice chamber

for several hours).

No. of Animals
Time after Expt. in each Zone 100 (D-W)
Stage Introduction No. Dry Mid. . Wet N
Adult 20 min. la. 6 L 5 + 8.3
40 min. 1b. 7 0 5 +16.7
60 min. lec. 8 0 4 +33.3
120 min. 1d. 7 2 3 +33.3
Fifth 20 min. 2a, 4 0 12 -50.0
40 min. 2b. 2 1 14 -75.0
60 min. 2c. 5 0 11 -37.5
120 min. 2d. 8 1 7 + 6.3
Fourth 20 min. 3a.- 10 1 10 0.0
40 min. 3b. 9 0 12 -14.3
240 min. 3c. 9 0 12 -14.3
300 min. 3d. 5 0 15 -50.0
Third 40 min. ba, 7 L2 8 - 5.9
60 min. 4b. 9 1- 6 +18.7
- 90 min. b4e. 11 0 6 +31.2
" 20 min. 5a. 11 0 16 -29.4
40 min. 5b. 15 1 11 -23.5
240 min. . 5c. 14 0 12 +12.5
Second 20 min. 6a. 3 2 10 ~46.6
40 min, 6b. 7 1 6 + 7.1
60 min. 6¢c. 9 2 3 +42.9
20 min. 7a. 3 3 10 -43.7
40 min. 7b. 5 1 9 -26.7
120 min. 7c. 7 1 7 0

0.

slight, continued exposure to the alternative conditions often in-

duced a directed movement.

the responseé frequently waned or reversed ‘with continued stimulation.

If the initial movement was pronounced,

£ -4
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Discussion: A. elliotti responds to a choice of relative
humidity in a manner that closely parallels that reported‘for C.
pellucida and M. bivittatus (Riegert, 1958; 1959; 1960). .‘A. elliotti
usually demonstrates a normal prefefence for drier conditions.: A
movement to areas of higher humidity conditions is seen at the time
of ecdysis. The preference for dry conditions is not unexpected in
view of the semi-arid areas that this species inhabits. Riegert
(1958) suggestéd that a preference for a moist environment at the
time of molting is a means of preventing rapid evaporation of the
molting fluid. He concluded that the hygropositive response during
the moiting process appears to be a logical consequence of the
physiologicai hyperactivity involved in this process.

Riegert (1958) demonstrated that deprivation of food and water
induced a preference in adult grasshoppers for a highgr humidity?
probably as a result of desiccation. A. elliotti Secame hygro-
positive after being restrictéd to a diet of dry vegetation without
access to additional water. This preference could easily be re-
versed by allowing the animals to feed on fresh'vegetation (Table
12). |

Ellis (1951) reported cessation,of feeding one day or more
before mqlting in Locusta migratoria migratorioides (R. and F.).
This appears to occur in 4. éZZiotti from observations during both

the humidity and olfactory tests. Starvation, molting, and dry
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vegetation can producé a hygropositive response in grasshoppers.
A self imposed starvation period occurs.before molting. It may be
possible that a reduced intake of unbound water, normally obtained
through feeding, méy influence the ﬁovemeﬁt to areas of high relative
humidity during ecdysis.

A preference for conditions of higher relétive humidity may
insure a bettef_chance to. shed the exuvium by reducihg evaporation
of molting fluids. However, it is doubtful that this response is
important in A. elliotti for removal of the pro-nymphal skin. Ob-—
servations of 4. elliotti in the laboratory indicate that the nymphsv
do.not move away from the area of the egg pod before beginning the
movements tbatlfree them from the pro—nymphal exuvium. Normally,
these movements are instigated as soon as the grassboppers have
emerged from the pod.‘ In fact, the grasshoppers seem to be in-
capable of walking until the old cuticle is shgd or at least removed
from the first two pairs of legs. The hygropositive respopse»after
molting may insure that the newly emerged nymphs are not desiccated
too rapidly before the new cuticle has hardened and may benefit those
nyﬁphs which are not able to entirely shed the pro-nymphal exuviae
during theirlinitial‘efforts. | ‘

Observations of the humidity responses of A. ell?otti in the
alternative chamber suggested that the response may be a kinetic

rather than a tactic response. Movement in the moist zone appeared
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to consist mainly of randqm wandering. Activity and displacement
distances in the moist zone appeared to be greater than in the dry
zone, although no measurements of activity were made. ' Kennedy (1937)
ascribed kinetic reactions to Locusta migratoria. Riegert”(l959)
concluded that humidity reactions in C. pellucida and M. bivittatus
were composed of two types of respomses: (1) a klino- or ortho-
kinetic response resulting in increased movement in the moist con-
ditions; KZ) a klino-tactic resﬁoﬁse producing movement away from
the moist environment.

An actograph is frequently used to investigate kinetic responses
to humidity. The sfandard form of the apparatus is a'box pivoted oﬁ
a knife edge (Gunn‘and Kennedy, 1936). The assumption is made that
animals usually travel round and round the box. The device only
records movement along the longitudinal agis but not movements
across the f;oor. The longitudinal movements are considered to be
representative of phe total movements of the animal. However, 4.
eZZiqtti demonstrated great individual variation in response to a
boundary such as the'sidg of a box or a cage. Some individuals
avoided contact with the siaes of a container or ;urnéd away at the -
first contéct. Others spent long periods trying to climb a barrier
or remain sitting on or beside a bafrier. ‘Some grasshoppers.became
highly agitated Wﬁen they encountefed‘an unglimbablehboundary such

as the plastic sides of the cages. Repeated efforts to climb a
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smooth surface appeared to subside only after reaching an apparent
state of exhaustion. It was concluded that animal to aﬁimal vari-
ations in activity in the standard actograph would be difficult to
separate from variations in activity induced by humidity.

A rotating ball actograph (Kerfoot, 1968) suspended on a
column of air (Carrel, 1972) would eliminate the problem of ﬁalls
or boﬁndaries as stimuli. 'This apparatus consists of a freely
rotating ball on which a tethered animal is placed. Movements of
the animal cause the ball to turn. A brush mounted’on a rﬁbber
diaphragm is deflected by rotation of the ball and touches a series
of electrical contacts Which activate pen recorders. This‘acto—
graph, in theory, can prdduce a record of the movements of an animal
through 360; of turhing. This is accurate only if the animal always
moved in a forward direction. Kerﬁoot (1968) reﬁorted that the
apparatus was useful for monitpring cockroach activity. 4. elliotti
spent long periods walking backwards when placed on a ball. This
apimal fréquently backs up when it encounters another grasshpppér
or-én obstacle, but extended periods of backwards moveﬁents were
not observed uﬁder natural conditions, such‘as in the field. Other
species of_grasshoppers.are also reported to back up a few steps.
Riegert (1959) reported that nymphs of (. pellucida and M,
bivittatus, whén about to enter the moister zone of an olfactometer,

paused, extended and waved their antennae, and then backed up.
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The backwards walking of A. elliotti on a ball appeared to be

induced by the tether fastened to the thorax of the insect to insure °

that it remained in position on the ball. An insect lifted from the
ball and placed on soil continued to pull backwards against the
tether. Repositioning of the tether did not lessen this response.

The original apparatus (Kerfoot, 1968) used a tennis ball as
the substratum on whigh a tethered insect walked. It was postulated
that a ball with a larger surface area might be better to use with
A. elliotti so that the insect would be sitting on Fhe ball rather
‘than be hanging over it. A 3 in. styrofoam ball was hollowed in
the center to reduce weight and was tested as a substratum. The
insects were able to maintain a firm grip on this substance and
often sat quietly on the ball. Unfortunately} acFiVity alternated
between running forwards, backwards, and chewing on the ballf
Consequently, écﬁograph experiments on the kinetic effects of
humidity were terminated.

Phipps (1963) repprted‘good results monitoring insect activity
in an activity appafatus which utilizéd narrow beams of infrared
light focused on phototransistors to record movements in a test
arena. Intersection of a beam of the infrared light activated a
pen recorder, and the insects did not appear to be capable of per-
ceiving the long wavelengfh (infraréd) lightT Edge or barrier'

effects could be,minimized in this type of apparatus by enlarging
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the arena, and a natural-substratum such as soil could be used.
Accuracy of position récords depends on:the number of intersecting
light beams. The insect would not be tethered or hampered in its
movements. Construction of such an apparatus was not within the
scope of the present study, but undoubtedly it would be very usefdl

for monitoring locomotor activity in response to controlled stimuli.

IITI. Olfactory Experiments

Many phytophagous insects lay their eggs on or near food plants
or where random foraging will quickly discover food plants. However,
many grasghoppérs 6Viposit in arid areas with sparse vegetation
(Dadd, 1963). Aulocara elliotti lays its eggs in argas'of exposed
ground surface (Mussgnug, 1972). An accurate method of food location
would be advantageous to the newly hatched nymphs.

Attraction to food plants from a distance is probably a result

of visual or olfactory clues. The response of grasshoppers to visual

patterns and forms has been demonstrated by several workers (Mulkern, .

1969). Evidence for fhe ability to locate food by olfactory re-
sponses‘has been contradictory for the acridids (Dadd, 1963)'.
Experiments by Haskell et.aZ; (1962), Kennedy and Moorehouse
(1969), and Moorehouse (1971) provide‘persuasive evidence that
olfaction aids location of distapt food plaﬁts by Schfstgqercq
éregaria Forskai. Grasshoppers génerally walked downwind in slow

air currents in the absence of odor. Grasshoppers walked upwind in
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the presence of an attractive odor or when highly excited (Kénnedy
and Moorehouse, 1969). Starvation for at least two hours was neces—
sary to elicite an upwind movement in response to food odor by a
basking nymph (Haskell Q# al., 1962). All larval instars and adults
moved upwind to bruised grass, but the response was greatest in the
first half of each instar'(Moorehouse, 1971).

Preliminary testsof olfactory respoﬁseé of 4. elliotti were
conducted using a modified.Y-tube olfactometer (Hocking and Lindsay,
1958) attached to the Tilt Table. ‘Two air streams, directed towards

each othgf from opposite sides of the circular arena, produced a

 diamond shaped pattern of air dispersal as shown in Figure 4.

Phenothalein impregnated paper laid on the floor of the arena and
subjected to air streams cohtgining ammonia emitted from the vents

produced a graphic representation of the air flow. A tightly fitted

clear plastic cover over the arena eliminated extraneous air currents.

Air was drawn into fhe apparatus by a vacuum pump. Air from the

room was drawn into a.% in. tube and then passedlthroﬁgh CaCl, drying
salts, agtivated chgrcoal, and distil;ed water, and then into two
separate lines which extended fo the arené where each line terminated
in a 25 ml. Erlenmeyer flask with an inlet and an outlet tube. Each
outlet‘tube waé connected to the arena wall and contained a needle
vglve to control the rate qf air flow. Odor sources to be Fested,

such as whole grass stems, were placed in one of the two flasks and
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Test vent

Movements of an adult female of A. ellZotti in the Y-tube

~olfactometer. Air emitted by the control vent was filtered

to remove odors; alr from the test vent contained odors
from fresh western wheatgrass (Agropyron emithii). The
dashed line indicates the boundaries of the air streams.

L
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the other flask was left empty to serve as a control of odor-free
air, |

It soon became apparent that this apparatus had iimited appli-
cation. Grasshoppers, tested individually or in_groups, demonstrated
variable responses. Some grasshoppers assumed fixed positions on
the screens over the vents, while others made repeéted movements to-
wards and away from the air vents. Final position data were of
limited use because of these responses.

Movement scoring also proved to be of limited value. 'Potteripg'
or random wandering increased with time, probably as a result of
saturation of the air in the arena with the test odor. Air turbulence
at the point of contact of the two air streams and along the sides of
the érena furthe; complicated tests. Héwgver, individual’adult grass-
hoppers starved overnight, placed in_the arena, and continuously
observed, showed a fendency to frequently_qpproach a vent emit;%ng
westérn wheatgrass odor (Agropyron smithii Rydb.) and to remain with-
in the diamond shaped_patfern of air flow, turning whenever the
boundary of the éir‘stréam was encountered (Figure 4).

A wind tunnel based on the design of Haskgll et al. (1962) was
constructed in order to more effectivéiy pursue olfaction investi-
gations. Air_was drawn through a la?ge rectangular box by an exhaust
fan. Air flowed_in across the entire width of the boxnat one end and

exhausted in like manner at the other end, resulting_in a highly
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directional, relatively non-turbulent air flow. Odors were pre-
sented by placing the source of the odor (whole érass, filter papers
impregnated with plant extracts, with distilled water, and with
liquid chemicals; or dry chemicals on watch glasses) across the width
of the tunnel.

Both individuals and groups of 4. e¢lliotti were tested in the
tunnel. Unless otherwise specified, ali experiments were conducted
at sand and air temperatgres of 30°-34°C, wind speed 2 ft./sec., and
relative humidty 20-39 percent. Grasshoppers were.starved 24 hrs.,
held at 20°C, and given free access to water. Unfed hatchlings were
tested at 24 hfs. and 48 hrs. Individual grasshoppers were intro-
duced into the center of the tunnel and allowed to come to rest.
After remaining stationary for a minimum of 1 min., the grasshoppe;’s
position and orientation were recorded; the air flow %as theq
initiated, and.the responses recorded for 'a period of 20 min.. Timing
and position of all halts or changes in diréction were néted.k This
technique differed from that of Haskell et al.. (1962) in that these
workers terminated 'their observations of Schistocerca when the nymphs
* reached either the upwind or downwind‘screen or after 5 min. had
elapsed. However, single grasshoppers of 4. elliotti often sat for
1-2 min. or more before initiating movement. Algo; individuals were
sométimes seen cqﬁtacting a screen, immediétely turning; and thep

proceeding to the opposite screen, where they frequently remained.
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This was espgciaily true if a food odor was being tested and the
downWiﬁd screen was the first encountered. Some individuals re-
mained in a 'fixed' position on the first screen encduntered.for the
duration of fhe test. Tests of single grasshoppers provided infor-
mation about specific responseé to wind and odor, but the 'screening’
of substances for attraction or repulsion and the probability tests
of upwind and downwind movements were more readily accomplished with
groups of individuals. The long period of time involved in the
testing of individuals precluded the testing of numerous substances
or factors, especially for the instars. |

Groups of 35f45 n&mphs and 15-25 adults were £estgd. Nymphs
were introduced into the center of the tunnel and allowed to settle
for 15 mig. If the group was used for more than one test withoup
'rgmoval from the tunnel, the_grasshoppers were herded to the midd;e
of the apparatus and allowed to re-settle for 10 min. Herding was
accomplished utilizing.the,visual evasive reaction of'the nymphs to
a moving hand. Kennedy and Moorghouse qsed-tﬂis technique for herding
Schistocerca (1969).

Scoring was done by éounting the numbers of grasshoppers crossing
the centef line of the apparatus for 10 min. before.and after appli-
cation @f the stimulus. ?relim;nary tests shoﬁed that méVements-
across Fhe center line were random in the absence of any_expefiment—

tally introduced stimulus.
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. Groups of adults were handled in a slightly different manner.
If allowed to settle for 15 min. and then scored for 10 min. prior

to application of the stimulus, many of the grasshoppers were found

- perched on the screens. Therefore, two plastic cylinders 9 in. in

diameter were set in the tunnel, one on each side of the center line.
Equal numbers of adults were placed in each cylinder; a screen cover
was placed over each cylinder, and the adults were allowed to settle
for 15 min. 'Each cylinder was carefully lifted after 15 min., leaving
the grasshoppers sitting on the sand. Usually only a few grasshoppers
showed any signs of disturbgpce caused by removal of the py;inder;
The 1id of the tpnnel was lowered and_tﬁe stimulus applied after one
minute. Scoring was again apcomplished by counting numbers éfossing
the center lipe‘after application of the stimulu§. If a group of
adul;s was used for more than one test Without removal from the
tunnel, the grasshoppers were slowly herded to the center of the
tunnel and allowed‘to re-settle for 2 min.

The method of'handling nymphs apd of scpring was based on that
of Haskell et al. (1962). They counted numyers of nymphs crossing
a center line every 30 sec. for 5 min. before and after initiation
of the stimulus.' Chi square (X2) tests were applied to all tests to
evaluate the'significance of the results. The éuthors presented the

following reasons for their method of analysis:
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This procedure had several advantages; it indicated whether

a 'slight drift' was due to a few insects moving, with the

majority standing still, or to much movement in both direc-

tions with a slight bias towards one. It also reduced the

effects of 'apparatus bias' in the scores and removed from

account those hoppers which had got into positions, e.g.

on the end filters, or in corners, in which stimuli did.

not provoke movements...

Contingency X2 tests were applied to the numbers of A. elliotti
moving upwind and downwind before and after application of the stimulus.
Simple X2 tests of upwind and downwind movement numbers after pre-

- sentation of a stimulus were utilized for tests of adults in which
movements before initiation of the stimulus were not recorded.

Preliminary experiments reveéled a tendency to move downwind,
when wind was the only stimulus (Table 14). Figure 5 summarizes the
data obtained from 47 unfed first instar hyhphs one to two hrs. after
emergencé,fZélhrs.'affer emergence, and 48 hrs. after emergence. Move-
ment in both upwind and downwind directions increased with the appli-
cation of wind or with a rise in wind speed. The newly emerged nymphs
appeared to be slightly less responsive, in terms of locomotor activity
to the lower wind speedsﬂ

At a constant air speed of 2 ft./sec., fourth instar nymphs and
adults did not demonstrate a general inclination to move downwind in
the absence of other stimuli. Tests of individual grasshoppers, both
starved and unstarved, indicated that air speeds of 4 ft./sec. or
greater were necessary to produce downwind movements in most adults

and in the fourth and fifth instars. However, no tendency to move

o
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TABLE 14. REACTIONS OF NYMPHS AND ADULTS TO WIND SPEEDS OF 2 FT./SEC.
ALL TESTS CONDUCTED WITH GROUPS OF 30~40 GRASSHOPPERS,
AIR AND SAND TEMPERATURES 30°C.

Movement
Condition Scoring
Expt. of Stimulus Up- Down-—
No. Grasshoppers Presented wind wind Probability
1 Unfed 12 20 Downwind
2 Hatchlings, 0 4 movement,
3 48 hrs. Wind 4 6 X?=9.29, df 1
4 after 0 11 P<0.01
5 hatching 3 2
19 43

1 Fourth 3 3 Random
2 instar nymphs, 0 1 movement, .
3 fed Wind 2 3 X?=0.04, df 1
2 Same, : 6 4 0.90<P<0.95
5 starved 48 hrs. 2 3

. 13 14
1 Adults - 7. 2 Random
2 fed. 7 8 mgvement,
: B X4=0.,35, df 1
3 " Same, - 7 7 s’ G1
4 starved 48 hrs. 75 71 0.50<F<0.70

upwind in the absence of an attractive odor appeared, movements in both

directions teﬁding to balance or to show a downwind bias.

facility to_féllow odor signals from some distance

while the latter instars, fourth, fifth and adult,
source. Moorehouse (1971) showed that all instars

were equally adept at finding an odor source.

The

Dadd (1963) suggested that young Schistocerca nymphs may lack the
to their sourée;
readily lécate thé
of this species

nymphs used in his

experiments were fed to repletion, starved 17 hrs., and then tested -
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for response to bruised grass. |

Neither author tested the hypothesis presented By Dadd (1963) "As
hatchlings have never fed, it may be envisaéed that until they sample
whatever is nearest to hand they may not learn the appfopriate stimulus
signalling food." Dadd based his idea on the observation that unfed
hatchlings did not respond to bundles of grass wrapped in muslin and
placed in a cage.

To test this hypothesis, 4. elliotti nymphs, which had hatched
during a 2 hr. period, were collected in groups of 35-45, held in a
9 in. circular cage on dry sand at 20°C without food, and given free
access to water from a damp sponge. . Response to food odors was ob-
served at 24 and 48 hrs. after eclosioen.

Western wheatgrass (Agropyron smithii) and Poa species, in
particular sandberg bluegrass (Poa secunda Presl.), appear to be the
main food plants of A. elliotti (Anderson and Wright, 1952; Pfgdt,
1949). 1In the laboratory, 4. elliott?l readily-accefts and appears to
thrive on a diet of Kentucky bluegrass (Poa pratensis L.) and domestic
rye (Secale cereale L.). Domestic wheat (Triticum aestivum L.) is
eaten with reluctance and development is slower.

These grasses were grown in the insectary and were used to test
the ability of unfed hatchlings to find a food source by odor clues.
Grasseg were clipped and bruised by beating with a pestle unt}l each

blade of grass was broken in 3-4 areas. .The grasses were clipped and
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bruiSed-immediately before testing. Eight to ten whole stems of grass
were use& in all expefiments, and fresh grass was used fof each test.
The bruised grass was spread across the full width of the air input to
the wind tunnel for testingf

The nymphs showed 1it£1e or no reaction to food odor 24 hrs,
after hatching. Nymphs moved upwind to all the tested grass odors 48
hrs. aftef hatching. The response to domestic wheat odor was not as
pronounced as in'the other grasses (Table 15). Holding nymphs for 60
hrs. or more without food resulted in high mortality, probably due to
starvation.

The effect of water vapor as a gtimulus was included in these tests
to see if changes in relative humidity pioduced by the moist grass or
if effects of water as a constituent of the olfactory source accounted
for the upwind movement. It can be seen from the data in Table 15 that
no response to water vapor could be demonstrated. Haskell et al. (1962)
reached the same conclusion after testing the effects o£ water vapor on
Schistocerca.

Since starvgtion for 2 to 4 hrs. was necessary for the manifes~
tation of the upwind olfactory response to food odors in Schistocerca
unless the nymphs were agitated (Haskeli_et al., 1962; Moorehouse,

1971: and Kennedy‘and Moorehouse, 1969), sfarvgtion‘effects on 4.
elliotti were investigated. The strength of the olfactory reaction

depended on the degree of starvation. An olfactory response was
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TABLE 15. REACTIONS OF UNFED HATCHLINGS OF A. ELLIOTTI TO ODORS FROM
GRASSES AND TO WATER VAPOR. ALL TESTS CONDUCTED WITH 35-~40
NYMPHS, AIR AND SAND TEMPERATURES 30°C, WIND SPEED 2 FT./
SEC., 48 HRS. AFTER HATCHING.
Movement Scoring
: Start Finish .
Expt. Stimulus Up- Down- Up- Down-—
No. Presented wind wind wind wind Probability
1 . 1 1 1 0 Random
2 g::ir+' 4 3 5 6 movement,
3 Vapor 0 1 1 1 X?=1.05 df 1
4 7 4 14 20 0.30<P<0.50
12 9 21 27
1 . 2 1 15 13 Random
2 gizgi:um 2 2 9 4 movement,
3 vostioum L. 2 3 3 1 X?=0.81%
4 St 2 2 8 3 0.30<P<0.50
8 8 35 21,
1 . 3 5 9 . 3 Upwind
2 g;zgz: 1 2 10 1 movement,
3 / 1 2 14 2 X#=10.50 df 1
L cereale 2 3 11 7 P<0.01
7 12 44 13
1 . 1 2 14 3 Upwind
2 lei +¥on 2 2 15 0 movement,
3 i 1 0 6 2 X2=8.00 df 1
4 ‘ 2 3 10 4 P<0.01
6 7 45 9
1 . 0 1 22 10 Upwind
2 g;zd + 3 4 13 1 movement,
3 . 0 0 11 2 X?=6.78 df 1
4 pratensts 2 3 7 5 p<0.01
5 8 53 18 '

*0Other tests indicated a slight upwind respomnse.
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‘manifested after 3 to 4 hrs. of starvation, and more‘insects responded
as the period increased.- An exception, as indicated before, occurred
in unfed hatchlings in which the olfactory reaction was not manifested
for 24 hrs. or more. It is possible that at 24 hrs. hatqplings may
still be obtaining adeqﬁéte nutrition from yolk reserves in the gut
but that by 48 hrs. these reserves are depleted.

In view oflthe attraction produced by western wheatgrass and other
grasses and reports of(chemical attractants for other acridids (Haskell
et al., 1962,ABarnes and McLellan, 1960; Skoog et al., 1960;. Slifer,
1954, 1955, 1956), séveral stimuli were tested with A: elliotti; the
results are shown in Table‘l6.‘

Several of the above authors reported various fofms‘qf yaleriq
acid to be highly effective repellants. 1In two series of test; with
iso-valeric acid, the initial test for each series showed a tendency
to move downwind (P<:05), but $ﬁbseguent tests did not. However, the
odor of the acid rap%&ly.pgrmea;ed the entire apparatus apd,the labora-
tory, even with exhaust faps in operation, and the sand ig the tpnnelj
had to be discgrded becausg it had absqrbgg the odor. Therefore, it
is probable that the entire apparatus acted as an o&or source after
the'initial test. Since it took over.a week to rid the laboratory
and the apparatus'of the.vgleric‘acid odor, the tests were not

repeated.
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TABLE 16. OLFACTORY REACTION OF NYMPHS AND ADULTS OF A.. ELLIOTTI TO
‘A VARTETY OF SUBSTANCES.. '

Stimulating Substance Attraction Repulsion No Response
1. Grass (dry). + (slight)
2. Grass (whole) + + .
3. Grass (bruised) + + +
L, Grass (water extract) + +
" 5. Grass (ethanol '
extract) +
6. Grass, (methanol
extract) +
7. Water vapor +
8. ZXylol +
9. Ethanol +%*
10. Methanol : ' k%
11. Cedar 0il +
12. iso-Valeric acid - . TRA%
13. Fecal material :
(A. elliotti) . . , . . +.
14. Nymphs _ . , L .
" (A, elliotti) Lo - R
15. Adult males o ’
. (A. elliotti) : +
16. Adult females ,
" (4. elliotti) ' +
17. Fecal material '
(cattle-dry) : : +
18. Fecal material
(cattle-wet) . +
19. Chloroform + + +

*Very strong vapors repulse, can cause death.
**%Very strong vapors cause biting motions of mouthparts
*%%First test indicated repulsion, succeeding tests did not.
Cattle feces was included in the stimuli examined, since it is not
uncommon to find grasshoppers hollowing out cavities in dry droppings

in the'field. Fecal specimens that had been eaten by Aulocara were

obtained for- the tésts, but no attraction could be demonstrated nor
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would the grasshoppers chew or eat on the material in the laboratory
cages. It may be envisaged that some factor missing in the diet of
wild populations may be obtained from cattle feces, whereaé this factor
is present in the laboratory diet. Droppings may also be used for shade
in the field.

Several extracts of grasses, in particular of Agropyron smithii
and species of Poa, were prepared in an attempt to isolate an attrac-—
tive principle. Extracts were prepared with room temperature solvents
using 3.0 gm. wet weight of grass in 100 ml. of solvent. Methanol,
ethanol, and distilled water were used as solvents. Four in. squares
of filter paper were impregnated with the extractsﬁand used as odor

~
sources in the wind tunnel (two squares used for each test). The

residue also were zested. In other insects, several attractants and
some antifeedants have been identified in food plants. Hamamura (1970)
demonstrated that mulberry leaves contained three impértant factors
governing therfegding behavior of silkworm larvae (Bombyx mori L.):
an attractive factor,_a biting factor, apd a swallowing factor. A
methanol extract of mulberry leaves contained two biting facto;s, one
ether soluble and one water soluble.

Methanol and ethanol extracts of grasses were not attractive to
A. elliotti. Strong vapors of me;hanol'(emitted immediately after

soaking a iiltef paper in methanol) produced an alteration in the be-

havior of the grasshoppers. Pottering increased, antennae waving
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increased,.aﬁd mouth parts were rapidly moved in 'biting' motions.

In order to test if the different extracts contained a phago~
stimulant, filter papers were impregnated with the ethanol, methanol,
and water extracts.' Filter papers soaked in ethanol, methanol, and
distilled water served as controls. These papers were tested in pairs
and groups by placing them in a circle 12 in. in diameter on the glass
floor of the arena of the Tilt Table and releasing groups of 20 grass-
hoppers in the'center of the circle. Only the papers impregnated with
distilled water énd the distilled water extract showed any conspicuous
attraction and biting of thevedges.

It was considered desirable to locate the organs involved in.the
olfactory responses. In view of the work of Slifer.(1955) and Haskell
et al. (1962), the antennae were considered to be the most likely
mediators of the reactions. Orientatiop to wind borne odors may be
mediated by antennal chemoreceptors or by antennal mechanoreceptors.
ﬁaskell found that coating the antennae with Vaseline(:)petroleum
jelly suppressed but did not abolish the upwind response to grass odor,
while restricting movement of the flagellum by cemehting it to the
pedicel did not affect the upwind résponse. As Kennedy and Moorehouse
(1969) pointed out, this treatment does not rule out origntation tq
wind by some type of antennal mechano- reception. They cited work by
Bayramoglu-Ergene (1968) on Anacridium aegyptum in which removal of the

antennae resulted in‘depressed'locomotor activity. Their experience
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WiFh Schistbcerca élso revealed a reduction of locomotor activity
after antennectomy.

A. eZZiotfi adults were antennectomized at fhe pedicel and vase-
line applied to the wound area to cover any receptors ﬁot removed.
Table i7 presenfs the results of these operations. Bilateral removal
TABLE 17. REACTIONS OF GROUPS OF A. ELLIOTTI TO WIND AND OLFACTORY

STIMULTI AFTER ANTENNECTOMY. ALL TESTS CONDUCTED WITH 20
GRASSHOPPERS, AIR AND SAND TEMPERATURES 30°C, WIND SPEED

2 FT./SEC.
Movement
Condition - , _Scoring
Expt. of Stimulus Up- Down-—
No. Grasshoppers Presented wind wind Probability
1 Starved Wind + 7 4 Upwind
2 48 hrs.: grass odor, 8 3 movement ,
3 unilateral’ Agropyron 7 2 X?=8.40, df 1
4 antennectomy . smithii 9 3 P<0.01 .
) ' ‘ 31 12 ‘

1 Starved 6 4 Random
2 48 hrs.: Wind 4 6 movement,
3 unilateral 6 6 X2=0.02, df 1
4 antennectomy ) 4 P<0.90 .

- 21 20

of the antennae suppressed'tﬁe upwiﬁd response to wesfern wheatgrass
odor. A slight tendency to move upwind in érasshoppers starved 48 hrs.
may have been dué to -chance (X2=b.84; 0.30<P<0.40) or due to receptors
other than tﬁe.antennae mediating séme responée. Unilateral anten-
nectomy did not‘suppress the.upwind moveﬁent or fesult in 'circus move-

ments' as reported by Haskell et al. (1962) for Sehistocerca. As in
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later tests of Schistocerca perforﬁed by Kennedy and Moorehouse (1969),
unilaterally,antennectémized AuZocard were more 'hesitant' and paused'
more often than unoperated controls, but did not move along noticably
less direct upwind paths to the food odor. Tyﬁically, the Aulocara
with one antenna pointed the intact antehna towards the odor source

and whirled the antenna in a circular motion while walking, stopping
occasionally Qith the antenna held momentarily motionless at different
positions.

To further investigate orientation to food and odor, Haskell
et al. (1962) blinded grasshoppe;s by applying black paint over the
compound eyes or covering the head capsule with aluminum foil. These
treatments abolished the downwind response to wind alone, but the nymphs
performed circus motions and displayed signs 6f discomfort from the
treatment. Therefore, further tests were‘discpntipued wi;h blindgd
nymphs, as the rgsults were considered to -be unreliable._

Adults of A. elliotti do not appear to be noticably disturbed by
painting over the compound eyes and ocelli. Grasshoppers were 'blinded'
by painting the entire head capsule‘with flat black enamel, being care-
ful not to getipaint on the antennae or thelmou;hpa;ts. The initial
response to the treatment consisted mainly of attempts to remove thé
fresh paint with the forelegs. These cleaning attempts were discon-
tinued gftér a few minutes. The animals appeared to become well,

adjusted to the treatment after a few hours. Occasionally, a
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graséhopper managed to get his antennae against ;he<paint before it had
thoroughly dried. This usually résultéd in vigorous cleaning of the
antennae. Circus movements were not performed by the blinded 4. elliotti,
although somewhat confused and hesitant locomotor activity was seen
immediately after treatment.

Although.electrophysiological experiments were not performed ﬁo
determine if the grasshoppers were blind, the behavior of the treated
grasshoppers indicated that they were effectively 'blind'. No evasive
actions were taken to avoid capture by hand, unless an air current or
some other clue disturbed the grasshoppe;s. .They werg,quablg of

moving over rough terrain without much difficulty or hesitancy, even

jumping and landing successfully. However, they frequently bumped into

each other and other grasshoppers or satlwithiqlﬁ in. of_anothef grass-—
hopper with no signs of recognition of the presence of the other.

Olfaction tests with the blinded grassﬁoppers éﬁowed'a typical
upwind response to food odor (P<.05, X2=4.94). As ip the case of the
unilaterally antennectomized grasshoppers, movement upwind was more
hesitant with more pauses than in the untreated controls, but movement
was aloné a relatiyely_direct path to ;he odor source.

In all tests of antgnnectomized and blinded grasshoppers, move-
ment in the absence of an odor at a wind speed of 2 ft./sec. was
essentially random or showed a downwind bias, as seen in the unopera;ed

controls.
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Although the'anteﬁnae appear to be the principle mediators of
the upwind responses to odbr, ogher chemoreceptors and mechanoreceptors
may be important.

Haskell et al. (1962), from concurrent electrophysiological
experiments; concluded that at low wind speeds, the only receptors
besides those of the antennae capable of responding to these wind
speeds were a few of the long-hair sensillae on the cerci, a few
hairs on the thorax, and some of the aerodynamic‘sense organ complex.
Abolishing the. response of these organs by petroleum.jelly or severing
of the ventral nerve cord between the met;thoracic and first abdominal
organ diq not affect the upwind response to olfactory stimulus in
Schistocerca. They did note a gradual decrease of lbcomotor activity
in the cases of ventra} nerve cord section. ‘Thié_lattep operation,
when performed in the present study on Aﬁlocara.reduced activity to
éuch a level that results were considered unreliable. |

Slifer (1954) demonstrated in Rémalea microptera (Beauvois)
fhe presence of chemoreceptors on the legs, except for the basal half
of the femora. In the laboratory studies of Mélanoplus mexicanus
mextcanus (Saus.) and A. micfoptera (1954, 1955; 1956) she showed
that grasshoppers could detect water, fresh ér dried dandeiion leaves,
and wheat middlings‘from a distance of at least ﬁO cm. Grasshoppers
with antennal flagella_removgd could still find certain foods at a

distance, although with difficulty.
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Occasionaliy a grasshopper in response to an odqr.éppeared con-—
fused in trying to determine the source‘of the odor; i;e., the grass-
hopper was usually hesitant, paused frequently, and followed a rather
circuitous route towards the source. The grasshopper would align its
body more or less parallel to the direétion of the wind flow and
usually faced upwind. Next, one tarsus would be raised:until it was
over the body and parallel to the ground. The leg would be held in
this position far several seconds, then the leg would be lowered, and
the grasshopper would move forward or, as in one case in which a
grasshopper was facing downwind,iturn uﬁwindf Af;er advancing a
short distance, the tarsus would_ggain be raised apd held quietly
in-the wind stream. A foreleg was raised by most grasshoppers; one
grasshopper raised almetathoracic leg. A direct path to the source
was pursued when near the source and no further leg raising occurred.
This behavior was seen once during observations of ;ﬁ adult female
in the Y-tube olfactometer. The behavior pattern was also seen in
blinded and in_uni;aterally antennectomized males and feﬁales._ No
examples of this behavior were observed in the fie;d or in the
laboratory. This respénse may indicateﬂthe utilization of some type
" of chemoreceﬁtor or méchanoreceptor on the leg for orien£ation to-
wards fhe'odor source.

Haskell et al. (;962) suggested that an olfactory stimulus migﬁt

initiate locomotor activity that would continue in the. absence of
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the stimulus, being mediated by the effect of the wind on mechano-
receptors. Their tests of Schistocerca failed to support this hypoth-

esis. Removal of an attractive odor suppressed the upwind movement of

A. elliotti Wighin one to féux seconds and of;en produced downwind
movement. Re-application of the odor resﬁ;tsd in an upwind movement.
Haskell ¢t qZ. (1962) reported that they could keep Schistocerca
marching to and fro by merely inserting and removing an odor source;
this response iasted for some time.

Kennedy and Moorehouse (1969), reported continued research on the
orientation reaction of Schistocerca to wind borne grass odor. They
discovered éhat 'agiﬁating' nymphs, by hapdling them singly or by
tumbliqg a crowd of nymphs in a 1argg.c0n§aingr just prior to testing,
induced rapid upwinﬁ movemgnt by both sgarvgd and fed hopper$ even in
the absence of grass odor, . _ |

Table 18 presenté the datahfrom one set_of experiments on a group
of A. elliotti adults to test the effects of agitation. All were
starved 6 hours. From the report of Kennedy and Moorehouse (1969), it
was expected that starved.grasshoppers should show the strongest re-
sponse. The reaction of the nymphs of 4. elliotii was unchanged by
agitation. In no case was an upwind movement attributable to agi-
tation alone.:

Since an upwind attraqtion to food odors was clearly demons;rated

by A. elliotti, it was hypothesized that these grasshoppers may also
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TABLE 18. REACTIONS. OF GROUPS OF A. ELLIOTTI TO AGITATiON IMMEDIATELY

. .y

L L1l

PRIOR TO TESTING RESPONSES TO WIND AND OLFACTORY STIMULI. °
ALL TESTS CONDUCTED WITH 20 GRASSHOPPERS, AIR AND SAND
TEMPERATURES 305C, WIND SPEED 2 FT./SEC. ODOR TESTED-
AGROPYRON SMITHII.

Movement
Condition Scoring
Expt. of Stimulus Up- Down- Sl
No. Grasshoppers Presented wind wind . Probability
1 Starved Wind 7 8 Random movement;
2 24 hrs. 4 3 X?= 0.14, df 1
11 11 P=,99
3 Starved Wind + 8 8 Random movement ;
4 24 hrs. Agitation 7 5 X?= 0.14, df 1
15 13 0.90<P<0.95
5 ‘Starved Wind + 9 3 Upwind movement;
6 24 hrs. Grass Odor  10- 3. . X?=6.76, df 1
19 6 " P<0.01
7 . Starved Wind + 9. 4 Upwind . movement;
8 24 hrs. Grass Odor 12 2 X?= 8.34, df 1
' + Agitation 21 6 P<0.01

orient to the smell of other grasshoppers.  Lepiney (1930) and

Volkonsky (1942) suggested that grasshoppers may have this ability.

In the field, aggregations of both nymphs and adults are seen.

Males frequently follow ovipositing females, and the male courtship

behavior frequently involves a complex sequence of antennal movements.

Grasshoppers of both sexes, when encountering another grasshopper of

the same species often cross antennae. Several females often oviposit

in the same area, sometimes positioning as many as six egg pods side

by side. Olfaction may be an important communicative channel in these
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interactions.
In no instar and under no circumstances could a significant degree
of attraction between grasshoppers be shown. Male—male,.female—female,
male-female, nymphs-adult, adult nymph attractions were tested. The
source subjects were housed in groups of 20 in small screen boxes be-
hind the filter on the intake end of the wind tunnel. Adults at‘
various ages and physiological states (determined by behavior pattefns
such as mating, ovipositing, feeding, and stridulating) were tested.
A minimum of four replicates was performed for each possible hombi-
nation. Ovipositing females and females that had demonstrated
receptiveness‘to‘males immediately prior to resting were included as
source subjects. In a fewlinstances, a ma;e that was sitting near the
intake filter whgn the wind was applied, crawled onto the filter in
the area directly in:front of the screen box which held the source
females, and the male remained inﬂfhat_poSiyion for the rgmainder of
the test, often slowly raising gnd 10Wéring his antennae to the
surface of the filter. Whether this was merely a case of an animal
moving up thé filter and getting intova fixed position or whether it
was a response to amndlfactory stimulus that is only effective at close
range is unknown. As in the tests of Haskell et al. (1962) on
Schistocerca, no olfactory attraction at a distance to other grass- .

hoppers could be shown.
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Groups of grasshoppers often were observed marching upwind to an
odor source or downwind in the absence of an attractive odor. Blinded
grasshoppers did not -march in groups. Presumably, marching-groups ‘are
a result of visual 'nearest neighbor' reactions. |

A few final points as regardstinteraééions and stages of develop-
ment in relation to olfactory stimulus should be reported. As'in the
studies of Moorehouse (1969) on Schistocerca; response to food odor
declined at the time of ecdysis in Aulocara. Reaction to food odor
appeared to Be the same for all instars. Grass odor.and wind elicited
jumping in some first and second instar nymphs, but rarely produced
this response in the -older instars. Ovipositing females were unre-
sponsive to food odor, although it was attractive after oviposition.
Females sgarching for an oviposition site were not repelled by food
odor as reported in S. gregaria by Norris (1968). Copulating males
were unresponsive to grass odor, but copulating females often re-
sponded, carrying the male along. Courting males would approach
females, even moving downwind, but oftgn resumed an upwind approach

to the odor source if the female was unresponsive.

Discussion: Host plant selectivity has been established for many
species of grasshoppers (Pfadt, 1949; Anderson and Wright, 1952;
Mulkern, 1969). Olfactory stimuli, visual clues, thermal alterations,
and phagostimuléhts may orient énd induce feeding in the grasshoppgr.‘

Dethier (1953) found it convenient to consider the stimuli involved
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in the selection of food by phytophagous insects under three categories:

orientation stimuli, biting stimuli, and feeding maintenance stimuli.
In addi;ioﬁ‘to the stimuli involved in the selection of food,
general undirected activity enhanced by temperature, humidity, illumi-
nation, and the physioiogical state of thé insect may bring an indi-
vidual into éontact with suitable host plants. Hunger, excitation,
period of the molting ecycle, oviposition, mating, etc. affect the .
arousal system's threshold for feeding (Moorehouse, 1969). It appears
that the physiological mechanisms underlying certain behavior patterns
and their interactioqs_in Aulocara and other acridids are highly com-
plex. It is not surprising, therefore, that field and laboratory work
have produced variable and often seemingly coﬁtradicbory results.
Whereas, Hunter and Claassen (1914) Watson and Bratley (l940),land
Slifer (1954{ 1955, 1956), reported éttraction to food at a distance
by olfaction by severalhspecies'of grassﬂoppers in the field and in
the laboratory, other rgsgarcﬁers such as Williams (1954), Chapman
(1955), Kennedy (1939), and4Dadd (1963)_pqncluded that olfactory clues
at a distance were not utilized, were secoqdary to visual signais, or
were not utilized by young hoppers. Haskell et al. (1962), Kennedy
and Moorehouse (1969), and Moorehouse (1971) providéd persuasive
evidence for the existence of a mechanism for finding food plants by

air borne chemical clues in Schistocerca.
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In discussing their findings in relation to those of ‘Williams

(1954), Haskell et al. (1962) stressed the importance of pre—expéri—
mental starvation and questioned the conditions of hié 'choice chamber'
experiment. Dadd (1963) observed that unfed hatchlings‘approached and
fed on bundles of grass placed in their cage, but when offered bundles
of grass or damp cotton wool enclosed in muslin, no conspicuous move-
ment of nymphs to the bundles or difference between the numbers that
eventually settled on the bundles could be discerned. Adults reared
on an artificial diet, kept overnight without food, approached dishes
of bran or of wheatgerm'oil absorbed on cellulose powder. He sug-
gested that nymphs may learn to follow pdor clﬁes after feeding.

In view of the experiments on Aulocara, it appears that unfed
hatchlings have an inherant ability to locate a suitable host plant
by olfactory clues, but that this response is manifested'only'after
several hours of inanition. Observations of caged grasshoppegs indi-
cate that newly emerged nymphs often approach and climb vegetation
but then sit on the plants for several hours before feeding. This .
may be due to visual and negative geotropic responses.

A series of experiments similar to the bundled grass tests of
Dadd (1963) were conducted on both nymphs and adults of 4ulocara. No
conspicuous moveﬁent to bundles of grass nor difference between the
numbers that settled on the bundles could.be discerned. Living

grasshoppers presented in the same manner also produced no discernable
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response. Williams (1954) choice chamber experiment was similar to
the bunale tests. Substances to be tested were placed below a screen
whicﬁ served as the floor of the chamber. Odors were propagated by
diffusion and convection currents. Taken in conjunction with the ob-
servations that Aulocara is attracted.at aidistance to wind borne grass
odor, the view may be hazarded that a directional air flow or steep
gradient of odor is necessary for orientation to a distant odor source.
This is in agreement with either the tropotactic (Haskell et al., 1962)
or anemotactic.(Kennedy and Moorehouse, 1969) theofies of attraction to
an odor source.

Although agitation of AyZocara did not induce upwind movement,
wind alone éppeared to both initiate and stimulate movemeq;, often
in both directions. Downwind movement appeared to be’influeﬁced by wind
speed. This_suggests that temperature receptors detecting differential
cooling of:the body may be involved in the downwind movement of basking
grasshoppgrs.as reported by Haskell et al., 1962. The lack of circus
movements in‘blinded and antennectomized grasshoppers argues against.
a tropotactic response to fqod odor, astdoes the upwind response to
odor by unilaterally antennectomized grasshoppers. However, the
whirling of the remaining antgqna, the hesitant approach, and the
tarsi raising suggest the possibilityﬂof indirect orientation by inter-
fuption of regular devigt}ons of parts of the body, a klinotaxis

(Fraenkel and Gunn, 1961). Kennedy and Moorehouse (1969) seriously
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questiog the existence of a significant gradient of oégr concentration
in the relativei? short wind tunnel when the odor is admitted across the
full width of the inlet. Without a steep gradient, troﬁotaxis and klino-
taxis, by definition, are impossible. .

The evidence from A. elliotti favors the classical theory of how
a walking insect orients its path to a ﬁistant source of odor (Flugge,
1934; and Kalmus, 1942 on Drosophila spp.). According to this theory,
as presented by Kennedy and Moorehouse (1969), the insect orients up-
wind towards the odor source by means of directional clues from -the
wind itself (anemotropotaxis). The olfactory stimulation serves to "
'switch on' the orientatiqn to W;nd or (Kalmus, 1942) to accelerate an
anemotaqtic response that is alréady evident~before the'initiatipn of
the olfactory stimulation. In their description of anemotaxis, Fraenkel
and Gunn (1961) stated, "that the animal is stimulated to begin to
orientate by the_smell{ and that thg only way to reach the source of
the smell is to go against the current with the aid of either mechan-
ical or optical stimuli.f

Kennedy énd Moorehouse (1969) conc}uded'that]the antennal chemo-
receptors are Qery important for origntation to grass odor by
thistocerca, but decided that thg behaviorgl fole of the antennae
is kinetic rather than tactic.

Otto (1551) working with Drosophila melanogaster, Geotrupes

stlvaticus, and Vespa rufus emphasized the importance’ of air currents
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in chemo-orientation. Drosophila, under the influence of a_stiﬁulus,
could find the source of odor about equally well with one as with both-
antennée. The behavior reported for these flies was similar to that
seen in Aulocara. In a review of Otto's work, Fraenkel and Gunn (1961)
concluded that the reaction closely corresponded to their definition

of klinotaxis. It may be that the antennae have both a klinotactic

and a kinetic fu;ction.“ Fraenkél and Gunn (1961) state that a striking
feature of the chemical orientation of many aqimals is the change over
from one method of orientating to another as the conditions make it
possible for the more efficient methods to be manifested.

The éhangés in responsiveness in the molting cycle, apd inhibition
of the upwind response by activities, such as ovipositiop and court-
ship, demonstrate that inhibitory ;ffects as 'well as excitatory etfects
such as starvation may cﬁange an arousal system's threshold. Aléo,
Kennedy and Moorehouse (1969) demonstrated that food odor was only one
of several types of stimulus that can SWitCh an anemotaxis.in locusts.
They concluded that attractant or repellént odors probably determine
the sign (positive and negative) of Fhe response. The common effect
of all these types of stimulus appears to be an excitation of locomotor

activity.

IV. Photic, Visual, and Thermal Responses
Temperature and light frequently have been shown to be important

factors affecting grasshopper movements. Photokinetic, phototactic,
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thermotactic, and thermokinetic fesponses have been ascribed to grass-
hoppers. Fraenkel and Gunn (i96l)'summarized research of the light
and temperature responses of Schistocerca gregaria (Forskal). Mulkern
(1969) examined the responses of species of Melanoplus -to these factors
in relatioﬁ to feeding behavior. Chapman (1955) considered light and
temperature to be important kinetic factors to,Locusta migratoria
migratoroides (R. & F.).

Reactions to heat and light are difficult to separate in the field.
Mussgnug (1972) reported that temperature appeared to play an important
role in the determination of daily activity pattérns of Aulocara elliotti.
He deéided that a response to light rather than.to temperature appeared
ta be important for directing early morning movements. A. eZZiotti_in
the field moved into suitable areas for basking from depressions not
receiving. radiant enérgy gt sunrise.

Observations of wild and caged 4. elliott? in both the field and
in the laboratory confirmed Mussgnug's report (1972). Crasshoppgrs
approached areas illuminated by the sun before any thermal effects
could bg detectedf Both nymphs gnd adults ip the laboratory moved
to the west end of the cages in response to sunlight; The first
direct illumination from the sun occurred on the west'wall of the glass—
roofed room of Ehe insectary. This room is on the second floor of the
.bgilding, sipﬁatgd between two fibgr glass rpofed rooms. The roof

covering the rearing rooms of the insectary faces to the south.
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Indi?idual rooms are separated by fibér glass walls. Heating and
cooling vents and ducts surround each room on all but the north side.
A redwood enclosure co%ers the ducts, forming an opaque wall to a
height of 17% in. above the laboratory tables. The cages in the glass-
roofed room receive only diffuse light from the sun at sunrise. Light
begins toAappeér on the west wall of the.room above ﬁhe cages as the
sun climbs in the southwest. Sunlight spreads across the wall from
south to north, .down the wall, and out into the room from west to east.
Direct radiation from the sun does not strike the cages until mid-
morniné (Figure‘6)ﬂ

Grasshopper_movemenp towards the west end of eachvcage was initi-
ated by bright illuminatioq}from the sun on the west Wall of the room.
This movemen£ occurred before sunlight reached ény of ;he cages. Crass-—
hoﬁpers moved to the west and crawled up the screen at the base of each
cage. More grasshoppers moved onto the screens as the rays of light
approached the base of a cage. Grasshoppers basked in the sunlight on
the screens until the light rays had spread across the entire width oﬁ
a cage and had spread into a cage to'the east. Then they slowly dis-
banded, moving off the screen and out into the éage. This latter re-
sponse may haye been-dge to a general increase in agtivity induced by
heat absorbed during bagking rapher than to 4 photo response.

Table 19.presents data obtained:frpm position recb;ds of“grass—

hoppers on the screens. Counts of grasshoppers on the screens at the




«=87=
S
Cage 1
.9.
%,
Cage 2
/4.00
2
Cage 3
()
%
2
2

Figure 6. Illumination of the glass-roofed room of the insectary
by sunlight. Each line indicates the point to which light
has reached at the designated time. Arrows indicate the
direction of light rays.
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TABLE 19. POSITION RECORDS OF ADULT A. ELLIOTTI ON SCREENS IN CAGES
IN RESPONSE TO SUNLIGHT. SUNLIGHT ILLUMINATES FIRST THE
WALL AND THEN THE SCREENS AT THE WEST SIDE OF THE ROOM IN
THE EARLY MORNING. DATA FROM THREE CONSEQUITIVE MORNINGS
ARE SUMMARIZED. :

Cage No. 2 Cage No. 3

I1lumi- Position Totals Temperature Position Totals Temperature
nated (10 min. intervals)’ °C (10 min. intervals) °C

Area East West East West East West East West
Wall — — T e - 6 27 24.4 23.9
Wall 6 31 24 .4 23.9 5. 33 23.9 23.3
Wall 1 32 24.4 24.2 1 37 24.3 24.4
Screen 0 40 24.4  25.0 3 44 24.2  25.6
Screen 2 42 24.4 25.0 2 53 25.2 26.2
Screen 0 34 24.4  26.9 2 57 25.7 27.2

base oﬁ each cége were made at 10 minf'ihfervgls from the time of the
first appearance of sunlight oﬁ the wali across from a cage until the
time of the‘diébanding of the basking‘gfésshoppefs. The data show that
movementé towards fhe.illuminated afea ogcufred before any temperature
increase was noted in the cages. Cage tempéeratures varied from 23.3-
\24.4°C at %lin. éboVe the soil before receiving direct light from the
sun, Some grassﬁoppers walked about; fed, courted; cobulated, and
probed for oviposition sites, but only a small number of in&iVianlS_
were So engaéed in activity at thiS‘temperature; tHe majority (70-80%)
remained in reéting positions or occa;iqnally fed.  Radiant energy from
direct‘rays of the sun rapidly increased the air and goil temperatures
of the cages. - The initial_temperatgre increase at the west end of the

cages appeared to induce basking on the screens. Disbanding of the
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basking groups occurred as temperatures rose above 28.3°C, and activ-
ities such as courtship, copulation, singing, and ovipositing increased.

Behavioral activities at different temperatures in the cages of the

laboratory are summarized in Table 20. Mussgnug 1972) presented similar

data for wild grasshoppers in the field. The temperature range in which
A. elliottl Wefe active.in the laboratory was narrower than that reported
for these grasshoppers in the field by Mussgnug (1972). A. elliotti
were inactive in the laboratory at 12.8°C. They rarely moved at 15.5°C
and could be captured easily by hand. Mussgnug (1972) reported that
grasshoppers of this specieS assumed basking positions at 12.8°C in the
field. He concluded that the daily activities of 4. eZZiotti showed a
diurnal patéern‘and pﬁesented data.thgt indiqated that gach érincipal
behavioral patterq,_such as feeding, occurred at a preferred, narrow,
‘temperature range (app;pximately 5.5°C). The present stud& of 4.
elliotti did not demonstrate a rigid dependence of a‘specificvactivity _
on time of day or temperature. The grasghpppers,in the laboratory_éages
were exposéd to a natural photoperiod as a result of sunlight being
passed through’the glass roof of the inséctary. Basking occurred in the
early wmorning and late afternoon in the laboratory. Resting occurred

in shade or on vegetation early in the'morning before direct illumi-
nation from thezsun'sFruck the cages éﬁd‘again in the late afternoon,
when solar radiation levels were highést and temperatures were in

excess of 35°C. Courtship, copulation, and oviposition were primarily
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TABLE 20; DAILY ACTIVITY PATTERNS OF 4. ELLIOTTI AND ASSOCIATED
(Temperatures represent averages * 1.5°C.)

Activity

Air Temperature,
Y% in. above soil
in the laboratory
cages

°C

Air Temperature,

1 in.  above the

soil in the field

(Mussgnug, 1972)
°C

Resting
(inactive)

Resting (move
if disturbed)

Resting (some
random movement)

Resting (termi-
nation will move
to light)

Basking (inéludeé
strong light
seeking)

Disbanding of
basking adults
(initial)
Disbanding
(majority of
adults)

Courting
(majority)

Copulation
(majority)
bvipositioh'
(probing)
Oviposition
(actual egg
laying)

Sun avoidance
(turn body _
parallel to sun,
stilting, etc.)

27.7
15.5

17.2
18.9
23.9
26.7

28.3
26.7-35.0
26.7-35.0

26.7-35.0

28.3

>35.0

11.6%*

18.3
23.9

29.4
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TABLE 20. (Continued).

Air Temperature, Air Temperature,
% in. above soil 1 in. above the
in the laboratory soil in the field
cages (Mussgnug, 1972)

Activity °C ‘ °C

Feeding 18.3-40.5 ) 35.0

Roosting '

(Mussgnug's

Resting) o

(initial) 35.0-40.0 ' 40.5

*May include resting.

morning activities in the field (Mussgnug, 1972). These activities

occurred throughout the day in the laboratory, although more indi-

viduals engaged in these activifies'during thé period in'which the
cages were direqtly illuﬁinated'by the sun (9 a.m.-4 p.m.) than at any
other times. All three activities could be observed at any one time or
témperature during the déy.‘ Temperatures fluctuated as much as 26.7-
42.0°C throughout a single cage, and active individuals, such as courting
males'and females segrching for oviposition éites, experienced the entire
range of cage témpératures during random Wandgrings. Courtship, copu-
1ation? oyiposi?ion, and locomotion were most evident over a range of
temperatures of 23.9-35°C in phg'gages. _Temperatures below or above

this range appeared to resﬁlf in a decrease'of these activities.
Riegeft'(196%) recorded tempera;ufe relate& activities for Cammula

pellucida (Scudd.) and two Melanoplus species in the field. His
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obsérva;ions of activitiés of ?hesé épeqiés and of the temperatﬁfes

Aat which specific activities occur are’similar to data in Table 20 for
laboratory reared A. eZZiotti.'

Both sufficient'light and temperature levels appéar to be neces-
sary for many of the normal daily behavioral patterns of A. elliotti.
Low light intensities or sudden changes in light intensity, such as
when a cloud passes overhead, often inhibited locomotor and singine
activities. Time of day may not be as important as light and tempera-
ture to activity patterns. Cour;ship, copulation,‘and oviposition were
observed in thg test arena at 26.Z°C at 10’p7m7, during a series of
tests conducted in the evgning. Light was provided by a 250 W., clear,
incandescent bﬁlb 4 ft. above the center of the arena. Evening tests
were performgd on consecutive nights for a period of two weeks with one
group of grasshoppers, and mating and egg‘laying‘activities ap;eared
to increase by the second and the third nightg. Numbers of individuals
engaged in these activities were not quantized as the tests were con-
cerned primarily with visual responses. It may be‘that some type of
diurnal pa;terp of activity exists, which can be shifted a few hours
by temperature or light applications.

The effects of temperature and light could be investigated sepa-—
rately in the laboratory. Grasshoppérs on an opaque‘sheet of élags
in the Tilt Table arena at a room temperature of 25°C cpngregated

in a ring at a temperature zome of 35-45°C. The ring shaped heat zone
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was produced by an infrared light bulb béneath the glass. The l%mp.
produced a temperature gradient with maximum temperatures at the center
of the arena. Fraenkel and Gunn (1961) employed this method of testing
and obtained similar results with other insects.

Simple photoresponse teéts using artificial lighfs were conducted
with 4. elliotti in the laboratory. Incandescent and fluorescent lights
were ﬁsed as light sources. Responses to different colors of light were
tested by usiﬁg G.E. 25 W. colored light bulbs. Large rectangplar glass
jars filled with cold water served as heat filters; Phototactic re-
sponses were aﬁalyzed using simple.X2 tests of positionlrecordsr

A strong phototactic response was observed during ;he hatchipg
experiments with newly émerged nymphs. N&mphs, after shedding their
pro-nymphal exuvium, mpved to an illuminated side 6f the pans in which
they were hatched. Tﬁis response'was demonstra;ed to both diffu;e light
from windows 8. ft. from the pans and to a 200 W.,'qlgar, incandescent
light bulb about 6 ft. away aﬁd 4 ft. above the pans. Very little hgap
was derived from.theS¢ sources; none could be.detected by tempera;uFe
measuremepts'of the pans receiving light from thelwindow, and.only
0.5—1.0°C.higher temperatures on the sidgs of pans facing‘thg light
bulb could be aiscerned. The nymphs oriented to both light sources by
aligning their bodiesAparéllel to light rays from the sources.- Ro-
tating the.paﬁs by as little as five degrees from the source of 1ight

resulted in a consequent turning of the nymphs to again face directly
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towards the light. This response declined but did not totally disap-
pear 3-6 hrs. after emergence.

An opaque box (Figure 7) divided into three chambers was used as
a choice chamber to fu?ther invéstigate this n&ﬁphal résponse.I The
floor of the box was covered with % in. of .soil and three giass vials
were inserfed into each of the long sides of the box. The-toﬁ of eéch
small bottie_was mounted at soil level and the bottles were bent down-
ward at a 45 degree angle from the box. Each chamber had a pair of
vials mounted on opposite sides. Water heat filters were piaced be-
tween the box and lamps wbich served as light soﬁrces. Light soﬁrces
were presented in paiys, one on each side of the box. Recently
emerged nymphs’in”groups of 30—40,wére placed in eagh chamber for a
test, proVidingithree ygplicg;egAper test.',Lights were introduced
aféer the grasshoppers had settled fof.l§ min. Nymphs'réqunsiye to
‘the lights in a phototactic manner entered the mouths of.fhe.bottlgs
and fe;i to the bottoms of the bottlgg. Nymphs were unable tolretﬁrn
to the box aftgr:falling into the vials._VCounts_of the numbers of
nymphs in each vial ﬁere_made after a 2 hr. exposgpevtoA;he.lights.
The light sources were‘then reversgd in positiop, and thg‘teét rgpeated
wigh a new group;of grasshoppersi .All tésts were cpnducted~at a
temperature of 26.7°C.“

Table 21 presents the data from light tests with nymphs and adults.

Tests of adults were conducted by placing light sources on opposite
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Figure 7. Choice chamber for testing the responses of 4. elliotti
' to different colors and intensities of light. The water
filter absorbed heat from the lights. ' '
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TABLE 21. RESPONSES OF NYMPHS AND ADULTS OF A. ELLIOTTI TO DIFFERENT
LIGHT SOURCES. (Response determined by movement to a light
source, final position records are presented)) '

Position
Type of Light Source (No. of Animals)

Instar Fluor. Incand. Wattage No. Reps. Color Color x2 13
Adult X . 30 26 - UV 125 cw 24 68.4 P<.001
First X 30 18 Uv 130 Cw 105 2.6 P<.10
First X 200, 25 6 LW 20 HW 82 37.6 P<,001
First X 25 6 R 6 Y 56 40.4 ©P<.001
First X 25 6 R 3 B 34 26.0 P<.,001
First X 25 6 B 60 Y 57 0.1 P<.50
First X 25 6 G 33 Y 55 5.5 P<.02%
First X 25 6 W 57 Y 21 16.6 ©P<,001

*Not confirmed by later tests.
UV = Ultraviolet §

CW = Cool white
HW = Higher Wattage
LW = Lower Wattage
RR = Red B '

Y = Yellow

B = Blue

G = Green

W = White’

sides of the rearing cages. Heat filtérs were not used aﬁd tests ofv
fluorescent light sources_wi;h both nymphs aqd adults. Careful regu-
lation of light placement and room temberatufes minimized any heat
. effects. Fluorescgnt lamps produced less heat than the incadescent
bulbs. Ultraviolet fluorescent bulbs were tested against cool white
fluoreséent.bulbs:to check the photoresponses to ultraviolet light.
Ultraviolet 1ight-is absorbed by glass and water, and it was decided

to omit the water filters for this reason.
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Red light did not appear to be attractive to nymphs. Green, blue,
and yellow were attractive but not significantly differgnt in attraction
from one another in most tests. White bulbs were more attractive than
colored, but this may have been caused by higher light intensities from
the white bulbs. Ultraviolet.and cool white fluorescent bulbs were
both attractive to nymphs, but not significantly differenf in attraction
(X2= 2.64; df 1; 0.10<P<0.20; 6 replicates; N=145). Photatactic re-
sponses increased with higher wattage bulbs-which produced higher light
intensities. A 500 W. movie photoflood lamp was the most attractive of
the tested light sources to both nymphs and adults, approaching the re-
sponse levels occurring in the cages to sunlight. Tgmperatqre effects
probably accounted for some of this respénse, since the‘heat produced
by this lamp cpuld not be eqtirely remo;ed by the water filteré (tempera-
tures increased‘as much as 5-10°C in 5 min. as compared to 0.5-1.0°C
for other sources).

Adults demonstratEd no response to red light, and preliminary tests
indicated no difference in response to green, blue, anq yellow lights;
the results were essentially the same as for pymphs. However, re-—
sponses of adults to an’ultraviolet and a cool white fluorescgnt_lamp
(both lamps rated at 30 W.) indicated Fhat the ultraviolet light was
more attractiye than the cool white light (X2= 60.46, df 1, P<0.01,

13 replicates, N=149). Twenty-five adults, blin@ed.by paintipg the

head capsules with black enamel, appeared to be attracted to ultra-
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violet ligﬁt, élthoﬁgh no attraction fo ;ny other source of light by
thé blinded grasshoppers could be shown. Figure 8 pfesents position
records of both sighted and biinded grasshoppers after exposure for 30
min. to a 30 W. fluorescent, ultraviolet light source located at oﬁe
side of the Tilt Table arena, 2 ft. from the center and 1 ft. above
the glass of the arena. Tests were conducted in both a darkened room,
except for the ultraviolet source, and with a 300 W. incandescent bulb
illuminating the center of the arena. The UV liéht source was moved
to the oppbsite side of the arena for half of the tests. Both normal
and blinded adulgs\of.A. elliottl demonstrated a positive taxis to the

ultraviolet source. Temperatures at the side of the arena near the

source were the same as temperatures in the middle of the arena when,'

the overhead incanagscent bulb was on. The reaction appeared to be
phototactic rather than thermotactic.

Blinded grassoppers were placed in the»arena of the Tilt Table
in groups of ten and allowed to settle in the dark for 15 min. An
immediate increase in activity was demonstrated when the ultraviplet
light source was fu;ned on. Two 15 W. fluorgégeﬁt‘bulbs at a distance
of 2 ft. from the center of the arena were used as a light source.
Quiescent grasshoppers often‘began to walk and to make short h;ps
around the arena with the initiation of the light. Turning the

ultraviolet bulbs off resulted in a quieting of activity_within 30—~

60 sec. Switching the lights on and off at 1 min. intervals
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Blinded adults A
Sighted adults o

Location of

ultraviolet H
light source

Figure 8. Responses of sighted and blinded adults of Au elliotti
to a 30 W, ultraviolet light. The grasshoppers were
released in the middle of the test arena and their
positions were recorded after 15 min., exposure to the light.
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continued to produce increases and decreases in locomotor activity
for about 10 min. (based on 100 observations), after wﬁich time the
grasshoppers became much less responsive and did not appear to be
agitated By the light. Other light sources such éslsunlight and
incandescent bulbs-did not induce activity chénges in blinded animals.
Whether ultraviolet radiation was transmitted to the ocelli and
compound eyes through the black enamel or was affecéing receptors on
other parts of the body could not be determined.

Twelve 5linded grasshoppers were placed in the middle cage pf
the glass-roofed room with 32 sighted animals. Observations of move;
ments to basking areas were conducted each day for two Qegks. Only
once was a blinded gras;hopper seen on the screen at tﬂe west end of
the cage in.the morning, while 75-85% of the sighted animals gathered
there to bask in response to sunlight.

Responses to light by A. elliotti appear to be both phototactic,
as evidenced by the attraction to light in nymphs and adults, and
photokinetic, as evidenced by the responses of blinded grasshoppers
to ultraviolet radiation. Mussgnug (1972) noted that.the passing of
a cloud's shadow over the field site would himmedia;ely halt all
activity of A. elliotti at any time during the day." The same
phenomenon.was frequently‘notgd in the current field and 1aboratqry
obéervatiéns.,xThe passing of a cloud over the field migbt momentarily

- i
reduce the temperature in the field. Shadows other than clouds could

Ny
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produce inhibition of activity as when the 6bservgr‘approached aigrass—
hopper.

Laboratory obgervations indicated that light intensity changes do
affect activities of A. elliotti. Both the wind tunnel odor tests and
the acoustic signal recordings were made in the fiber glass roofed rooms
of the insectary. Odor test sequences that continued from mid~afternoon
through sunset showed a marked reduction of locomotor activity as the
light intensity.decreased in the room, although additional iight and
radiant energy were supplied from infrared bulbs. Sunlight was diffused
by the fiber glass and distinct shadows were not produced-in these rooms.
Preliminary control tests of the wind tunnel indicated that no movements
towards the suﬁ occurred even in the absence of wind or odor stimuli.

A lack of a directed light source as a result of diffusion by the rqqf
probably accounted for the lack of a photppactid response to the sun.
Temperatures could be well regulated in the fiber élass roofed rooms,
and it is not likely that sunset was accompanied by a perceivable
temperature drop, which might have accounted fo; the gctivity,decrease
during the odor‘tests. Observations of temperatures in the wind tunnel
revealed that no recordable difference'in temperature occurred at sun-
set.

Recordings of singing‘behavior in these rooms demonstrated
similar responses to changes in light intensity; Overcast days, sun-

set, and the passing of a cloud's shadow all produced an almost total
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ceasation of all singing except for disturbance or aggressive songs.
Again, littlé temperature difference coﬁld be discerned, especially
during the short interval of time in which the rooms were shaded by a
passing cloud. Overcast days did produce lowered room temperatures.
Shadows from clouds over these rooms produced a general décrease in
light intensity rather than a distinct shadow as occurred in the field.
It is not likely that the cessation of singihg in this instance was a
response to a shadow such as a predator might produce.

Tests in the Tilt Table arena indicated that liéht could both
initiate and stimulate activity. The reactions of adult grasshoppers
to Fhe turning on of a ligﬁt in a_da;k room were observed by using a
10 W. red photosafe light bulb. The grasshoppers apﬁeared to be unable
to distinguish this light. Grasshoppers were allowed to settle in a
dark room for 15 min. prior to testing. The red light allowediobser—
vations to be made on grasshopper activipy,_while in the dark room.
Most grasshoppers settled into resting pqsitions or moved only slightly.
The response of these grasshoppers to clear incandescent bulbs of
varying sizes from 10-500 W. and distances from 2-10 ft. from Fhe
light sources indicated ;hat the introduction of light in all cases
resuited in an increase of locomotor activitf at 26.7-35.0°C.
Temperatures below 15.5°C or above‘35.0°C reduced ;he response to
light. Lights directly above the center of the arena induced

wandering around the arena, while lights to one side were attractive
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to the grasshéﬁpers.

If'was';ﬁought that color might be an important visual stimulus
to grasshoppers, since different colors of light produced different
phototactic and photokinetic responses. Opaque 8 in. square ;heets of
plastic were presented to adult A. elliZotti in sets of four sheets or
in pairs of colors. Tests were conducted in both the cages and the
arena of the Tilt Table. Colored squares were presented both lying
flat and standing vertical on the ground or floor of the arena. Ob-
servations were made at irregular intervals in the cages. The colored
squares were arranged about the perimete? of the cages-and in a circle
on the Tilt Iable._ Grasshoppers Wereiintroduqed singly and in groups
of 10 to the center of the Tilt Table under dark conditions. The
animals were allowed to settle for 15 min. The overhead light was then
turned on, and observations of grasshopper positions were made every
minute for 10 min. A. elliotti frequently approached and sat on the
squares in both the cages and the Tilt Table. No significant pre-
ference'for green, ;ed, yellow, blue, orange, beige, or violet colored
squares was observed (simple X2 tests were not significant),‘ &eméera-
tures at the surface of the cards were found to remain within * 0.5 C
during the tests. Black cards appeared tq\be relatively unattractive,

while white cards were selected most frequently (X2 = 10.8; df 1,

" P<,01; N=49; 28 observations in the cages) as determined by position

records. Temperature differences were often less than 0.1°C when the
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squares sfood upright.

Ergene (1950) reported.that Adcrida turrita L. matchéd body color
to areas of the cage of the same color as the body. Therefore, nymphs“
of A, elliotti from the Townsend field site were placed in a cage and
given a choice of sand, soil from Townsend. (grey color), or soil from
Decker (red color). Two 12x18 in. bands of each soil type were pre-
sented in the cage. No preference for soil type as indicated by
position .records could be seen in first instar nymphs (N=376; Townsend=
132, Decker¥127; 5 geplicates).

Many reports of grasshopper response to visual patterns or form
perception have been made (see Mulkern, 1969). Thisxarea was briefly
investigated with A. elliottt.

Figgres were drawn on 3x5 in. index cards in India ink. Vertical
lines, horizontal lines, square shgpes, and asterisk shapes were pre-
gented in pairs. Alternating figures were arranged in upright positions
around the inside of the wall of the Tilt Table arena. Grésshoppers
were tested individually by placing an animal in the center of the
arena, holding it so that the head faced between two figures, and after
10 sec. releasing the animal. The animal was then observed for 15 min.,
and its.movements plotted on graph paper. Simple X2 tests were applied
to each pair of choices, using the first figure touched by the grass-
hopper as evidence of a choice. Both lines and shapes were attractive

(Figure 9). Grasshoppers responded to vertical lines by attempting to
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Figure 9. Diagram of pathways taken by adults of 4. elliottZ when
presented with a choice of figures (shapes) painted in
black on white cards. The figures tested are illustrated
outside each circle. Each test involved the release of a
single animal in the center of the arena and subsequent
observations of its movements for 5 min. :
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crawl up the painted lines., Attraction to the edges of the cards and
climbing of thé edges was frequentlf obéerved. Horizontal lines were
not as attracfive as vertical lines (X2 = 6.24; df 1; P<0.02; N=20),
but occasional grasshoppers attempted to crawl along the edge of the
horizontal lines.

Squares and'asteriéks were not as attractive as lines as indi-
cated by circuitous approaches. |

The first response of most érasshoppers upon reiease was a
'peering’' reaction in which the fore part of the body‘and the head are
moved from side to side to side by mqvements‘of the leg jqints.' Move-
ment towards the cards usually included several pauses, with peering
demonstrated during the stops. A final directed movement to a card

occurred, in almost every case, as a grasshopper came within 4-8 in.

of the card.

Discussion: Grasshoppers have an optimum range of temperature and
humidity within which they are most active. Light also appears to in-
fluence activity. Positive reactions to temperature by Schistocerca
gregaria have been reported (Bodenheimer et al., 1929; Kennedy, 1939,
1945, 1951; Volkonsky, 1939; Fraenkel, 1929, 1930; and Fraenkel and
Gunn, 1961). Phototactic and photokinetic responses of this species -
have also been observed (F;geﬁkel, 1929, 1930; Kennédy, 1939;
Volkonsky, 19395. Azziz (1957) investigated the reactions of first and

fourth instar S. gregaria to relative humidity, temperature, and light.




I N

167~
He investigated responses to each factbr'independent of the others and
_ responses to the ‘interactions of these factors. Increased light iﬁ—:
tensity resulted in greater activity as measured by duration of éctivity
and speed of walking of the Schistocerca nymphs. Rising temberatures
increased hopping and klinokinesis and orthokinesis. Light and tempera-
ture interactions produced responsés similar to the responses for each |
independent factor. Both ligﬁt and temperature increases resulted in
greater activity at all humidity levels. Low or very high humidities
produced agitation, and the speed of walking increased progressively
with humidity.

The respomnsés of S. gregaria to humidity, temperature, aﬁd light
are fairly typical of the responses of other grasshoppers to these
factors. The'humidity‘reactidns of 4. elliotti and other acridids are
discussed in the section on humidity reactions in this report. Posi-
tive phototac;iq responses to lights of_va;ying inten;ities for three
species of M@Zaﬁoplus were observed by Mulkern (1969). Pielou: (1948)
postulated a photokineti; response to general illumination and a
photokliﬁpkinetic response that kept Nomgdacris septejﬁhsciata Servillé
out of thetshade and in illuminated areas. He concluded that a
phototactic reéppnse to directed light also occurred in this species.

Tests of A. elliotti demonstrated a positive phototactic response
to most directed light sources. The greatest response occurred to

lights of the highest intensity (500 W. photoflood lamp). Photokinetic
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responses to general illumination were demonstrated in the test table
arsa and in the‘fiber glass roofed rooms of the.insectary. Locomotor
and singing acfivities increased with a light intensity rise and de-~
creased or ceased with a reduction of light intensity.

Blinded grasshoppers increased locomotor activity in response to
light wavelengths in the shorter (UV) range. The recepsors mediating
this response are unknown. Medioni (1961) concluded that- there was no
evidence of sensitivity to light attributable to any integument sensilla
other than the compound eyes and ocelli in grasshoppers. Ultraviolet
light may have penetrated the epamel cap over the head of 4. eZZiqtti,
butvthis seems unlikely due to the absorption characteristics of'
ultraviolet light.

Insect ocglli may serve as lighp intensity receptors. Investi-
gations indicate that the ocelli do not ﬁorm distinct or at least
perceivable images, but they do react rapidly to fluctuations inllight
intensity. Oselli are normally found in winged insects and appear to
inhibit foraging in insects such as bees and wasps at definite thresh-
old intensities of light. The ocelli may be considered is_some re-
spects to be similsr to the pupil of the vertebrate eye. (Ksrfoot,
1967.) |

The relative.strength of the phototactic turning tendency in
locusts aﬁpears to be depepdent on light intensity. Conpsol by the

ocelli (photoinhibition) appears to compliment control by the compound
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eyes (photoexcitation). (Barry and Jander, 1968,) These workers con-
cluded that interaction between the ocelli and the compound eyes appears
to be a form of 'central light intensity adaptation'. The photokinetic
and phototactic responses of A. elliotti may result from a similar inter-
action of the ocelli and the compound eyes. Low light iﬁtensities appear
to inhibit some activities of A. elliotti, while a directed light source
appears to excite and direct locomotor activity. Temperature effects
may also be involvéd as seen in the disbanding of aggregated basking
grasshoppers- as air temperatures increased. Blinded grassﬁoppers did
not react to most directed light sources and aid not appear to react
to most light intenéity changes, gltrayiolet Qavelengths:of light bgipg
the exception,

The reaction of A. eZZﬁatti to.po}arized light was not investi-
gated. Jander_(l963) was unable to demonstrate'astrotaxis in locusts,
implyingAan inability to perceive polarized light, élthough other
insects possess this ability.

Circadian locomotor rhythms are entraing@ by environmental light
in cockroache§. - Removal of the ocelii has no effect on these rhythms,
but entrainment is‘lost if Fhe compound eyes are covered. This does
not eliminate the possibility that 1ight may still be pgrceivéh through
the head capsule. (Roberts, 1965.)

Mussgnug . (1972) conclﬁded that a diurnal pattern of_behaviors_

(basking, courting, copulation, oviposition, resting, and feeding)
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occurred in adult A. elliotti and was most 1ikeiy produced by tempera-
ture and/or light conditioﬁs. The present study indicates that light
and temperature are very important to geheral locomotor aétivity.
Experiments at night, conducted under artificial lights, revealed that
courtship, copulation, and oviposition continued into the late evening
given adequate light and temperatures. A lag of 1-2 days before these
activities were frequently seen during the night tests implieé that
an entrainment of a new rhythm of activity may have occurred. However,
observations of the laboratory cages indicated that temperature and
light conditions, rather than time of day, were most important in
regulating behavioral activities. Observations.in both the field and
tﬁe 1aboratory indicaped that a male normally copulated no more than
once and a female was iﬁcapable of»ovipositing more than once a day.
Mussgnug (1972):concluded thaF these were primgrily mofning activities.
Early mprningubasking appeared to initiate most of the daily activ-
ities of A. elliotti, probably as a result of increasing internal body
temperature and facilitating muscular contractions. It seems probable
that activities that occur no more than once a day for any individual

and that are initiated by basking would occur shortly after basking for

- the majority of the population; i.e., during the morning hours under

natural conditions. Basking occurred between 9-10 a.m., since the

-

walls of the room shaded the cages until 9 a.m. or later. Basking in

the field occurred as early as 7:30 a.m. (Mussgnug, 1972). This could
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explain observations of mating and coﬁrtship later in the day in the
laboratory.

Not oniy light intensity but also wavelengths of light are impor-
tant to insect responses to, light. Responses to different wgvelengths
of light have been observed for a few species of grasshoppers. Mulkern
(1969) reported maximum attraction to wavelengths at 4500-4750 R with
little reéponse above 5000 8 in Aeropedellus clavatus (Thomas), Arphia
conspersa Scudder, Melanoplus bivittatus (Say), M. confusus Scudder,
M. differentialis. (Thomas), and M. sanguinipes (Fabricius). Egual
intensities of light of 4500~4750 & and of white light produced similar
responses. The response of these species to either of two wavelengths
of light ip_a two-part response chamber was greatest in the blue—gréen
to the ultraviolet range with the greatgst response to a 3600 x-lamp.
Uvarov (1966)_c?;ed research by Burt and Catton indicating that the
eye of Locusta did not produce electrical responses to Wavelengths
greater than 6250 R (red light). Responses up to violet (3900-4700
R) and some ultraviolet wavelengths were recorded. Bennett (1966)
reported that visﬁal cells of Locusta demonstrated'a ﬁigh sensitivity
in the blue and some pf the green region of the spectrum. Crescitelli
and Jahn (1939)“demonstrated attraction of Melanoplus species at 5300
2 (green). Other workers such as.Chauvig (1941, 1942) fqund that the
responses to red waveiengths were weak and that responses to yellow,

green, and blue were strong.
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No response as indicated by activity or direction of movement to
red light could be measured in A. eZZiotti.‘ Yellow, green, and blue
all were attractive. Ultraviolet light was particularly attractive to
adults. TField-caged adults were tested using the same ultraviolet
light source as that used in the laboratory, but no response to the
light could be demonstrated. Mulkern (1969) reported the same lack of
response in the field to an ultraviolet lamp that he had found to be
highly attractive in the laboratory. He concluded that low night
temperatures (13-16 Cj-in the field might have been partially respon-
sible for the lack of a respohse, although even grasshoppers a few
centimeters-away did not respond. 4. elliotti vere tested in the field
early in the morning at temperature and light levels similar to those
of the laboratory under which a response was demonstrated. Placement
of the lamp outside of the field cages resulteq in the light farter
from some of the grasshoppers in the cage than the distaﬁce from lamp
;o grasshoppers in the laboratory, since the fiéld cages were larggr
than the laboratory cages. However, grasshpbpers on the ground imme-
diately in.front of the lamp did not crawl onto the screen as occurred
in the laboratory.

Tests of grasshopper respons;s to different colored squares of
plastic were incopqlusive. A. gZZiotti collected on the squares but
frequently mqved from one square to another. .;t is pqssible that the

observed response was to the squares and not to the color.
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Grasshoppgrs occurred on red squares in numbers not sigﬁificantly
different from those on-other color squares, yet these grasshoppers
did not respond to red lights. Comparing data from pairs of colors,
only white versus black demonstrated a significant difference of
attraction. It was suspected that this response may have been due to
different temperatures at the surface of the cards, since white re-
flects light radiation and black absorbs radiation. The testslin the
Tilt Table arena did not reveal any pronounced difference in tempera-
ture during the ten minute intervals for each test. Temperatures on
the black cards rose to less than 0.2°C above the white.

Ergene (1950) reported that Acrida turrita with green or yellow

bodies chose areas of a cage with the same color as the body. Light

intensities and not color may be discerned, but green grasshoppers

given a choice ofigrey or green backgrounds of the same intensity chose

the green in 80 percent of the trials (Ergene, 1952). Observapions
of A..elliqtti nymphs did not reveal any matching of body color to soil
color. \

From.perceptionlor response to visual patterns in grasshoppers
has beenustudied by Williams (1954); Wallace (1958, 1959); Kaufmann
(1965); Burtt and Catton (1962); and Mulkern (1969). The species
studied oriented to and moved to vertical objects and, shapes. Distance,
form, and size can be discriminated. Wallace (1958) showed that nymphs

of Schistocerca gregaria preferred simple forms in the visual
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environment, preferring long, straight, vertical edges over short,
vertical edges with wavey or serrated edges; More complex figures in
the absence of straight vertical edges were chosen if the figures were
of comparable size. Several workers have found that‘grasshoppers are
very susceptible to movement in their visual field, and it is be~
lieved that peering, Which consists of lateral swaying or moving of
the head, produces a scanning of the visual field and movement of images
across it (Wallace, 1958). It is also suggested that movements of the
hind legs may be important in communicating distress, aggression, and
mating response (Otte, 1970). Wing movements may be visual clues to
some grasshoppers.

"A. elliotti demonstrated the expected response to shapes,'pre-
ferring straight vertical lines over horizontal lines and square and
asterisk shaped forms. Little difference between gstgrisk and square
figures coﬁld be discerned. An attraction to the edge of lines and of
cards was seen in all tests. Mulkern (1969) reported that Melanoplus
keeleri (Dodge) and M. fémurrubrum.(be Geer) nymphs responded to
vertical lines projected on a screen by crawling along the edges of the’
lines. Ho%izontal lines inhibited upward movement except at the edge
of the screen where grasshoppers moved upwafd, crossing horizontal lines.
A, elliotti attempted to crawl along the edges of horizontal lines, but
érossed the lines at the edges of the cardsf Attraction to horizontal

lines was low. Peering is frequently seen during the approach to shapes
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by 4. elliotti.

Leg movements appéar to be important communication signals to
A. elliotti and are discussed in the section on individual interactions.

Undirecfed activity by grasshoppers is stimulaﬁéd~by favorable
illumination and temperature. Temperature.is frequently used as an
estimate of .heat in a life system. Heat flow is a means of nonmechan-
ical energy transfer. ‘ . .

Muscular contraction is affected by the internal temperature of
an organism. The basking behavior characteristic of grasshoppers
appears to be a means of raising internal body temperatures to facili-
tate muscular contréctiqps.

The internal tempgfatu;e of graséhoppers depends onrgdditive and
subtractive processes. Air température, radiant heat from the!sun,
vegetation, ground, and ofjects,_and metabolic production pf'heat in-
crease intermnal femperature. Convection, long-wave radiation f:om the
body, and evaporation reduce internal temperature. (Uvarov, 1966.)

Solar radiation may be the most important source of heat gain by
grasshqppers, céusing rapid increases of internal temﬁerature'with
exposure to the sun. Shading from the sun can cause rapid dec?eases
in interﬁgl température (Uvarov, 1966). - Digby (1955) found that the
relation betweén_radigtiop intensity and inﬁernal temperature excess
(body.tempgrgturg above air temperature) is practically linear in

Locusta. Modification of radiation effects depends primarily on the
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angle of ipcidence of the rays (Bodenheimer et al., 1929) and on re~ .
flected radiation (Gunn et al., 1948). Strelnikov (1936) found that
the internal temperature of Locusta nymphs differed up to 6.7°C, de-
pending on the angle of incidence of light rays. Gunn et al. (1948)
found that up to 40 percent of the total radiant heat experienced by
a grasshopper may be contributed by bare ground. The effect of this
radiation decreases rapidly with height above the ground. '

Fraenkel (1929, 1930) noted that Schistocerca formed dense
aggregations on walls and slopes facing east and on the east side of
vegetation in the early morning as temperatures increased to about
17-20°C. These aggregations may have been partly a response of one
grasshopper to another. A nearesp‘neighbor reaction would not explain
groupiﬁg in areas exposed to the sun, nor was it probable that suitable
temperature gradients to guide grasshoppers tp basking areas existed,
especially when a wind was present. It was concluded that Schistoeerca
wandered at‘random until the grasshoppers encountered a warm sunny
spot, where they became immobile. Basking terminated at 28°C and the
grasshqpperg then began to migrate. A similar aggregation reaction
to that of the morning occurred in the evening with aggregations
forming on surfaces facing west.

Many species of grasshoppers orient their bodies at right angles
to the sun during basking. This increases the surface area of the body

exposed to the sun. An orientation parallel to the‘Sun with only the
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head exposed to aireét rays from the sun is often seen when air tempera-
tures exceed the normal activity range for a species. This greatly re-
duces surface area exposéd to radiant energy. Climbing, shade segking;
and 'stilting' are 6ther methods employed by grasshoppers to reduce ab-
sorption of radiant energy. Gunn et al. (1948) observed that Schisto-
cerca adulté adopted a stilting position by rising on the legs so that
their bodies were held about 6 mm from the ground, where air éempera—
tures were only 43°C as compared to a ground tempefature of 56°C. Rie-
gert (1967) reported that nymphs of Camnulla pellucida attempted to es-
cape heat by climbing vegetation when temperatures exceeded 40°C. These
nymphs often jumped straight ‘up and down in rapid,,unoriented, convul-
sive leaping until exhausped in'areas in which vegetation was very short
so that climbing_did not permit escape from the heat. The presence of a
wind appeared to prevent this hyperactive, erratic, thgrmokinetic behav~
ior either as a result of convection cooling or direction of movement.

Fraenkel and Gunn (1961) commented thét movements of locusts to
radiant energy, such as turning of the bpdy parallel or perpendicular
to the source of radiant heat, often resulted in a state of akinesis
and as such were not locomoéory. Volkonsky (1939) spggested'that
facing the ;un and broadside basking postures combine with heating
effects in such a way as to‘produce:a steady body temperature. He
termed the two reactions tel-akinesis and‘men—akinesis, respectively.
He also performed experiments on the mechanism of re-orientation to a

source of radiation. TLocusts oriented their bodies in response to head
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movements induced by elevating a lamp. Re—orientétion was not effi-
cient or did mot occur if the source of radiation emitted mainly infra-
red rays or if the compound eyes were made non—func£ional. The
importance of the compound eyes to third instar nymphs or younger
appeared to be less. It was suggested that visual orientation may be
secondary to heat orientation. Visual orientation may increase pre-
cision and in adults may occur even when there is little or no heat
effect.

The problems associated with discérning the mechanisms involved
in these re—o;ientation responses are not reso;ved, Tests ofiA.
elliotti indicated that a positive phototactic response directed
movement to basking areas in thg early morning. Blinded grasshoppers
aid not move to basking areas suggestipg thqt'the reaction was probably
visual and not tberﬁal. Blinding may have affected thermal as well as
visual response if the hypothesis of Haskell et al. (1962) that the
compound eyes may alsé serve as thgrmal rgceptors is true. Late
afternoon aggregations of A. elliotti may also be a phototactic re-
sponse to sunny areas, although this cou}d not be easily ;ested. Ob~
servations of the responses- of 4. elliotti to solar radigtion tend to
support Riegert'g (1967) conclusions concerning the early morning
activities of Melanoplus bivittatus. A photokinetic response to sun-
light probably‘cagsed the grasshoppers to move out into the sun and

some to climb vegetation. Orientation to the sun and subsequent
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turning of the body broadside to the sun‘for baskiné appears to be a

direct phototactic response in order to rapidly increase internal body

temperature. Once body temperature has been raised, an induced thermo-

kinesis may reorient the grasshoppers to moderate photo effects. A.
elliottl appeared to begin daily activities after basking, and orien-
tation to the sun decreased in importance. Temperatures in excess of
35°C caﬁsed A, elliotti to reorient with the body parallel to sunlight,
again probably a result of combined thermal and photic affects. Addi-
tional responses of A. elliotti to high temperatures included stilting
postures, climbing of vegetation and objects, and avoidance of direct
sunlight by shade seeking. Grasshoppers.were also observed running
rapidly over hot, bare ground, then stopping suddenly when encountering
a shady area. It did not appear to be a directed movement to shade,
but ratﬁer it seemed to be an erratic dash across hot areas and sub-
sequent pauses when cooler areas were encountered.

The observations of the thermal responses of A. elliotti support
the conclusions of Pepper and Hastings (1952). They investigated the
effects of solar radiation on grasshopper (Melanoplus species) tempera-
tures and actiyities. Body temperature was found to vary with air
temperature and light intensity. Body temperatures in all cases were
over that of surrounding air. The energy which results in raising'
the body temﬁerature came mainly from the absorption of direct solar

radiation. They also reported that M. bivittatus and M. differentialis
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demonstrate mqvements and orientation to the sun. Ihey concluded that
this éétivi;y~is motivated primarily by a teméerature response. The
present observations of 4. eZZiotti indicate that light may in part

direct this type of activity.

V. Acoustic Emissiogs

Dumortier (1963) concluded that acoustic messages represent the
"mosf complete and efficacious mode of imparting informatiom.
Acoustic signals diffuse readily, are very resistant to screening dis-
turbances, and permit a relatively great codification by variation of
parameters of the emission. Busnel (1963) called attention to specific
properties of sound waves which appeér to be well adapted to communi-
cation. Acoustical siénals have aﬁ easily locatable sdéurce, may
attain a range of several miles (in vertebrates), are useful in the
absence of visibility, are impermanent unless repeated, demonstrate
a low loss of information due to background noise, and rapidly convey
information. Réﬁiewstby Pringle (1956), Frings and F;ings (1958), and
AlexanderA(l957, l960b,'1967, 1968) summariged“evidence fér short range
and longnranée sound communication in insects.

. Otte (1970) briefly described acoustic signals of A. elliottl.
Audiospectrographé of a male and a female aggressive signals and of a
male cdurtship“song were published. Loher (1971) summarized acoustic
behavior as_rela;ed to ;exuallbehavior in five species of grasshoppers

including A. e¢lliotti. Oscillograms, frequency spectrograms, and
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sound intensipy measurements were obtained for all five species in an
attempt to identify paraméters utilized for intraspecific recognition.
Each species emittéd several types of songs, each with a species;
specific meaning. The rhythm patterns of songs were highly
characteristic of a species. Loudness varied gfeatly within the
various types of éongs and probably isnnot characteristic of a species
by itself. No obvious species-specific frequency differences could be
determined. The distribution of sound frequencies for all five species
included a range from 1 KHz to 50 KHz and beyond. The effects of
rhythm and audiofrequency modifications of a male calling song were
tested using males and females of the species Chorthippus curtipennis
(Harns). A female response to the normal song included orientation
and locomotion to the loudspeaker and performqnce of the responding
song. 'These,responses persisted even after modificatiéns of soné
rhythm by more than 100 percent. Electronic filtering of different
frequency bands and subsequgnt playback revealed that only the fre-
quencies in the range from 3 KHz to 24 KHz were necessary to release
a response in the female to the male calling song. Frequencies above
or below this range did not release the femalevresponse.

Loher's (1971) observations are consistent‘with those of other
workers. Haskell (1957) compared the stridulations of four closely
related grasshoppers of the subfamily Truxalinag and found that the

various types of songs performed by these species demonstrated inter-
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and intra- éﬁecific differences, ﬁhich consisted primarily of differ-
ing pulse repetition frequencies. Loher (1971) modified song rhythm
by recording calling songs at different ambient temperatures. Tempera-
ture and song relatignships have been shown for several species of
Orthoptera. A rise in temperature increases both the chirping rate and
the pulse rate while decreasing tﬁe durétion of these emissions
(Dumortier, 1963). Light in addition to temperature affeéts singing
behavior in Orthoptera and Cicadidae (Hemiptera). Alexander (1960b)
considered light to be "the most universally important single féctor in
determining tﬁe exact time on each day whep different species begin to
sing".

Acoustic.signals of A. elliotti were recorded in the insectary
for the present study. Tape recordings were made using a Robert's
1740X 4-track tape dgck (frequency response 30-22,000 Hz * 3 db at 7%
in. per sec. tape speed) and an Electro-Voice 66§ Variable-D, dynamic
cardioid microphone (frequency response, uniform from 60-16,000 Hz).
Lack of a parabolic sound reflectqr'neggted the possibility of
satisfactory field recordings with this equipment. Field and labora-
tory sound levels of background noise were measured with a‘Genergl
Radio Company Type 759 sound level meter. This instrument'was not
adequate for accurate measurements of the sound energy levels of songs.
Grasshopper songs exhibit extremely rapid sound level transients which

cannot be measured by ordinary sound level meters because of the
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inertia of the meter movement (Loher and Chandrashekargp, 1970).
Only an approkimation of the sound energy of the soﬁgs of A. elliotti
could be detefmined with the sound level meter available for the
present stﬁdy.

Analyses of soundlemissions recorded on tape were conducted at
the laboratories of the Dgpartment of Civil Engineering at Montana
State University. A Keithley model 102B decade isolation amplifier
was used to amplify low intensity recorded sounds. A Hewlett Packard
7100 B strip chart recorder produced a graphic representation of song
rhythﬁ as indiqated by chirp interval. A Krohn-Hite model 3700
variable frequency filter was used to remove low frequency background
noise from the recorded tapes. The insectary is not spundproofed and
recordings made in the rearing rooms often were partiélly obscured by
éir conditioner and traffic noises. Cutting off freéﬁencies below
600 Hz displayed a song waveform distinct from background waveforms.
Comparison of the waveforms of filtered signals with.thoée of
unfiltered siénals revealed little difference in the basic chargcter—
istics of the displayed signal (Figure 10). Stridulation waveforms
were displgygd on o;cillographs. A Tektronix Typé 561 A Oscilloscope
with a Tekt;onix model C-~13 polaroid oscilloscope camera and a
Tektronix 434 Stoﬁage Oscilloscope (dual channel) with a Nikon F
camera were usgd to display and photographically record the signals.

Frequency analysis of sound emissions was performed by using tape
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loops of fecorded'songs with a Hewlett Packard Wave Analyzer, Model
302 A.

Observations of the stridulations of A. elliotti were made in the
field at Billings, Montana and in both the glass and the fiber glass
roofed rooms of the insectary. Grasshoppers from six field sites in
Montana were utilized to investigate populational differences in the
singing behavior of this species. These grasshoppers were collected
by ﬁr. Saralee Visscher from field sites at Simms, Decker, Trail Creek
(S.E. of Bozeman), Townsend, Billings, and the O0.W. Ranch (N.E; of
Decker) in Montana for studies concerning embryogenesis. Grasshoppers
were collected as nymphs and were reared in cyclindrical, cages 9 in.
in diameter by 20 in. high (see Visscher, 1971). Most of the cages
contained a single male and female pair. A few cages contained groups
of nymphs; adult males, or adult‘females. These cages were maintained
in the fiber glass roofed rooms of the insectary.

Nomenclature describing the structure of the types of arthropod
acoustic signals is confused. Broughton (1963) attempted to standard-
ize bio—acoustic’terminolégy, and his définitions have been utilized
in the present - study as follows:

Song: Sound of animal origin which is not both accidental and
meaningless. Includes calls and call notes.

Chirp: The shortest unitary rhythm—elément of a sound emission
' that can readily be distinguished as such by the unaided
human ear.




Lk

-126~
Pulse: A unitary homogeneous parcel of sound waves of finite
duration; a simple wave-train (i.e., one divisible

into waves, but not into groupings of waves).

Syllable: Sound produced by one single cycle of contraction
of the operating muscles.

Frequency: The rate of repetition of the cycles of a periodic
quantity. The reciprocal of the period. The unit
is the cycle per second (in Europe, the hertz:

1 c/s =1 Hz).

Dominant Frequency: ... frequency of that harmonic which has
the greatest amplitude.

An entire succession or sequence of chirps is termed phrase in
the present study, although Broughton (1963) and Dumortier (1963)
caution that workers use this term differently. Syllable applies to
both sounds which are unipulsate and those which are monocyclic.
Broughton (1963) prefers this term to pulse which is often defined in
terms of a movement of the stridulatory appargtus. But, a pulse as it
appeafs on paper or on an instrument such as an oscilloscope may con-
sist of many physical pulses produced by the emitting apparatus. No
attempt to relate wave—-form to' the mechanism of_thg étridulatory
apparatus was made in thé present study. Sound was investigated as
a stimulus to certain behaviors in the receiﬁing insect. Parameters
likely to affect the efficacy of the signals were investigated. Loher
(1971), Haskell (1957); and other workers have found that rhythm of
the song, the wavefofm of chirps and pulges, the range of frequencies
of Which thg waveforms. are composed, and the loudness or intensity of

the song may be important factors to the response of the receiving
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grasshopper. Environmental factors such as temperature and light also
may be iméortant.

Terminology for types of sound phénomena according to the con-
ditions under which the acoustic signals occur and to the behavior with
which the emissions are associated has been presented by several workers.
Alexander (1967) listed nine functional categories of arthropod signals.
Faber (1929, 1932) recognized 12 different songs or phrases used by
insects. Dumortier (1963) presented a classification of arthropod

sound based on Faber's system. Loher and Chandrashekaran (1970) and

‘Broughton (1963) critically reviewed behavioral terminology as applied

to bio-acoustic signals.

Ihe termipology applied by Loher (1971) to'acoustic communication
of A. elliotti and other species of Acrididae has been utilized in the
present study where applicable. Songs éerformed by A. elliotti include

the following: calling songs, responding songs, courtship songs, dis-

" turbance sounds, contact sounds, reflex cry sounds, and oviposition

songs. The last two types of emissions were identified in the present
study as additional to those sounds described by Loher. Also, dis-
turbance sounds were observed in both sexes and not just males.

The principal songs of 4. elliotti may be characterized on the
basis of both physical and'fungtiona; characteristics. . Observations }
and recordipgs of the sound emissions of the grasshoppers from the

six populations, reared in the insectary, did not reveal any
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behavioral or physical differences which could be attributed to popu-
lation source. Grasshoppers from all six populations sang in aiter—
nation with songs produced by males and females of any other population.
Observations. of the stridulatory behavior of each population indicated
that each type of sound signal, performed by this species, served the
same functions in each group. Frequency range, song rhythm, and the
waveforms of pulses and chirps, as observed on an oscilloscope, were
similar for all six populations. Interpopulational learning of
singing types and patterns may have occurred, since grasshoppers from
all six sites were in auditory contact with each other from the time
of maturity. Grasshoppers in thg cylindrical cages emitted calling
and responding songs more frequently than grasshoppers in the larger
rectangular cages ﬁsed in the laboratory for the present study and more
frequently than grasshoppers at the field site in Billings. The 200-
250 adult grasshoppers in the threelrectangular cages seldom performed
calling or responding songs. _Rarely were more than six calls_heard in
an 8 hr. observation period. Ong hundred seventy adults in male-female
pairs in cylindrica; cages in a single room at 32.2°C air temperature
performed as many as 54 songs in a 15 min. interval. Six male-female
pairs of blinded ‘(head capsules'painted_with black enamel), adult
A. elliotti frequently performed male and female calling and resppnding
songs. Blinded males produced as many as eight calling songs in 2 min.

Blinded females occasionally responded, singing in alternation and
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after the termination of the male song. Calling and respoﬁding songs
by the blinded grasshoppers were ﬁerformed every day over a seven day -
period. No célling or responding songs by the 32 sighted grasshoppers
in the same cage were observed during the same period. Sighted males
and females, contained in groups of the-séme sex, in the cylindrical
cages also performed frequent calling and responding songs. Female
responding songs were observed on six occasions. Three virgin females
contained in a cyiindrical cage, since the time of molting to adult
(2-3 weeks), performed responding songs for a perio& of 4 hrs. on two
consecutive afternoons.. Six adult females isolated from contactﬁwi;h
males for one week performed calling and ?esponding songs for a period
of 20 min. during a conditioning period, of starvation prior to ol-

faction tests of food odors. Individual blinded females in the cage

‘in the glass-roofed room were observed performing calling and re-

sponding songs on three separate occasions. Twenty—fpur males in. the
same cage with no contact with females performed as many as 15 ca}ling
songs in 10 min. It appears that visgal or physical isolation from'
members of the opposite sex increases the frequency of caliing aqd
responding soﬁgs.

Changes in light intensity‘éppeared to influence thg initiatipn
and termination of calling and responding behavior. Low light
intensities or sudden decreases in light intensity-caused a complete

cessation of singing in the insectary. (see section of this paper on
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visual, pho;ic, and thermal responses). Light intensity effectsion
song rhythm were not investigated. Air temperatures. above 18-21°C
appeared to be necessary before any singing could occuf, but air tempera-~
tures as high as 43°C did not terminate singing by 4. elliotti. The
effects of other environmental factors on stridulatory activity were
not observed, . |

Songs were recorded at air temperétures ranging from 35.6°C to
38.8°C. No relation between chirp or pulse repetition rate as well
as chirp or pulse duration and temperature change was determined for
any of the songs over this temperature range. Variation within a song
was as great as variation between songs, over this temperature range.
However, playback of songs recorded at these temperatures to grass-—
hoppers at 31.0°C revgaled'that male ca;ling and responding songs at
31.0°C demonstrated a 1ogger chirp inte;val‘than tha; of the recorded
songs. Males that sang in response to playback of a male calling song
often sang in alternation with the recorded song but were sligh;ly
out of phase, usually lagging so that a responding chirp did not occur
between every calling chirp: Males that responded more than once to
playback of a calling song adjusted their stridulations to achieve
accurate alternation. Anaiysis of alternation singing indicates that
both the callipg.malg ahd{the responding male usually adjust their
songs to establish true alternation; i.e., each produces ; chirp in

response to a chirp of the other and no overlap of the chirps of the
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two grasshopﬁers occurs.

The principal song types identified for A. elliotti Have both
physical and functional characteristics. Table 22 compares the
principal physical characteristics of the different songs. Physical
characteristics were determined by analysis of recorded signals.
Functional characteristics were determined by observations of the con-
ditions in which the signal is emitted, of the behavior of the emitter,
" of the response of other grasshoppers at the time the signal is emitted,
and of the response of other grasshoppers to playback of the signal
without the presence of the emitter. The‘following song types were
identified for 4. elliotti. .All time measurements are based on re-
cordings made at 35.6;38.8°C; other temperatures, especially lower
temperatures may alter temporal components of song rhythm.

a) Calling Song. (Oscillograms, Figure 11; chirp repetition

oscillograms and graphs, Figures 12 and 13). The male song consists
of a sequence of chirps emitted at a fairly regular rate of .53 to
.64 sec. intervals. Each chirp has a duration of 120-175 msec.
Calling songs are composed of as few as 3-4 chirps or as many as 37
chirps or more. A single chirp contains 17-20 closely spaced pulses
at 8-10 msec. intervals.
Males were obse?ved performing galling songs when alone, when with
other males, and when in the preéence_of a sexually unreceptive female.

The song may have a courtship function in the presence of an unreceptive




TABLE 22. COMPARATIVE SONG CHARACTERS OF MALE AND FEMALE EMISSIONS OF A. ELLIOTTI.

(Frequency of all songs; 60~16,000 Hz and above; 16,000 upper range of
microphone).

Dominant Pulse Pulses Chirp Chirp
Frequencies Interval per Interval Duration
Sex Song Type in KHz (msec) Chirp (sec) (msec)
Calling 3.8, 5.8 8-10 17-20 0.56-0.81 120-175
Responding same same same 0.80-1. 0 150-200
Courtship* ———————— === me—m mmememeem e
Male
Disturbance 4.8,6.0 10-14 23-30 0.46-0.53 250~-350
Reflex Cry 5.1, 6.4 8-12 14-17 0.31-0.40 150-170
Copulation®* - ————m——v —_—— Cmmmemm mmmmmmeem e
Responding 2,6, 3.2 10-16 17-20 0.80-1.00 200-230

Female Disturbance® ——c———ee = —cccer | mmcme e e

Calling¥* e e

*Recognized, but mnot recorded.
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