
CHAPTER SIX 

INSECT MIGRATION 

Insects offer at least two major advantages as subjects for studies of the 
mechanisms and adaptive significance of migration. The frrst of the~ is their small 
size and the consequent relative ease with which large numbers can be reared in the 
laboratory. Laboratory analysis of behavior and physiology can thus be iterated with 
field studies of movement, seasonal cycles, and the population dynamics to integrate 
the details of energetic or life table processes with those of natural history and 
ecology. Such integration goes far toward closing the gaps between proximate and 
ultimate explanations of migration as the papers which follow amply demonstrate. 
The large sample sizes possible with insects help to overcome the problems inherent in 
the variance of migratory behavior occurring in both laboratory and field. 

The second advantage to insects is their diversity, both of taxa and modes of 
migration. Insects are apparently the most speciose organisms on earth and along with 
this taxonomic diversity is a diversity in the ways they migrate. Some of this variation 
is in the scale of migration. We are by now familiar with the spectacular movements 
of certain locusts, lepidopterans and other relatively large insects which can be 
continental or even intercontinental in scope. But even more common are the equally 
significant (for life histories) migrations of numerous small species such as aphids, 
whose movements may cover only hundreds or even tens of meters. Any sampling of 
the aerial 11 plankton 11 reveals a veritable rain of species moving from one locale to 
another (Johnson 1969). We know the details for very few of these species. Also 
astonishingly diverse are the patterns and pathways of migration. Most insects fly, 
but some balloon on silk, some use phoresy, some march in swarms, and there is even 
an aphid whose first instars walk on water (Foster and Treherne 1978). Alternatives 
for flying insects include continuous variation in programmed flight duration, degrees 
of histolysis of the flight muscles, and life cycle partitioning by dimorphism or 
polymorphism of wing structure from macrotpery to aptery (Dingle . 1980). 
Understanding of the array of mechanisms and of the adaptive significance of these 
diverse developmental physiologies and life styles affords a considerable challenge to 
migration biologists. 

The gain in understanding of migration mechanisms promoted by studying 
insects under controlled laboratory conditions is clear from five of the studies included 
in this section. M. A. Rankin reviews many aspects of flight behavior and 
metabolism that have been analyzed in the laboratory and shows that in very diverse 
taxa juvenile hormone controls both flight and reproduction. She demonstrates clearly 
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the evolution of suites of covarying traits linked by physiology. W. S. Hennan 
examines the hormones of the monarch butterfly in detail, outlining the role of 
juvenile hormone and two additional hormones, apparently peptides, in various aspects 
of the life cycle from mobilizing energy reserves to maturation, reproduction and 
flight. J. 0. Palmer shows nicely how insects can be used for quantitative genetic 
studies of migration and demonstrates via selection on wing length and correlated 
responses in flight and fecundity that migration is part of a life history syndrome with 
an architecture of genetic correlations. His unambiguous results derive from the large 
samples in his selected lines. A. J. Zera examines the genetics of wing polymorphism 
in gerrids and demonstrated clear genotype by environment interactions in a complex 
polygenic system. The higher winter survival but lower fecundity of winged ~rphs 
relative to apterous forms indicates the potential for energetic constraints and trade
offs in wing polymorphic systems. Finally, M. L. McAnelly iterates laboratory and 
field studies to show that differences in migratory behavior observed in field 
populations of the grasshoppers Melanoplus sanguinipes from various )ocations 
remain when the animals are reared and tested under similar conditions in the 
laboratory. The differences thus appear to be genetic and to have been selected for 
rather than to be responses induced by proximate local environmental effects 

As McAnelly's study illustrates, field studies are necessary if we are to sort out 
the adaptive significance of insects of migration. This is further shown in the papers 
which deal primarily with studies undertaken under natural conditions. L. P. Brower 
summarizes the many years of field research on the spectacular migrations and 
overwintering aggregations of the monarch butterfly leading to our current 
understanding of the long distance round-trip movements of this species. At the same 
time he points out the many important questions still unanswered. L. E. Gilbert and 
T. J. Walker also deal with butterfly migrations. Gilbert analyzes the relation 
between rainfall, host plant phenology, and outbreak and migration patterns of two 
species in the shrublands of southern Texas, while Walker uses directional trapping 
techniques to discern boundary layer migration and orientation patterns in four species 
migration through northern Florida in the Autumn. Orientation parallel to the axis of 
the Florida Peninsula is remarkably precise, but the mechanisms are unknown. 
R. F. Denno takes a detailed look at the adaptive significance of wing polymorphism 
in salt marsh homopterans and shows the relations among seasonal changes, host plant 
nutrition, and crowding in influencing the frequency of the wing morphs and the 
influence of migration on population dynamics. C. Solbreck surveys data on forest 
and milkweed insects in northern Europe to show how individuals may benefit from 
migration and how populations can be affected. 

Any symposium such as this is necessarily eclectic in its choice of subject 
matter, and this one is no exception. We have, for example, barely touched on the 
insect species available for studies of insect migration. It is also obvious that certain 
relatively well-studied insects, such as aphids and locusts, are absent from our survey. 
The studies reported here do, however, give a good notion of the breadth and depth of 
our knowledge. Some trends are apparent such as the primary role of juvenile 
hormone in orchestrating life cycles and migration in allowing adjustment of life 
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histories to seasonal, and in some cases more unpredictable, changes is also evident. 
But as all the participants show, there is still much that is not known and therefore 
much to be done and much to be learned of both the how and why of migration. 

Hugh Dingle 
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ABSTRACf 

Planthopper (Homoptera: Delphacidae) populations are composed of two wing forms, 
flightless brachypters and macropters that can fly. There are no consistent differences in 
development time of the nymphs or fecundity between wing-forms. However, brachypters have 
a shorter preoviposition period than macropters resulting in earlier age to first reproduction. 
Nymphs which feed on more nutritious hosts eclose as larger adults. Fecundity and body size 
appear to be positively related. Crowding extends development time and results in smaller 
adults. The negative effects of crowding are in part ameliorated if planthoppers feed on 
nutritious hosts. On marginal host plants there is a density-dependent migration response that is 
moderated on more nutritious hosts. In laboratory choice tests, macropters prefer to feed and 
oviposit on nutritious, compared to nutrient-deficient, host plants. On a large scale in the field, 
macropters can discriminate and colonize superior quality hosts. Therefore larger, more fit 
offspring are produced. Brachypters are relatively immobile and lack this ability. For 
Prokelisia margiTUJta, 81% of adults are macropters. This wing-form pattern is unique 
compared to other salt marsh-inhabiting planthopper species and is related to the patch dynamics 
of its host plant which provide the opportunity for interbabitat migration. 

INTRODUCI10N 

Emphasis in the life history literature has focused on reproductive traits such as 
fecundity and age to frrst and peak reproduction (e.g., Steams 1976,. 1977). Equally 
important to an organism is the ability to place offspring on appropriate resources, and 
failure to do so can have drastic effects on fitness (van Emden 1966; McClure 1980; 
Whitham 1978, 1979, 1980). Consequently, behaviors like migration and diapause 
that synchronize reproduction with favorable resources in space and time must be 
viewed as integral features of insect life history (Southwood 1962, 1977; Dingle 1972, 
1974, 1979, 1982; Denno and Dingle 1981; Denno 1983). 
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Southwood ( 1977) and Solbreck ( 1978) have provided theoretical perspective on 
the evolution of migration and diapause. In the course of evolution, members of a 
species will evolve those life history traits which maximize the number of their 
descendants in the habitat, where habitat is viewoo in the two dimensions of "time" 
and "space" (Southwood 1977). Organisms must choose between reproducing "now" 
and "later" in time and between "here" and "elsewhere" in space. The evolutionary 
choices herbivores make depend on dynamical changes in the suitability of the host 
plants they exploit. For herbivorous insects like planthoppers and aphids, host plant 
nutrition, the density of predators, parasites, pathogens, competitors, and physical 
factors all influence the suitability of the host plant patch. If changes in host plant 
suitability resemble each other in patches here and elsewhere, then diapause rather 
than migration should be favored when all patches simultaneously deteriorate (Fig 
1A). On the other hand, if changes in host plant suitability among patches are out of 
phase, migration should be favored because as conditions deteriorate here, they are 
improving elsewhere (Fig 18). Solbreck (1978) has also suggested that migration will 
be favored where an herbivore inhabits a relatively persistent habitat here year-round, 
but has the seasonal opportunity to exploit temporary hosts elsewhere (Fig 1C). 

Large herbivores like browsing mammals, birds and even some butterflies are 
able to effectively exploit the current patch and then move on as individuals if 
conditions take a tum for the worse. However, the contingencies associated with 
tracking variable resources can be very different, particularly to small animals like 
insects, and the tracking cannot always be accomplished by a singe phenotype (Levins 
1968; Denno 1979, 1983; Harrison 1980). The very characteristics that allow for the 
successful colonization of alternative patches elsewhere (e.g., low wing-loading and 
reduced or delayed reproduction) may prevent an individual from effectively exploiting 
the current patch. Consequently, selection may favor a polymorphism where each 
morph is successful under a different set of conditions. Examples are the long-winged 
(macropters) migrants and flightless forms (short-winged brachypters and apters) of 
planthoppers and aphids (Lees 1966, 1967; Denno 1976, 1978, 1979, 1983), the 
migratory and solitary phases of locusts (Kennedy 1956, Dempster 1963) and the 
migratory and nonmigratory forms of milkweed bugs (Dingle 1978, 1981). Ultimately, 
the wing-form or flight-form composition of a population will depend on the relative 
favorableness, permanence, predictability and isolation of the resource patches it 
exploits (Southwood 1962, 1977; Southwood, May, Hassell and Conway 1974; Denno 
1978, 1979, 1983; Solbreck 1978; Denno and Grissell 1979; Denno, Raupp, Tallamy 
and Reichelderfer 1980). 

In this report I focus on a single species of wing-dimorphic planthopper, 
Prokelisia marginata (Van Duzee) to show the mediating role host plants play in the 
~XJpulation dynamics of herbivores and in the evolution of their life histories. P. 
marginata is a sap-feeding homopteran that feeds mostly on the contents of phloem 
cells of the perennial intertidal grass Spartina altemijlora its only host in eastern 
North America. S. altemijlora dominates the vegetation of Atlantic and Gulf coast 
marshes where it grows primarily below mean high water level in large pure stands. 
Prokelisia marginata is by far the most abundant herbivore on SpartiTUJ altemijlora 
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Time 

Figure 1 
Predicted life history responses of herbivorous insects to spatial and temporal changes in the suitability 

of host plants in patches "here" (solid line) and "elsewhere" (broken line). (A) Where changes in the 
suitability of hosts in patches here and elsewhere are similar, better alternatives are not available, and 
diapause rather than migration is favored wben the quality of hosts is low in all patches. (B) If the 
suitability of hosts improves elsewhere while those in the cunent patch deteriora~e, tben migration should be 
favored. (C) If suitable host plants are permanently available in one habitat here yet fluctuate seasonally 
elsewhere, migrations to and from the temporary habitat can occur. Modified from Solbreck (1978). 

(Denno 1983). With saw-like ovipositors, females insert their eggs between the ridges 
on the upper blade-surfaces of the grass. Eggs hatch and nymphs feed on site, passing 
through 5 instars. In the mid-Atlantic states there are 3 generations per year, and 
nymphs overwinter by nestling into the thatch of the grass (Denno 1983). 

My specific objectives for this chapter are these: First, I compare the ecological 
and behavioral characteristics of the wing-forms of planthoppers in light of their 
performance on changing host plants. Second, I consider factors that contribute to the 
deterioration of the current patch of hosts and how these interact to reduce planthopper 
fitness. Third, cues that signal patch deterioration and trigger migration and escape are 
addressed. Fourth, I consider the ability of migrants to discriminate and select superior 
host plants from a mosaic of less favorable ones. Last, I relate interhabitat migration 
and the unique life history of Prokelisia nulrgi1Ulta to dynamical features of its host 
plant. 
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DEVELOPMENTAL, REPRODUCfiVE AND BEHAVIORAL 
CHARACfERISTICS OF PLANTHOPPER WING-FORMS 

Populations of planthoppers are usually composed of two discrete wing-forms 
(Kisimoto 1965; Mochida 1970; Drosopoulos 1977; Denno 1978, 1979, 1983). There 
are long-winged macropters that can fly and short-winged brachypters that cannot. 
Macropters are capable of long distance flight and consequently are able to escape 
from unfavorable host plants and colonize new ones (Denno and Grissell 1979, Denno 
et al. 1980). Because of their flightlessness, brachypters can move only short distances 
up to several meters and are unable to track large-scale changes in the abundance and 
quality of their host plants (Raatikainen 1967, Denno et al. 1980, Denno 1983). 

Because macropters must build wings and flight muscles, as well as allocate 
energy to the biochemistry of flight, one might expect differences in development or 
fecundity compared to brachypters that are not saddled by the constraints of flight. For 
aphids this is certainly nue; winged alates are significantly less fecund than the 
flightless apterae (Dixon and Wratten 1971; Dixon 1972; Taylor 1975; Wratten 1977; 
Dixon and Dharma 1980; but see Dingle, this volume). However, in planthoppers the 
pattern is not quite so clear. I have compared the nymphal development time, 
preoviposition period and fecundity between the brachypters and macropters of several 
species of planthoppers including Prokelisill marginata in , Table 1. There is no 
significant difference between the nymphal development time of the macropter and 
brachypter for either Prokelisia marginata or Javesella pellucida. Furthermore, a sign 
test performed on the development times of the macropters and brachypters for all 
species included in the Table found no significant difference (p = 1.000 ns). Also, 
where tested by the various authors, there was no significant difference between the 
fecundity of either wing-form. A sign test also bears out this result for all species in 
Table 1 (p = 0.180 ns). Despite the similarity in fecundity and nymphal development 
time, there is a consistent difference in the length of the preoviposition period between 
the wing-forms of planthoppers. Brachypters have a shorter preoviposition period than 
macropters (sign test, p = 0.002) and consequently an earlier age to ftrst reproduction. 

Perhaps the most striking difference between the wing-forms of planthoppers is a 
behavioral one. Laboratory observations show that the macropters of Prokelisia 
marginata are very 11 nervous 11 and upon disturbance quickly release from their holds. 
Brachypters, on the other hand, are more reluctant to jump from their host plant and 
are much less responsive (Denno 1983). Together, immobility and early age to frrst 
reproduction may function to allow brachypters to remain on their immediate host 
plants and exploit them more effectively than their long-winged counterparts. The fact 
that outbreaks of planthoppers and heavy host plant damage are often associated with 
the occurrence of brachypters (Kisimoto 1965, 1977; Mochida and Dyck 1977) is 
consistent with this hypothesis. Thus as long as host plants remain favorable in the 
current patch, the brachypter should be the optimal wing-form, particularly if the patch 
occurs in a climatically harsh habitat where it is adaptive to offset high mortality with 
an earlier age to first reproduction. 
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Table 1 
Comparison of the nymphal development time (days), preovipos1t1on period 

(days), and total fecundity of brachypterous (B) and macropterous (M) female 
planthoppers. 

Species Nymphal Preoviposition Feamdity Reference 

Development Period 

B M B M B M 

MulleriiJnella ,/rlirmllirri 5.6 9.4· 357 331 OS Drosopoulos ( 1977) 

MulleriiJnella brmpennis 7.0 IO.o 161 155 OS Drosopoulos (1977) 

Niltlptmata lugens 14.7 15.4 2.7 6.0 599 543 Kisimoto ( 1965) 

Niliparwlta lugens 
Niltlptmata lugens 

18.0 20.3 Kisimoto ( 1965) 

Mocbida (1970) 

genotype +I+ 14.3 14.1 1.5 6.2 300 249 

genotype +/r 14.7 14.5 2.7 6.8 126 174 

genotype r/r 

Niliparwlta lugens 

14.2 14.0 2.9 7.2 43 106 

Ob (1979) 

1st mating 289 294 OS 

2nd mating 141 135 OS 

3rd mating 74 52 

JtmSella pellucidiJ 29.2 32.2 OS 5.4 7.1· 156 156 OS Mocbida (1973) 

Sogata jurcifera 2.9 3.7 484 385 Kisimoto (1965) 

Sogata jurcifera 12.9 14.3 Kisimoto (1956) 

LDodelphax striatella 14.9 16.6 Kisimoto (1956) 

LDodelphax striatella 3.0 5.0 555 570 Kisimoto (1965) 

Laodelpluu striatella 158 119 Tsai et al. (1964) 

LDodelphax striatella 106 61 Nasu (1969) 

Prokelisia marginata 37.9 37.4 OS 7.3 8.5 81 77ns Denno (this report) 

Consensusb B=M B<M B=M 

a = p < 0.01 

ns = not significant· 

b = Consensus decisions determined by sign test (Siegel 1956). 

PATCH DETERIORATION: EFFECfS OF HOST PLANT 
NUTRITION AND CROWDING ON PLANTHOPPER FITNESS 

The fitness of many species of planthoppers and aphids is improved when they 
feed on nutritionally superior host plants. For example, when they are fed plants 
containing a higher concentration of soluble or amino nitrogen, planthoppers and 
aphids obtain a larger body size, realize greater fecundity and achieve larger 
populations than they do when fed less nutritious hosts (Table 2). When nymphs of P. 
11Ulrginata develop on fertilized seedlings of Spartina altemijlora 
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Table 2 
Responses of Homoptera to increased plant nitrogen 

Taxon Body Size Fecundity Populatioo Refcreoce 

Apbiclicbe 

Drqlanosiphum p/IIUinoitla +(amino N) +(amino N) +(amino N) Dixon (1970) 

Ac:yrthosiphon pisum +(amino N). Auclair (1976) 

Brt'FicoryM bnu.tit:ue + (soluble N). van Emden (1966) 

Myzus pnsictu +(nitrogent van Emden (1966) 

Myzus pnsictu + (nitrogent Vijverberg (1965) 

Tuberollll:hnu.l JtJiipus + (nitrogent Vijverberg ( 1965) 

Delphacid• 

Niltlpanata lugeru +(aminot Sogawa (1971) 

NiliponatD lugeru + (nitrogent Mocbida et al. (1971) 

Sacchtlro.fytlM !IICChtuiww + (nitrogen) • Mocbida et al. (1971) 

Pntinsift~D vitiensU + (nitrogent Mocbida et al. (1971) 

ProUiisitl mtJ1finat4 + (nitrogent +(nitrogent +(nitrogent Vince et al. (1981) 

ProUiisitl mtJ1finat4 + (soluble N)• + (soluble N)• Denno (1983, this report) 

+ = positive response 

a = plant nitrogen incn:ased by fertilization 

Fertilized ( D ) & Nontertilized ( • ) 
Spartina 

.r::. 
+-' 
~2. 

~ 
£2.4 
0 
(() 

+-' 2.2 
::J 

"'0 
<( 

2.0 
Md Bd 

Figure 2 
Body lengths of tbe sexes and wing-forms of ProhlisitJ mar,intJta raised on heavily fertilized 

1(i = 61.5 ± 7.4 mg·g- soluble protein) and lightly fertilized (i = 15.5 ± 4.3 mg·g-• soluble protein) 
seedlings of Spartina altnniftoru. All sexes and wing-forms were significantly larger wben raised oa 
fertilized seedlings (p < 0.05). M = macropter, B = bracbypter. Standard enors surround means. 

(x = 61.5 ± 7.4 mg·g- 1 soluble protein), they eclose as significantly larger adults 
compared to nymphs fed nutritionally inferior seedlings (i = 15.5 ± 4.3 mg·g-1 
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Table 3 
Life history correlates in the Homoptera 

Taxon Body Size- Body Size- Longevity- Reference 

Fecundity Longevity Fecundity 

Apbklldae 

Drepanosiphum platanoides + 
Aphis jaJJtu + 

+ 
+ 

Acyrthosiphon pisum + 
Pemphigus bettie + 

Membnddae 
UmbonitJ crassicomis + 

Delpbaddae 

NiJDparvatalugens 
Javesella peUucida 
ProlceUsia marginata + 

+ Dixon (1970) 

0 Dixon and Dharma ( 1980) 

Dixon and Wratten (1971) 

+ +I Taylor (1975) 

Murd.ie (1969) 

Whitham (1978,1981) 

Wood and Dowell (1984) 

+ Mocbida ( 1970) 

Mocbida (1973) 

Denno (this report) 

+ = positive relationship, 0 = no relationship 

a = There is a size-dependent survival threshold below which fecundity depended upon 
longevity and above which longevity and fecundity were independent. 

Table4 
Effect of crowding on Homoptera fitness. 

Taxon Development Mortality Body Fecundity Reference 
Rate Size 

Apbididae 

Drepanosiphum platanoides + Dixon (1970) 

Aphisfaboe Way and Banks (1967) 

Way (1968) 

Acyrthos_iphon pisum Mwdie (1969) 

Delpbaddae 

Nilllparvata lugens + + Kisi.molo (1965) 

Mullerianella jairmairei + Drosopoulos ( 1977) 

Javesella pellucidD 0 + Mocbida (1973) 

Prolcelisill mtJrgilulta + Denno (this report) 

+ = positive relationship with crowding, 0 = no relationdship with crowding, 
- = negative relationship with crowding. 

soluble protein; Fig 2). Furthermore, there is a significant positive relationship 
(r = 0.689, n = 11, p < 0.01) between total female fecundity and body size for P. 
marginata. Using this relationship to predict fecundity, the females fed nutritionally 
superiorS. altemijlora seedlings as nymphs (Fig 2) should realize a 20-25% increase 
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in total fecundity (also see Denno and McCloud, in press). Generally, there are 
positive relationships between body size, fecundity and longevity throughout the 
Homoptera (Table 3). Apparently, for animals like planthoppers and aphids, fecundity 
and longevity are mediated in part by body size. 

Crowding generally reduces fitness in planthoppers and aphids (Table 4). At 
high densities nymphs develop slower, incur greater mortality and eclose as small 
adults with reduced fecundity. However, there is an interesting interaction between 
crowding and host plant nutrition (Denno, Douglass and Jacobs, in press A). When 
nymphs of P. marginata are reared under equally crowded conditions on both heavily 
fertilized and lightly fertilized seedlings of Spartina, the adults which eclose on the 
nutritionally superior plants are significantly larger. Apparently, the negative effects of 
crowding on body size, seen when animals are raised on marginal hosts, are in part 
ameliorated if nymphs feed on high quality Spartina. 

As the season progresses on the high marsh, there is a decline in the nutritional 
quality of Spartina (Denno 1983). Together with high levels of crowding incurred by 
nymphs of P. marginata during summer, decreases in plant nitrogen contribute to 
reduction in planthopper fitness. Furthennore, planthoppers themselves may contribute 
to the demise of the local patch. Heavy feeding and oviposition by the brown 
planthopper Nilaparvata lugens on rice results in chlorosis and even plant death 
(Mochida, Suryana and Wahyu 1977). Similar kinds of damage can be seen on 
Spartina as a result of feeding and oviposition by P. marginata (Denno 1983). In 
fact, for other sap-feeding insects, Franz (1958) and McClure (1977) have shown how 
previous feeding by woolly aphids and scale insects reduces host plant quality, making 
hosts less suitable for subsequent attack. In the section that follows I discuss what 
environmental cues are used by planthoppers to signal the deterioration of the local 
patch and trigger the migration response. 

PATCH DETERIORATION, WING-FORM DETERMINATION AND 
THE MIGRATION RESPONSE IN PLANTHOPPERS 

Based on reciprocal crosses between brachypters and macropters of several pest 
species of planthoppers, Kisimoto (1956, 1965) and Raatikainen (1967) concluded that 
wing-form is not inherited by any simple genetic rule. Wing-form is mediated by an 
individual's response during the nymphal stage to a suite of environmental cues that 
signal the deterioration of the local patch. As long as conditions remain favorable on 
the current resource, a developmental switch responds with the production of a short
winged adult. However, if conditions become less favorable, a long-winged adult may 
result (Denno and Grissel 1979, Denno et al. 1980). 

Poor plant nutrition and crowded conditions incurred during the nymphal stage 
lead to the production of macropters in several species of planthoppers (Kisimoto 
1956, Johno 1963, Raatikainen 1967, Mochida and Kisimoto 1971, Mochida 1973, 
Drosopoulos 1977). Johno (1963), Mochida and Kisimoto (1971) and Mochida (1973) 
have shown that high densities of nymphs lower the nutritional quality of host plants, 
which indirectly results in the production of macropters. Photoperiod may have major 
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effects on the determination of wing-form in some species (Drosopoulos 1977), yet 
not in others (Kisimoto 1956). For Prokelisia 11Ulrgi1Ulta Denno (1983) reasons that 
photoperiod very likely plays little role in wing-form determination. 

Denno (1976, 1983), Denno et al. (1980), and Strong and Stiling (1983) have 
implicated crowding as a proximate determinant of wing-form in Prokelisia 
marginata. To test more rigorously the effects of crowding and host plant nutrition on 
wing-form, I placed newly eclosed frrst instar nymphs of P. 11Ulrgi1Ulta at 5 densities 
on 2 different nutritional categories of caged SpartiTUl seedlings and allowed them to 
develop to adults. The 5 densities were 1, 5, 10, 25 and 50 nymphs per cage (see 
Denno, Douglass and Jacobs, in press B for details). To achieve the two nutritional 
categories of plants, I chronically fertilized one bank of seedlings heavily and another 
bank lightly. Heavily fertilized plants contained 61.5 ± 7.4 mg·g- 1 soluble protein, 
while lightly fertilized plants contained only 15.5 ± 4. 3 mg · g - 1• These nutritional and 
density categories span those commonly encountered in the field. Thus conditions that 
mimic high quality (low density on nutritional host plant) and low quality .patches 
(high density on marginal host plant) were produced. 

With increasing density on lightly fertilized Spartina, proportionally more adults 
molted to macropters (Fig 3). This pattern was not observed with animals raised on 
nutritionally superior seedlings, where at high densities, fewer macropters were 
produced. Apparently, the density-dependent migration response observed on marginal 
hosts is dampened when nymphs feed on more nutritious plants. 

PATCH SELECTION BY PLANTHOPPERS 

In the previous section it was shown that as environmental conditions 
deteriorate, long-winged forms that can escape are produced. Here I examine the 
ability of macropters to select and colonize more favorable host plants elsewhere and 
examine the fitness payoffs of this behavior. I tested nutritional preference on a small 
scale in the laboratory by placing 5 pairs of Prokelisia 11Ulrgi1Ulta in each of 10 small 
plastic tube-cages each contammg one heavily fertilized seedling 
(i = 61.5 ± 7.4 mg·g- 1 soluble protein) and one lightly fertilized seedling of 
Spartina (x = 15.5 ± 4.3 mg·g- 1 soluble protein). Cages were kept in an incubator 
at 26°C. On six days during the following 2-wk period, the total number of 
planthoppers feeding on each culm were scored, and at the end of the 2-wk period the 
number of eggs per culm were counted. There was a very strong preference for 
heavily fertilized culms. The cumulative densities and loads (number of planthoppers 
per gram Spartina) of both feeding adults and eggs were significantly greater on 
heavily fertilized compared to lightly fertilized seedlings (Fig 4). While this 
experiment indicates the ability of planthoppers to discriminate and choose 
nutritionally superior hosts on a small scale, it does not pertain to long-distance 
colonization and patch selection. 
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Planthopper Load ( No./g Spartina) 

Figure 3 
Relationship between macroptery (%) in eclosing adults of Prolcdisio margintJta and tbe degree of 

crowding ( = planthopper load, number per gram Spartina) incurred as nymphs on heavily fertilized and 
lightly fertilized seedlings of Spartina altemijlora. Standard errors surround means. 

On a larger scale in the field, Denno ( 1983) tested the ability of Prokelisia to 
select high quality patches of SpartiTUJ by the following experiment. Two, 100 m2 

field plots were chronically defaunated with biweekly applications of the short-lived, 
systemic insecticide, Orthene. Orthene has a half-life of about 5 days in the plant. 
Consequently, reproduction and development on the grass were drastically reduced, 
but colonization and selection by adults were not much affected during the last half of 
the 2-wk sampling interval when plants were not toxic. Two other plots were both 
chronically fertilized and treated with Orthene. Thus colonization and patch selection 
by planthopper adults could be compared on high and low quality SpartiTUJ. There 
were significantly greater numbers of macropters in the fertilized compared to 

nonfertilized plots suggesting that macropters selectively chose high quality patches 
over less favorable ones (see Figure 17 in Denno 1983). In contrast, brachypters were 
equally rare in both plots suggesting that because of their immobility they were unable 
to colonize either plot and consequently make large scale choices between patches. 

Several benefits accrue to those insects which colonize nutritionally superior 
host plants. For example, the nymphs and brachypters of Prokelisia mtJrgiTUJta 
achieve very high densities in fertilized compared to nonfertilized plots of SpartiTUl 
(see Figure 16 in Denno 1983). Furthermore, Vince, Valiela and Teal (1981) have 
shown that females of P. mtJrgiTUJta which have developed on fertilized field plots of 
SpartiTUJ are significantly larger in size than those sampled from nonfertilized grass. 
Thus the ability of macropters to select high quality patches in the field results in 
larger and consequently more fecund offspring. 
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Figure 4 
Feeding and oviposition preference of macropterous adults of Prolcelisia marginata offered heavily 

fertilized (i = 61.5 ± 7.4 mg·g- 1 soluble protein) and lightly fertilized i = 15.5 ± 4.3 mg·g- 1 soluble 
protein) seedlings of SpartinD altemijlora in a choice test. The densities and loads (number per gram 
Spartinll) of both feeding adults and eggs were significantly higher on heavily fertilized seedlings (Wilcoxon 
matched-pairs signed-ranks test, • = p < 0.05, •• = < 0.01). Standard errors surround means. 

INTERHABITAT MIGRATION AND THE UNIQUE LIFE 
IDSTORY OF PROKELISIA MARGINATA 

The models of Southwood ( 1962, 1977) and Solbreck ( 1978) predict that for 
migration to be favored, alternative patches must be naturally available elsewhere and 
offer improved fitness potential for colonists (see Fig 1). If this were not the case, 
then diapause might be the only option when the local patch deteriorates. In this last 
section of my report I will show frrst that Spartina altemijlora occurs in two very 
different habitats, one which persists year-round and another that is only seasonally 
available, and secondly, that this host plant configuration has likely played a role in 
the evolution of the large commitment to migration in P. marginata (see Fig lC). 

On Atlantic coast salt marshes, Spartina altemijlora occurs as two dynamically 
different growth forms in two fairly discrete habitats (Denno and Grissell 1979, Denno 
et al. 1980, Denno 1983). Tall-form plants grow along the depressed borders of tidal 
creeks that run through the marsh. Here plants may reach 2 m in height during the 
summer. On the high, flat marsh near mean high-water level, short-form plants grow 
to only 10-40 em tall. Short-form sprouts in spring, obtains maximum biomass in 
summer, dies in fall but remains standing through winter, and has associated with it a 
thatch where nymphs overwinter. Tall-form also sprouts in spring, obtains a very 
large, previously unexploited biomass in early summer, dies in fall, but due to the 
action of winds, waves and ice is knocked over and finally sheared off completely 
during winter leaving exposed creek banks which are unsuitable as overwintering sites 
for P. marginata. Furthermore, because of the lower elevation of the creek bank 
habitat, plants remain inundated much of the time through spring. It is not until early 
summer that streamside vegetation grows tall enough for exploitation by planthoppers. 
While Spartina in the streamside habitat is certainly an ephemeral resource, it is more 
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nutritious during summer than is Sparti1Ul on the high marsh (Denno 1983). 
Prokelisia margiMta exhibits interhabitat migrations between high marsh and 

streamside vegetation (Denno and Grissell 1979). Nymphs overwinter on the high 
marsh and occur there in abundance throughout the year. Nymphs occur on streamside 
Sparti1Ul mainly during summer and fall. These nymphs are offspring of macropters 
that eclose on the high marsh and migrate to streamside vegetation in early summer. 
Nymphs on streamside vegetation molt primarily to macropters (conditions are very 
crowded) that migrate in the fall to the high marsh where they oviposit along with 
resident adults. The eggs that hatch develop into the overwintering population of 
nymphs. Colonization of the previously unexploited streamside Sparti1Ul in early 
summer results in tremendous populations of nymphs that molt to large adults. 
Planthoppers that remain on the high marsh at this time suffer the effects of crowding 
on a nutritionally inferior host as well as increased mortality due to growing 
populations of predaceous spiders (Denno 1983). 

It is my contention that the 2-habitat configuration of Sparti1Ul altemiflora on 
Atlantic marshes has provided an opportunity for the evolution of migration in 
Prokelisia margi1Ulta and has been an important factor in shaping this insect's life 
history. For example, 81% of the adults of P. margiMta are macropterous. This 
stands in direct contrast to the wing-form composition of all other known salt marsh
inhabiting planthopper species, where on the average only 6% of adults are macropters 
(Table 5). Unlike SpartituJ altemijlora, none of the host plants of these planthoppers 
occurs in two dynamically different habitats that provide the opportunity for 
interhabitat migration (see Fig lA). Most are monotonous expanses of relatively 
uniform vegetation (e.g., Spartioo patens, Distichlis spictJta and }uncus 
roemerianus). 

Perhaps even stronger evidence for the role that host plant heterogeneity plays in 
the evolution of migration comes when we examine wing-form patterns of the genus 
Prokelisia over a wide geographic range. Prokelisia margioota and its sibling 
congener Prokelisia dolus co-occur on Sparti1Ul alterniflora along both the Atlantic 
and Gulf coasts of North America (Wilson 1982). However, the structure and 
dynamics of Spartioo are very different between the Atlantic and Gulf coasts. 
Reduced tidal range along the Gulf results in little contrast in structure between 
streamside and high marsh vegetation. Also, because of the equable c~, there is 
no evidence for the selective destruction of streamside vegetation. There is but one 
comparatively homogeneous stand along the Gulf coast where streamside and high 
marsh habitats are similar and available for exploitation all year. Here only 10% of the 
adults of P. margi1Ulta are macropterous (Denno and Grissell 1979, Denno 1983). 
Prokelisia dolus, which is restricted to the high marsh at Atlantic locations and fails 
to effectively colonize streamside vegetation, exhibits less than 30% macroptery in 
both Atlantic and Gulf coast populations (Table 5, Wilson 1982). 

In summary, the life history of Atlantic coast Prokelisia margiMta, where 81% 
of adults are macropters, is truly unique compared to other species of salt marsh 
planthoppers. I contend that it is the seasonal opportunity to exploit a vast ephemeral 
resource where fitness payoffs are high that has allowed for the evolution of migration 
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TableS 
Wing-morph composition of planthopper populations inhabiting salt-marsh 

vegetation. 

Species Host Plant Location Sample Size % Macroptery 

DelpluJcodes det«ttJ Spartina patens New Jersey 23.~ 14 

"" Spartina altmlifloro New Jersey 16. 0 

Spartina patens Maryland 84. 1 

South Carolina 51• 0 

Florida (Atlantic) 41. 17 

Florida (Gulf) 51• 0 

DelpluJcodes florilltle Paspalum WJginatum Florida (Atlantic) 166. 12 

DelpluJcodes propinqua Distich/is spialta 

Florida (Gulf) 

Florida (Gulf) 

56. 

4r 
0 

14 

Tumidogena minutll Spartina patens New Jersey 

Maryland 

9,<XXt 

6r 
1 

0 

Tunridogerul terminlllis Florida 13b 0 

N~lanus dorMIJis New Jersey 5s 12 

Maryland 5l.f 0 

Florida (Atlantic) 63. 5 
Florida (Keys) 41. 0 

N~ elongatus Florida (Gulf) 34b 26 

N~ penilautus Spartina sptJTtinM Florida (Keys) 21J:t 1 

M~lobatus Spartina patens New Jersey 8'1 3 

Distich/is spiaJttJ New Jersey 73. 4 

M~trifidus Juncus roemerianus Florida 1411 0 

Keyflana hasta Maryland 2r 0 

Florida 12b 0 

Pissonotus quadripustulatus Borrichia jrutesceru Georgia 3~ 0 

Florida (Gulf) 63b 0 

Florida (Atlantic) 

Florida (Keys) 

11311 

3r 
0 
0 

Pissonotus alboJ~mDSus Iva frutncens New Jersey ~ 11 

Borrichiajrutesceru South Carolina 2~ 7 

Iva Frutescens Florida (Gulf) fiJ' 7 

Euides trilobtJ Paspalum vagintJtum Florida (Gulf) 23. 0 

Prokelisia dolus Spartina altemijloru New Jersey 13,261c 29 

"" Atlantic Coast 393c 16d 

x= 5.5 ± s.o 

ProkeiBia marginiJta Spartina altemijloru New Jersey 42,606c 80 

Atlantic Coast 424c 82d 

x= 81.0 ± 1.4 

a; b; c = Samples from one season; samples from two seasons; and 1 year's data, at least 
bimonthly samples, respectively; d = From Wilson (1982). 
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in Prokelisia TTUlrginata (Fig l C). The process is mediated by environmental cues like 
crowding and host plant nutrition that trigger a developmental switch to determine 
wing-form. This mechanism is not unlike the one for other planthopper species. 
Apparently with Prokelisia 1Tillrginata, selection has favored a low threshold of 
response; the developmental switch is very sensitive and the result is a high proportion 
of macropters that can actively colonize superior resources in distant habitats. 
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ABSTRACf 

Insect migration by flight can be studied at several organizational levels. This paper deals 
with migration as an individual adaptation and as a process in population dynamics. Migration 
is a fairly complex behavioral process, and knowledge of the interplay between individual 
behavior and weather patterns is important for understanding migration as a population process. 
Using the large pine weevil, Hylobius albietis, as an example, it is shown how even short 
duration flights may result in fairly extensive population movements by the insect because it 
takes advantage of winds high above ground. The scale of the spatial dimension of population 
dynamics is often underestimated, and too often population dynamics is studied in only one 
place on the presumption that this place represents population processes in general. Migration 
links different subpopulations and habitats which, when studied in isolation, may not necessarily 
represent large-scale population behavior. 

Just as knowledge of the migratory process is fundamental to understanding population 
dynamics, knowledge of population dynamics is vital for assessing the adaptive significance of 
migratory behavior. However, it is only rarely known what factors actually affect the members 
of a population. The interactions may be complex, and often quite time consuming studies are 
needed to understand them. Using examples from two insects in Scandinavia, a seed bug 
Lygaeus equestris and a spruce bark beetle Ips typographus, I try to illustrate the diversity of 
such individual-population-environment interactions. 

INTRODUCTION 

Insects can migrate in different life cycle stages and by rather different means, 
such as flight, ballooning on silken threads, walking, or by clinging to other moving 
objects. Having this variability in mind, however, one can nevertheless say that 
insects usually migrate as adults and by flight, and this is the kind of migration with 
which I will be concerned here. 
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Insect migration by flight is a phenomenon of great importance in several fields 
of biology, and an insect engaged in a migratory flight can be viewed by biologists in 
many different ways. It can be seen as a creature which has turned on a set of 
neurophysiological machinery, a moving body with navigational problems, or as an 
object moving genes around. Others could view it as a strategist exploiting a variable 
world to its best advantage, as a unit which changes population densities, or as an 
agent affecting the species richness of ecological communities. Insect migration is 
thus studied at several organizational levels, from cells to ecological communities, and 
questions are asked both with regard to migration as a mechanical process and as an 
adaptation. This paper is concerned with migration at two organizational levels, the 
individual and the population. 

Migration by flight usually takes place during a distinct phase in the life of the 
adult insect, during which the insect is behaviorally and physiologically committed to 
flight while other functions such as reproduction tend to be suppressed (Johnson 

1969). Accordingly, migration is an important life history trait coupled to other tiaits 
such as reproduction, and it is part of an adaptive life history syndrome (or migratory 
strategy) molded by the environmental "template" (Dingle 1972, Solbreck 1978, 
Southwood 1977). This individual migratory strategy will affect the dynamics of the 
population of which the individual is a part. However, the population also forms an 
important part of the biotic environment of the individuals, either directly or via its 
effects on food resources, enemy populations, etc. 1be connections between 
individual adaptive behavior and population dynamics are thus profound and reciprocal 
(Peterman, Clark and Holling 1979). 

In the process of migration, behavior and population events are intertwined. In 
the words of Taylor and Taylor (1983), "Movement links the behavior of the 
individual with the biology of the population." To illustrate this point I will start by 
describing the process of migration in the large pine weevil (Hylobius abims). The 
behavior of Hylobius abietis will be shown to be one example of a wide array of 
behaviors among insect migrants. Regarding distances traveled, there is also large 
variation between species, and Hylobius abietis can be seen as an example of the 
common "medium-range migrations. " 

In Hylobius abietis the habitat changes that favor migration are easily 
visualized. In many cases, however, a more detailed picture of habitat change and 
population dynamics is needed in order to evaluate bow insect behavior and the 
environment interact. These problems are introduced in the section on "migration and 
the environmental template." Two case studies are then presented to further illustrate 
the interplay between migration and population dynamics. 

The frrst case considers a distasteful bug, Lygaeus equestris, which represents a 
population system where effects of natural enemies are insignificant (Sillen-Tullberg 
and Solbreck, in preparation). Migratory habits and population dynamics are mainly 
affected by spatial and temporal variation in food resources and microclimalic 
conditions. 
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The other case deals with a bark beetle, Ips typographus, that is not just 
dependent upon this resource template but which severely interacts with and modifies 
its resource base. It also suggests that enemies can be important in affecting the 
suitability of habitat patches. 

Both these examples further illustrate that there is a need for long-term field 
studies to understand population dynamics and thus to evaluate what selective forces 
shape migratory strategies. 

This presentation is not intended to be a general review article, but I have 
chosen to use examples mainly from my own work and that of some colleagues. 

THE PROCESS OF MIGRATION 

Migration is a complex process, and its duration and the way it is undertaken 
are highly variable. Several review articles have dealt with the various factors that 
affect the recruitment of presumptive migrants or upon the proportion of long flights 
in laboratory experiments (e.g., Dingle 1979, Harrison 1980, Johnson 1976). Less 
emphasis has been devoted to studying the behavior of the migrant all through the 
migratory process. Notable exceptions are the studies on the black bean aphid 
(Kenn~y 1974). Information is also scanty with regard to how insect behavior and 
weather conditions interact to produce patterns of movement, although there are 
notable exceptions in studies on some insect pests such as locusts, armyworm moths 
(e.g., Betts 1976, Rainey 1978, Riley, Reynolds and Farmery 1983) and the spruce 
budwonn (Greenbank, Schaefer and Rainey 1980). 

The usual problem with studying migratory behavior under field conditions is 
that almost as soon as the insect behaves, it is lost to sight. Migration paths thus have 
to be tracked by putting together information from different types of studies. Radar 
studies (Schaefer 1976) have been a vital ingredient in some, but with insects that are 
relatively rare in the air or which fly inside forests, problems of identification and 
tracking tend to become insurmountable. 

Migration has been studied predominantly in insects that are of economic 
importance and thus are common, and that occur in agroecosystems. Insects that are 
rare or moderately common, or that occur in forests, are strongly underrepresented. I 
will use an insect in the latter category, the large pine weevil Hylobius abietis L., to 
illustrate the duality of migration as both a behavioral and population process. 

Hylobius abietis is an insect of economic importance in northern Europe due to 
the damage done by the feeding adults to the bark of young conifer plants (Eidmann 
1979). During June, beetles oviposit on the roots of newly cut or otherwise recently 
killed conifers. The larvae feed under the bark of the roots and, depending upon 
latitude and local microclimatic conditions, they will develop into new adults in one to 
four years (Eidmann 1974). By the time the adults emerge, the local food base for the 
larvae has largely disappeared due to insect feeding or other causes. Thus beetles 
have to fly to new localities to find suitable oviposition sites in every generation 
(Eidmann 1977). Migration by flight is accordingly an important process in the 
population dynamics of this species. 
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In central Sweden, pine weevils migrate during one to two weeks in late May to 
early June, when temperatures are above 16-18°C and wind speeds are low (Solbreck 
and Gyldberg 1979). When they take off in their natural habitat, beetles always face 
the wind, but within seconds they tum their body around and fly downwind. Most 
beetles also fly upwards for as long as they can be followed, ~behavior which results 
in most pine weevils migrating high above the forest canopy (Solbreck 1980). This is 
illustrated by the steep density-height profile of pine weevils obtained by suction trap 
catches on a TV tower in Sweden (Fig 1). Although the sample of Hylobius abietU is 
small, its profile is certainly more similar to that of aphids, a group of insects 
generally regarded as typical representatives of the so-called aeroplankton, than to 
scolytids which show a profile typical of most beetle groups in this geographical area 
(Solbreck, unpublished). 
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How far will these flights take the beetles? From suction trap catches at a saw 
mill (where densities of flying weevils are high) a measure of the frequency of flights 
at different wind speeds was obtained. Using this frequency distribution and measures 
of the mean air speed of pine weevils flying in the field (1.9 m·s- 1), a distribution of 
dispersal speeds (or ground speeds) in a pine weevil population could be calculated. 
This was further corrected by taking into account the increased windspeeds at an 
assumed mean height of flight of 30 m (which probably is too low) above ground 
(Solbreck 1980). 

In order to estimate dispersal distances, a measure of flight duration was also 
needed, and this was obtained from laboratory studies on flight mills. Both flight 
duration per day (Fig 8) and total flight duration over the entire flight period (which 
lasts 1-2 weeks) were measured. Aight times on flight mills are not necessarily the 
same as those under field conditions, but in this case they seem to give a rough 
measure of flight potential (Solbreck 1980). Insects flying in the field may interrupt 
their flights earlier if they reach suitable places. Aying pine weevils evidently 
respond to odors from wounded conifer trees since they accumulate around saw dust 
heaps at saw mills. There they can be seen flying steeply downwards or against the 
wind. 

Potential dispersal distances (per day or for the entire flight period) were 
calculated by multiplying flight time and dispersal speed distributions. This showed, 
for example, that 10% of an H. abietis population can travel more than about 10 km 
per day or 50 km for the entire flight period (Fig 2) (Solbreck 1980). Thus H. abietis 
populations, despite the relatively short duration flights, are quite mobile. One 
practical consequence of this finding is the suggestion that population management 
efforts for this species probably should be coordinated on a much larger spatial scale 
than previously supposed. 

The flight of an individual pine weevil seems to consist of three phases. First, 
beetles fly towards the sky to gain height. This is followed by a transport phase when 
the beetle traverses the landscape at the combined speed of the wind and its own 
flight. Then follows a phase when the insect responds to host odors by moving down 
and upwind. Another important aspect of flight behavior is that the beetle often 
makes many flights over several days. It can therefore land and "evaluate" different 
habitat patches. Thus the insect migrant does not have to find its new habitat in a 
single hazardous flight; it can try repeatedly. 

How typical is H. abietis migration of insect migration by flight in general? 
Among insect migrants, there is considerable variation in flight altitude. While some 
insects have a large proportion of their populations at high altitudes, others, like many 
Lepidoptera, tend to fly much closer to the ground (Fig 1). This allows them to better 
control their flight direction, in relation to the points of the compass, than do insects 
like H. abietis with wind-aided flights high above the forest canopy. In the case of 
H. abietis there are no reasons for traveling in any preferred compass direction since 
new breeding resources are just as likely to occur in any direction. Riding on the 
wind evidently allows the beetle to scan larger areas for new breeding sites. 
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With regard to distances traveled, there are also large variations among insects. 
Some insects such as the monarch butterfly (several papers, this volume) make very 
long, continent-wide migrations. In other cases, however, migrations can· be very 
short, as in the lygaeid bug Lygaeus equestris, where most individuals fly from a few 
hundred meters to several kilometers (Solbreck 1971) (Fig 2). In comparison with the 
short-range flights of L. equestris, the migrations of H. abietis are evidently on a 
somewhat larger scale and may be called medium-range migrations. It seems that 
most insect migrants, with regard to distances moved, fall in these short and medium
range categories. Taylor and Taylor (1983) also pointed out that great distance is not 
typical of most migration movements. 

Most insects migrate during a limited phase of the life cycle and display a 
specialized behavioral sequence aimed at taking the individual away from its place of 
origin and onto one or more journeys, the goal of which is not perceived at the start 
of the flight. This individual behavior has important effects on the dynamics of the 
population. Thus the population of H. abietis in a new clear-cut area increases 
rapidly and manifold in early summer mainly due to immigration, and the decrease in 
the same locality one generation later is largely due to flights of emigrants to new 
breeding sites. Although most migrations, as in H. abietis, are probably on a 
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moderate scale (1-100 km?), this scale is nevertheless very large to consider in 
practical field studies. This problem has to be addressed, however, since spatially 
limited studies cannot safely be thought of as representing population dynamics over 
larger areas where local extinction and recolonization may be common events (cf. den 
Boer 1982; Taylor and Taylor 1977, 1983). 

MIGRATION AND THE ENVIRONMENTAL TEMPLATE 

In the case of H. abietis it is evident that weevils that stay where they grew up 
will have a low probability of finding suitable breeding sites. In every generation, 
beetles have to move to new patches where stonns, forest fires or, in the modern 
forest, logging practices have created fresh resources for breeding. In H. abietis, as 
in many other insects, migration thus seems to be an adaptation to exploit ephemeral 
habitats (Southwood 1962). 

Migration is, however, not the only possible mechanism by which insects might 
survive in a temporary environment. They can, for example, enter a donnant state 
such as diapause. The analogies between diapause and migration were pointed out 
long ago by Kennedy ( 1961). Thus migration and diapause can be seen as ways to 
bridge "gaps" in space and time respectively. Whether diapause or migration is 
favored depends on patterns of change_ in both time and space. Migration seems to be 
selected for when environmental changes are asynchronous, while synchronous 
changes tend to favor diapause (Gadgil 1971, Solbreck 1978). To understand 
migration strategies we thus have to consider in more detail what specific kinds of 
habitat change are taking place (cf. Southwood 1977). One must take into account not 
only environmental changes in the place where the insect presently lives, but the 
relative favorability of habitats "here" and "elsewhere" (Solbreck 1978). Migration 
can· thus be favored even for an insect living in a very stable and suitable habitat if 
habitats elsewhere become even more favorable. 

There has been a tendency to regard insect migration primarily as an adaptation 
for tracking changes in food resources or of coping with seasonal climatic changes, 
but usually only crude measures of how these factors vary are available (Solbreck 
1978, Harrison 1980). Regarding the role of other environmental factors such as 
natural enemies, even less is known, although they could be very important for the 
selection of migration in many cases (Southwood 1978). One also must consider that 
insect populations are usually affected by a complex web of interactions (Clark, Geier, 
Hughes and Morris 1967; Schwerdtfeger 1941). Thus in his article "Habitat, the 
template for ecological strategies?" Southwood (1977) used a question mark at the end 
of the title to warn against a view of the environment as a rigid causal template. 
Often one has to consider reciprocal interactions between the insect and its 
environment. The life history of the insect will, for example, affect the growth of the 
population, which will affect the environment and thus in turn the selective pressures 
from the environment on the individual. 
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A serious practical problem in understanding migratory strategies, is that we 
rarely have a thorough knowledge of what population processes are important in each 
specific case. What are the roles of specific food items, predators, competitors, 
parasitoids, parasites, pathogens or weather conditions and how do these interact? To 
solve these kinds of questions requires quite time-consuming studies. 

MIGRATION STRATEGY AND POPULATION 
DYNAMICS-TWO CASE STUDIES 

Lygaeus equestris 

The bug Lygaeus equestris (L.) (Heteroptera, Lygaeidae) feeds on the green 
ovulae or seeds of Vincetoxicum hirundi1111riD Medicus (Asclepiadaceae). 
Vincetoxicum hirundinoriD is a perennial and very longlived herb that on mainland 
Sweden grows on rocky escarpments or at forest edges and has a very patchy 
distribution. Patches of the plant are virtually the same from year to year so, as a 
habitat, these plant islands are very stable indeed. Vincetoxicum hirundinaria 
flowers abundantly every year, but pod production varies by a factor of about 100 
from year to year, mainly due to drought in the open rocky habitats (Solbreck and 
Sillen-Tullberg, in preparation). 

Lygaeus equestris overwinters as an adult in crevices in rock walls in sun
exposed positions. These hibernation sites, where hundreds or thousands of bugs may 
aggregate, are sometimes close to breeding sites in Vincetoxicum hirundinoriiJ 
patches. Often, however, they are hundreds of meters or a few kilometers away from 
breeding sites. In the fall the bugs migrate by flight to these hibernation sites, and in 
the spring they fly again to colonize Vincetoxicum hirundinoria patches for breeding 
(Solbreck 1971, 1976). Normally only one offspring generation is produced during 
the summer at these localities (Solbreck and Sillen-Tullberg 1981). 

In late June we estimated populations of parent bugs by mark-recapture 
techniques. The same was done in August, when their offspring bad become adults, 
but before they bad reached the development stage that migrates to hibernation sites. 
Hibernating populations were also estimated by the same method in April before the 
spring migration. In this way local populations were followed over seven years in 
over forty Vincetoxicum hirundinaria patches (in two study areas). 

Lygaeus equestris is a distasteful insect, and it has no natural enemies in these 
areas. Accordingly we expected that populations were food limited. Much to our 
surprise, several years of correlational data could not establish any significant 
relationship between seed crop and concomitant population growth rate. However, 
there was a significant correlation between seed production and population growth 
rate of Lygaeus equestris the following year. This suggested that dry seeds on the 
ground from the previous year are the limiting resource (Sillen-Tullberg and Solbreck, 
in preparation). This conclusion was supported by field experiments (Fig 3). So what 
one usually observes the insect to feed on in the field (flowers and pods) is usually not 
the critical resource; it is rather what they feed on when they are hidden by debris on 
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the ground. Several years of field studies were needed before the right question could 
be asked and the simple critical field experiment performed. 
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Seed production varies much between host plant patches. Furthermore, the 
relative production of each patch varies between years (Solbreck and Sillen-Tullberg, 
in preparation). These patterns are largely determined by weather and edaphic factors. 
Another important aspect of this insect-environment interaction is that most host-plant 
habitats are not suitable for hibernation. Bugs on the ground suffer heavy mortality 
compared with those that move to ordinary hibernation sites such as crevices in steep 
rock walls (Fig 4). There is accordingly a complicated pattern of within and between 
habitat variation, to which the insect must gear its migratory habits. 

During the spring migration, bugs fly and colonize host plant patches. The 
result of this is exemplified in Figure 5, which shows what is happening during one 
season (1983) in part of one of our study areas. During hibernation, bugs occurred at 

ten sites, mainly on rock walls. In mid-June the same bugs appeared in 19 of the 21 
host plant patches of this area. Some were close to hibernation sites, while others 
were several hundred meters away. Marking experiments confirmed that bugs had 
flown between these places (Sillen-Tullberg and Solbreck, in preparation) (cf. Fig 2). 

The colonization of the host plant patches is a gradual process during May and 
part of June. The bugs make many flights and "evaluate" their landing places. 
Females lose their flight ability as they feed and become heavy with eggs. Thus 
females tend to stay in habitats where food is abundant. Females that reach poorer 
habitats continue to fly. This is demonsttated by the high frequency of empty 
stomachs among females that are flying during the breeding period and by the finding 
that females deprived of food respond with increased take off activity in laboratory 
experiments (Fig 6). 

Males retain much of their flight ability during the breeding period. However, 
they also respond to food abundance by decreasing their willingness to take off (Fig 
6). Another important factor that lowers tbe likelihood of flight is the occurrence of 
mates. Copulations last for very long periods in L. equestris (up to 24 hours), and 
they are often repeated (Sillen-Tullberg 1981). Thus the occurrence of mates will also 
reduce take-off rate (in both sexes). 

What are the population losses during this extended migration period? We have 
data for five years to compare late April populations at hibernation sites with breeding 
populations in host plant patches in June (data from one entire study area of about 20 
km2

). Mortality averaged 49.6% for this period, but most of this is undoubtedly due 
to other causes than migration. Although these findings cannot say much about the 
cost of longer flights, they do not suggest that migration in general is costly in this 
population (almost all bugs migrate, although some fly very short distances). 

The outcome of reproduction varies much between habitat patches (Fig 5B). 
Most subpopulations increased this year but some were constant, and some even 
decreased. The preceding year had a low seed crop, and the breeding population was 
rather high in June 1983. This was a year when one would expect intraspecific 
competition to be important. Many marked bugs were recovered this year, and it may 
be possible to determine the relationship between migration distance and reproductive 
success in the colonized habitat patch during a year when competition is severe (Fig 
7). 
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Oumges in population sizes of L. equntris subpopulations at Tullgun, Sweda~ 1983. Circle area is 
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A. Populatioos of parent bugs at hibernation sites in April (H) and in host plant patches in June (P). 
B. Populations of parent bugs in June (as in A) aod of their adult offspring in late August (F). Crosses 
denote empty patches. 

Bugs that had moved less than 100m never realized a growth rate of over 6, but 
in the group of bugs that had moved farther, there was much more variation in 
reproductive success. Because of problems in deciding which observations are 
independent in this sample, it is difficult to make a formal statistical analysis of these 
data. However, some of the bugs flying farther than 100 m had a considerably higher 
fitness (up to ten times) than those staying close to hibernation sites. These are 
evidently the bugs that happened to colonize the host plant patches where intraspecific 
competition was low. 

To summarize, migration in this insect is undoubtedly a trait subjected to 
extreme variations in selection pressure both within and between years. Migration 
enables L. equestris individuals to survive the winter by choosing particular 
microclimatically favorable sites. It also enables bugs to exploit small and isolated 
habitat islands where they can often reproduce at a higher rate but where they would 
have difficulty surviving all through the year. The migratory habit in this meta
population can be explained as a problem of tracking food resowces, avoiding 
intraspecific competition and exploi~g micro-climatically favorable sites (Sillen
Tullberg and Solbreck, in preparation). 
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Ips typographus-The Spruce Bark Beetle 

This is another forest insect of great economtc unportance in Scandinavia. 
Damage occurs during periods of mass outbreaks when beetles attack and kill 
standing, healthy spruce trees (Bakke 1982, 1983). The beetle overwinters in forest 
litter or logs and starts to fly in May in Sweden. Beetles fly in search of suitable 
breeding material, which is freshly fallen spruce logs, or-under epidemic 
conditions--standing trees. Males bore into the bark and attract females as well as 
other males by emitting pheromones (Bakke and Riege 1982). They then mate and 
start constructing egg galleries. 

When the beetles attack standing trees, they can only overpower and kill the tree 
if they attack in large numbers, about 600 per m2 of bark surface (Regnander, personal 
communication). Although this threshold certainly varies with tree vigor, it is 
nevertheless appropriate to divide the breeding resources of I. typographus into two 
broad categories, 11 fallen trees 11 that can be used by the beetles also at low densities 
and "standing trees 11 which can only be overpowered if they are attacked by beetles at 
high densities. Densities high enough to overpower standing, healthy trees mainly 
occur in the immediate surroundings of previously attacked trees. In succeeding 
years, following an initial outbreak, fewer and fewer standing trees are killed in such a 
loctJl forest patch, and after about five years the local attack has usually faded away 
(Bombosch 1954, Lekander 1972). 

If beetles are flight tested in the laboratory during this spring flight period, 
many will show a considerable flight capacity. Beetles can fly day after day for as 
long as one cares to test them. The only requirement is that they are given small 
amounts of spruce bark, which allows feeding but not gallery construction. Beetles 
deprived of food are also able to make extensive flights but only during a couple of 
days (Forsse and Solbreck, in press). 

The flight potential per day is also considerable. A large proportion of the 
beetles fly for more than one hour (Fig 8). This is much more than the pine weevils 
do. Field observations also show that beetles sometimes fly considerable distances 
under field conditions (Botterweg 1982, Nilssen 1978). The closely related species 
Ips amitinus, which has been extending its range in Finland lately, has been shown to 
have a rate of spread of about 20 km per year (Koponen 1980). The spruce bark 
beetles can thus scan extensive forest areas if needed, in search of suitable breeding 
material. This migratory potential seems a little odd if one only considers outbreak 
conditions. During normal conditions, however, beetles breed in newly fallen trees, a 
resource which is highly temporary and scattered through the forest. 

When beetles start to construct galleries they lose their flight ability, but it is 
regained after gallery construction is completed (Forsse and Solbreck, in press). Many 
beetles then fly a second time to breed in a new log or tree (Bakke 1983). During this 
second flight period, flight potential-at least per day-is as high as during the frrst 
flight period. Some beetles, perhaps 10%, hibernate a second time and migrate again 
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the following year. It is, however, unknown whether or not these beetles were 
engaged in full migratory and reproductive activity the first year. 

Why do these beetles fly so far in search of fallen trees when they can breed in 
standing trees only a couple of meters away? To understand this one has to look into 
the dynamics of I. ~ populatioos in fallen versus standing trees. 

Let us start by looking only at the role of inttaspecific competition in a log. As 
the density of parents increases there is a decrease in per capita egg production. There 
is also an increase in larval mortality due to inttaspecific competition (Ogibin 1974a, 
Thalenhorst 1958). Thus the per capita replacement rate decreases from around 
twenty daughters per mother at low density to below one at high densities (fig 9). 

If beetles attack a standing, healthy tree, attack density has to be above a certain 
threshold in order to kill the tree. Therefore the replacement rate in standing trees is 
always low (Fig 9). 

When beetles are attacked by natural enemies, and the spruce balk beetle has a 
large number of predators and parasitoids (lbalenhorst 1958), tbe replacement curves 
will be pushed downwards. Thus it becomes evident that beetles in standing trees will 
have great difficulty in achieving a replacement rate above one. It is typical that ooce 
an outbreak has started, the number of killed trees usually remains constant or 
decreases from year to year. If increases occur, they are rarely more than twofold (cf. 
Bakke 1983, Bombosch 1954, Lekander 1972). 
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during one day of the spring migration period (from Solbreck 1980 and Forsse and Solbreck, in press). 

There seems to be no density-dependent response in the effects of natural 
enemies in logs with different densities of bark beetles (Ogibin 1974b). However, the 
density of enemies nevertheless increases in successive years when there is an 
outbreak in a local patch of standing trees (Thalenhorst 1958). Added to the effects of 
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the severe intraspecific competition always present in these situations (Fig 9), this 
evidently causes a population decline in the local patch after some years. This is 
illustrated by data compiled from a study of Lekander (1972) (Fig 10). During 
successive years in an outbreak area the replacement rate within trees decreases 
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Changes in resource base (spruce trees with a larger diameter than 20 em), pen:eut of resources used 
by beetles, within-tree population growth of beetles and winter plus migration survival of beetles during an 
outbreak of I. typographus in central Sweden, 1947-1952 (data from Lekander 1972). 

successively (probably due to the effects of enemies), while survival during the rest of 
the year, when the beetles are outside trees and hibernate and migrate, remains 
unchanged. (H, for example, tree resistance increased from year to year, this would 
most likely have affected 11 outside tree survival 11 by increased mortality during attack 
attempts.) As an outbreak proceeds it thus becomes more and more favorable to 
migrate farther and search for fallen trees. These are often situated far away, and thus 
the migrant leaves competitors and enemies behind. 

In the case of I. typographus the environmental template is the result of 
complex interactions between the host plant, the herbivore and its enemy guild. 
Judging from flight times and field observation, the processes involved probably have 
a spatial scale of tens of kilometers. Furthermore, a temporal scale of several years 
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has to be considered to appreciate the interactions with the natural enemies. In I. 
typographus migration as an adaptation has to be evaluated against a very large and 
complex 11 template. " 

MIGRATION AND POPULATION DYNAMICS 

In most ecology textbooks, population dynamics is viewed in the perspective of 
one (or a few) localities. In this "locality perspective," population change is brought 
about by four processes: births, deaths, emigration and immigration. In an alternative 
perspective a cohort of individuals and their descendants form the population 
irrespective of where they are (cf. Taylor and Taylor 1977, 1983). If this latter 
perspective is adopted, emigration and immigration fuse into one process, migration, 
which affects the distribution of the population. In this view migration is not 
analogous to births and deaths but a process that affects birth and death schedules. 

There are other characteristics as well that make migration a process quite 
different from birth and death. Migration is usually a more rapid and synchronized 
process than births and, in particular, deaths. A local population of spruce bark 
beetles in a small forest area, for example, may grow from zero to several thousands 
per tree in a matter of hours. 

Migration is a repeatable and reversible process. Insects emigrating may come . 
back themselves, or their offspring may return. Migration is also a process with many 
behavioral and physiological steps. Death is usually a simple process, but migration 
is commonly preceded by many developmental steps when the insect may use 
11 environmental information" for making "decisions" about migrating or not. The 
flight also has several steps during which different environmental cues are used. 
Another important aspect of migration is that it often consists of several repeated 
flights (as in H. abietis, L. equestris and I. typographus). This allows the insect to 
take off again after "evaluating" the place where it landed. It seems that such a trial 
and error process is quite efficient in many cases. 

It is often taken for granted that migration involves great risk, a view that was 
recently challenged by Taylor and Taylor (1983). There seem to be few data 
quantifying the risks of migration (and in particular of comparing them with the risks 
of not migrating) which is understandable considering the practical difficulties in 
obtaining such data. But in many cases of short and medium-range migrations, I 
suspect that mortalities during migration are rather small. Both for I. typographus 
and L. equestris there is evidently a low mortality at least for short flights. 

Many insects face environments that are highly variable in space and time. 
There is, for example, growing evidence of a large variability in the quality of host 
plants of herbivorous insects. Many insects also seem to have good abilities to track 
small changes in host plant quality, as in the planthopper Prolcelisia 11UU'ginata 
feeding on Spartina altemijolia (Denno 1983 and this volume), or to track changes in 
food resource abundance as in L. equestris. Migration can thus be viewed as an 
important means of avoiding competition (Taylor and Taylor 1983). 
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There are, however, other environmental factors than food resources that are of 
importance in this context. There are, for example, many cases where migration 
ensures the tracking of regional or local (as in L. equestris fall migrations) climatic 
changes. 

The least explored interaction seems to be that between the insect migrant and 
its natural enemies. This is undoubtedly a very important interaction in many cases, 
and migration can often be an important means of reducing the pressure from 
specialized enemies. This seems to be one important factor in the migrations of I. 
f1p0g1Yiphus. 

The interactions between the migrant and its environment are often complex and 
the temporal and spatial scales of these processes are often underestimated. As 
knowledge of an insect population system increases, so usually does the appreciation 
of the magnitude of scales in time and space. In I. typographus, for example, 
population processes seem to have a spatial scale of perhaps tens of kilometers, and 
the temporal scale encompasses several years as densities switch from one stability 
domain (cf. Peterman, Qark and Holling 1979) to another, from endemic populations 
on fallen trees to epidemic ones on standing trees. The best example of such large
scale processes in space and time comes from the studies of the spruce budworm, 
Choristoneura fumiferana, in Canada, where movements in space are up to 200 km 
in one generation and where habitat changes have cycles of around 75 years 
(Greenbank, Schaefer and Rainey 1980; Holling 1978). 

This highlights a specific and important methodological problem facing those 
that want to analyze migration as an evolutionary strategy. Migration results in the 
individual living the rest of its life in a new environment with new birth and death 
schedules. When studying most other types of behavior, one can evaluate the fitness 
of alternative behavioral patterns in the same environment and often over a relatively 
short period of time. But in the case of migration, those that behave (that is migrate) 
are normally lost within seconds. In the rare cases when their landing place is known, 
one has to take into account that all other kinds of selective pressures may be different 
for the rest of their lives and for their offspring. 
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ABSTRACf 

Replicated bidirectional selection for long and short wing length over 9 generations 
resulted in correlated responses in flight propensity and early fecundity in a migratory 
population of the milkweed bug Oncopeltus fascilltus. The incidence of long duration tethered 
flight in the long-wing lines exceeded that of unselected control lines after 3, 4 and 9 
generations. Incidence of flight in short-wing lines did not consistently differ from that of 
controls. Cumulative egg production in the first five days of oviposition increased in the long
wing lines and decreased in the short-wing lines relative to the controls. lbese correlated 
responses to selection suggest that certain positive genetic correlations exist between wing 
length, early fecundity and flight propensity. 

INTRODUCI10N 

The life history of an organism is comprised of a constellation of phenotypic 
traits which function together to enhance survival and reproduction (Stearns 1976). 
These traits include not only the patterns of development, fecundity and longevity, but 
also may include behaviors such as diapause and migration which permit flexibility in 
the face of seasonal or spatial variation in habitat quality (Dingle 1982). Specifically, 
migration affords the individual a choice of habitats for the production of offspring 
and the ability to escape a deteriorating habitat (Solbreck 1978). 

Migratory behavior has attracted much attention from ecologists because of its 
role in colonization (Southwood 1962). For example, the best colonists should have 
the ability to disperse to the new habitat and the ability to persist once they arrive 
(Simberloff 1981). Migration is most directly related to dispersal while other life 
history variables such as rapid development, rapid reproduction and high fecundity are 
most directly related to persistence (Safriel and Ritte 1980). The phenotypic 
association between these traits in colonists is both predicted by theory (MacArthur 
and Wilson 1967) and observed for a number of species (Parsons 1983). However, 
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the extent to which these phenotypic associations are genetically based has received 
considerably less attention. 

This study investigates the possibility of genetic correlations between three life 
history traits within a migratory population of the large milkweed bug Oncopeltus 
fasciatus Dallas (Hemiptera: Lygaeidae). These are: (1) forewing length, (2) flight 
propensity (as measured by tethered flight in the laboratory), and (3) early fecundity 
(total number of eggs laid per female during the first five days of reproduction). 

Specifically, results presented here bear on three major questions. First, does 
phenotypic variation in these characters have a genetic component? This is a very 
basic question, but more often than not the existence of genetic variation is assumed 
rather than demonstrated. Second, is there genetic covariance between these 
characters which could influence their phenotypic evolution? For example, positive 
genetic correlations provide the potential for correlated phenotypic responses when 
selection acts on the additive genetic variance of any one of these characters (Falconer 
1981). Negative genetic correlations among characters may constrain their phenotypic 
response if selection acts to change them simultaneously in the same direction (Lande 

1979, 1982). Alternatively, a positive genetic correlation may also constrain the 
phenotypic response if selection acts in opposite directions at different stages in the 
organism's life cycle. The latter possibility may be especially relevant to migratory 
insects where selective pressures acting on larvae may differ radically from those 
acting on the adult. Third, are there patterns of genetic correlations which 
characterize colonizing populations or species (Parsons 1983)? This is the broadest of 
the three questions and one which I see as a long-term goal of empirical studies which 
address the frrst two (e.g., Ritte and Lavie 1977, Wu 1980, Rose and Charlesworth 
1981, and below). 

In this study I imposed strong directional selection for long and short wings and 
subsequently assayed lines for correlated responses in flight propensity and early 
fecundity. A correlated response to selection is a change in the mean phenotypic 
value of one trait which accompanies a response to selection in another trait (Falconer 
1981). Correlated responses can result from the existence of additive genetic 
covariance between the traits due to pleiotropy or linkage disequilibrium. Thus the 
observation of consistent correlated responses across replicates provides strong 
evidence of common gen~tic influences among the traits. 

METHODS 

Field studies have provided broad outlines of the natural history of Oncopeltus 
fasciatus (e.g., Ralph 1977, Dingle 1981). The geographic distribution of this species 
spans much of Central and North America, extending as far north as southern Canada. 
Severe winters in Iowa prevent this species from overwintering locally. Consequently, 
Iowa populations consist of seasonal migrants which re-invade each summer from 
southern overwintering sites. Adult descendents of Iowa colonists eclose in late 
August through October. Decreasing day lengths and lower temperatures induce 
reproductive diapause, and these newly-eclosed adults emigrate, presumably to return 
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south. 
Adult 0. fasciatus were collected at five field sites in Johnson County, Iowa, in 

September 1981 to establish the laboratory population. Offspring of field-collected 
adults were reared at 27°C under a photoperiod regimen of 14 hr light: 10 hr dark (LD 
14:10) with an abundant supply of milkweed seeds (Asclepias syriaca) and water. At 
eclosion, adults were outbred to exclude full-sib matings and maintained as male
female pairs in separate petri dishes with seeds, water, and cotton for oviposition. 
Pairs were randomly assigned to one of two replicates, and their offspring became the 
base population, generation 0 (gen. 0) of the selection experiment. 

The selection experiment consisted of three lines within each replicate: a control 
line in which parents of each generation were chosen at random, a long line in which 
males and females with the longest wings in each family were selected as parents, and 
a short line in which males and females with the shortest forewings in each family 
were selected as parents. This "within-family" design was used to reduce the 
influence of cross-family environmental effects and to minimize the effects of 
inbreeding (Falconer 1981). Details of the design and results of the selection 
experiment will be presented elsewhere (Palmer, in preparation). 

Laboratory tethered flight assays were conducted on bugs derived from 
generations 3, 4 and 9 of the selection experiment to detect correlated responses in 
flight propensity. Approximately 20 eggs from each of 10 families chosen at random 
within each line were reared as full-sib families at 23°C and either LD 10:14 (gen. 3) 
or LD 14:10 (gen. 4 and 9). The assays of generation 3 were designed as a pilot 
study, and only lines from the frrst replicate were sampled. All lines in both 
replicates were sampled in generations 4 and 9. In the pilot study and the frrst 
replicate of generation 4 the rearing containers were partially enclosed with plastic 
wrap during the frrst two instars until nymphs were too large to escape through the 
mesh lid. In the second replicate of generation 4 and both replicates of generation 9, 
extra-fine gauge mosquito netting was used in place of plastic wrap. 

Flight propensity was assayed using tethered flight techniques similar to those 
described by Dingle, Blakely and Miller (1980). Bugs were attached by the pronotum 
to an applicator stick with nontoxic glue. Tethered bugs were suspended from a rack 
into a light breeze generated by a fan placed 2 m away. Adult bugs were maintained 
in groups of 3 to 5 full-sibs of the same sex, and flight tested at 8, 10 and 12 days 
post-eclosion (gen. 3 and 4) or at 8, 10 and 14 days post-eclosion (gen. 9). Each 
flight test consisted of five successive flights. The durations of these flights were 
summed to give the total duration of flight for a given bug on that day. The longest 
of the three daily flight totals for each bug was used to compare flight propensity 
between lines. Ambient temperatures during flight tests were maintained between 
26.5°C and 27 .5°C. Bugs were permitted to acclimate to this temperature for 30 min 
prior to testing and were returned between tests to the environmental regimen under 
which they were reared. Following their final test, bugs of generations 4 and 9 were 
measured for wing length under a dissecting microscope. 
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Early fecundity was measured as the cumulative number of eggs produced per 
female in the frrst five days after the onset of oviposition. (Thus this variable was 
measured independently of the adult age at which oviposition began.) Early fecundity 
was measured among the parents of each generation in all lines of the selection 
experiment and among random samples of adults within all lines in generation 7. 
Early fecundity was not measured among the bugs reared at 23°C for the flight 
experiments. 

RESULTS 

Divergence in Wing Length 

Bidirectional selection for wing length at 27°C produced substantial divergence 
from unselected control lines in both replicates and both sexes (Palmer, in 
preparation). In nine generations of selection, mean wing length in the long lines 
diverged by approximately 4 standard deviations above that of the controls, while 
mean wing length in short lines diverged by approximately 3 standard deviations 
below that of controls (Table 1). Mean wing length in both control lines fluctuated 
within one standard deviation of that of the base population (gen. 0) over the nine 
generations (Palmer, in preparation). 

Phenotypic differences between lines were maintained when bugs were reared at 

a lower temperature (23°C) for the tethered flight assay (Fig 1 ). Within generations, 
sexes, and replicates, mean wing length in selected lines differed significantly from 
that of their respective controls (One-way ANOVA, all comparisons p < 0.001 at 

23°C). 

Correlated Response in Flight Proptmity 

Flight test data are summarized as the proportion of bugs within a line for which 
the longest daily tethered flight exceeded 30 min in duration (Fig 2) (this is the 
operational criterion developed in previous studies to detect propensity for migratory 
flight, e.g., Dingle et al. 1980). Inspection of data for all lines over all generations 
revealed a striking difference in flight behavior among all lines of the pilot study (gen. 
3), and replicate 1 of generation 4 compared to that of all lines in subsequent assays 
(Fig 2). Among the former, incidence of long duration flight in all lines (less than 
12%) was much lower than previously reported results for Iowa populations (about 
25-30%, Rankin 1974, Dingle et al. 1980). Major cross-generational differences 
common to selected lines and control lines are interpreted as resulting from 
environmental differences between generations rather than genetic differences within 
lines (Falconer 1981). The modification in rearing procedure between the first and 
second replicates of generation 4 (see Methods) may have contributed to such 
environmental differences, but the exact causes remain unknown. However, despite 
low incidences of flight in all lines of generation 3 and replicate 1 of generation 4, the 
qualitative trends were consistent and provided the first suggestion that flight 
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Table 1 
Divergence in mean forewing length after nine generations of 

bidirectional selection in Oncopeltus fasciatus. 

Generation Line Replicate 

Female 
wing length (mm) 

Male 
wing length (mm) 

x± s.d.(n) x± s.d.(n) 

0 "Base" 1 12.16 ± 0.48 (278) 11.01 ± 0.43 (303) 
0 "Base" 2 12.21 ± 0.41 (377) 11.09 ± 0.48 (364) 

9 Control 1 12.20 ± 0.37 (276) 10.99 ± 0.35 (279) 
9 Control 2 12.13 ± 0.44 (242) 10.93 ± 0.37 (211) 

9 Long 1 14.05 ± 0.41 (242) 12.69 ± 0.37 (234) 
9 Long 2 14.17 ± 0.36 (226) 12.82 ± 0.30 (235) 

9 Short 1 10.84 ± 0.53 (227) 9.85 ± 0.51 (242) 
9 Short 2 11.10 ± 0.42 (216) 10.07 ± 0.40 (230) 

propensity was enhanced in long-wing lines and depressed in short-wing lines relative 
to unselected controls (Fig 2). 

Subsequent rearing methods resulted in incidences of flight among controls 
comparable to those of previous studies of Iowa populations. In replicate 2 of 
generation 4 and both replicates of generation 9, incidence of long duration flight 
significantly increased in the long-wing lines relative to unselected controls (Fig 2). 
Incidence of flight in short-wing lines did not significantly differ from that of controls. 
The correlated response in propensity for long duration flights among bugs selected for 
long wings is interpreted as evidence for common genetic influences between these 
two phenotypic characters. A symmetrical correlated response (decreased flight 
propensity) in the short-wing lines is not statistically supported by these data, although 
qualitatively the ~nd was apparent in four of the five comparisons. 

Correlated Response~ Early Fecundity 

Early fecundity data were recorded for all females which founded each 
generation, in all lines. Thus these data provided a continuous record of early 
fecundity among the selected extreme phenotypes and unselected controls for nine 
generations (Fig 3). Differences in early fecundity between the female founders of the 
selected lines compared to founders of control lines in the base population (gen. 0) 
reflect a strong positive phenotypic association between wing length and early 
fecundity. In subsequent generations, early fecundity progressively increased among 
long-winged parents and decreased among short-winged parents, relative to the 
controls, while the control lines showed no consistent deviations from early fecundity 
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Figure I 

Differences in wing length among selected and control lines when reared at 23°C for tethered flight 
assays. Points indicate mean forewing length ± s.e. Sample sizes for each point range from 35-63. 

of the base population (Fig 3). While these data suggest the possibility of a correlated 
response in early fecundity, they provide only circumstantial evidence since the 
behavior of extreme phenotypes within lines may not necessarily resemble that of 
individuals chosen at random within lines. 

Correlated responses in early fecundity were investigated directly among bugs 
chosen at random within lines in generation 7 of the selection experiment. Results 
indicate that the pattern of divergence in fecundity of selected lines relative to controls 
was qualitatively similar to that seen among extreme phenotypes and was highly 
significant (Fig 4). In both replicates, early fecundity of control lines did not differ 
significantly from that of the base population. In long-wing lines, early fecundity 
increased by about 20% relative to the controls, and in short-wing lines it decreased 
by about 20% relative to the controls. These results are interpreted as strong evidence 
for common genetic influences between forewing length and early fecundity in Iowa 
0. fasciatus. 
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day of the three-day assay (see Methods) are presented for each line of the three generations assayed. 
Sample sizes within each cell (line) range from 70-120 individuals. Chi-square values were evaluated for 
pairwise, one-tailed comparisons between each selected line vs. their respective control. Comparisons which 
showed significant differences at the 0.05 level or less are indicated. 

DISCUSSION 

Anificial selection on wing length within a migratory population of the 
milkweed bug Oncopeltus fasciatus resulted in major phenotypic and genetic 
differences between lines for that trait. This direct response to selection was 
accompanied by correlated responses in flight propensity and early fecundity. These 
results provide strong evidence for the existence of positive additive genetic 
covariance between wing length and flight pro~nsity, and wing length and early 
fecundity. The genetic association between the latter traits supports predictions 
previously derived from genetic analysis of an Iowa population (Hegmann and Dingle 
1982). Results of this study do not, however, permit any inferences regarding the 
existence of genetic covariance between flight propensity and early fecundity. 
Investigation of this possibility is in progress (Palmer, in preparation). 
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Figure 3 
Divergence in early fecundity among selected parents. Points indicate mean cumulative egg 

production during the first five days of oviposition for all females within each line. within each generation. 
Vertical bars indicate ± s.e. Sample sizes for each point range from 12-19. 

For 0. fasciatus, as for many other species, migratory behavior may be 
adaptive if it enhances reproduction, or survival, or both, under selective regimes 
imposed by temporally or spatially ephemeral habitats. This hypothesis is supported 
by numerous ecological studies (Southwood 1962, Dingle 1972, Baker 1978). An 
overriding assumption, however, is that the phenotypic components of migratory 
behavior have a genetic basis such that they could respond to selection, and respond in 
the hypothesized direction. Central to this issue is a knowledge of the genetic 
covariance among phenotypic traits (Lande 1979, 1982; Dingle 1983). For Iowa 0. 
fasciatus, results of this study provide some tentative insight to these questions. . 

First, do phenotypic differences observed within a single character possess 
sufficient additive genetic variation such that the character could respond to selection? 
Direct and correlated. responses to artificial selection in wing length, flight propensity 
and early fecundity provide strong evidence that the answer is yes for this population. 

Second, is there genetic covariance between characters which could influence 
their phenotypic response to selection? Migratory behavior is a complex phenotypic 
character of which flight propensity is only one component. Results of this study 
suggest that migratory behavior in milkweed bugs may be enhanced not only by direct 
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effects of selection to increase flight propensity, but also indirectly if selection 
simultaneously favors traits that share positive genetic covariance with flight 
propensity, namely, wing length and possibly early fecundity. Furthermore, these 
results have detected positive genetic covariance among traits that have been 
previously found to exhibit positive phenotypic covariance in this species (Dingle et 
al. 1980, Hegmann and Dingle 1982). An especially important question for organisms 
with complex life cycles is the extent to which genetic covariance exists between 
larval and adult characters. For 0. fasciatus, if larval and adult size-related characters 
are positively correlated genetically, then selective pressures in the larval environment 
that oppose large nymphs, such as food limitation during larval development (Blakely 
1981), would simultaneously oppose an increase in adult wing length and conceivably 
constrain the phenotypic response towards increased flight potential in adults of a 
migratory population. Experiments to evaluate this possibility are in progress. 
Artificial selection experiments, parent-offspring analyses and sib analyses are 
powerful tools for assessing the existence and direction (sign) of genetic variances 
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underlying phenotypic characters. The formidable challenge for ecologists is the 
identification of the relevant selective pressures at all stages of the life cycle. 

Third, are there particular patterns of genetic correlations which characterize 
colonizing populations or species (Parsons 1983)? This is the broadest question and it 
must be approached empirically by comparing the genetic covariance structures of 
11 colonizing 11 and 11 noncolonizing" populations or species. Significant insight cannot 
be expected to derive from just a few studies. Nevertheless, results presented here 
suggest that the question is tractable, and artificial selection can elucidate patterns of 
genetic covariance in the suite of traits associated with colonizing ability. 
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ABSTRACT 

Genetic and environmental factors influencing wing polymorphism in the waterstrider 
Umnoporus canaliculatus were investigated by rearing progeny of single pair crosses in 
different photoperiods. There was a strong genetic component to morph determination, but 
results were inconsistent with a single locus, two allele mode of inheritance under either 
photoperiod. Photoperiod strongly influenced morph determination, and results were consistent 
with observed seasonal variation of morph frequencies in natural populations. 1bese results are 
at variance with previous reports of a single locus (or supergene). two allele mode of 
inheritance of the trait in gerrids and have implications for current models of the evolution of 
winglessness and dispersal. 

Fitness differences between the long-winged and wingless morpbs of L. canalicultJtus 
were also investigated in the laboratory. The long-winged morph exhibited significantly higher 
survivorship under laboratory-simulated overwintering conditions, and the results were consistent 
with dramatic changes in morph frequencies during the overwintering period in natural 
populations. In contrast, the wingless morph exhibited a faster nymphal development rate and 
higher female fecundity than the long-winged morph. and results were consistent with other 
studies of these traits in wing polymorphic insects. 
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INTRODUCTION 

Wing polymorphism commonly occurs in many insects, especially species of 
Orthoptera, Coleoptera, Homoptera and Hemiptera (Harrison 1980). The 
polymorphism (see Materials and Methods for definitions) consists of discrete 
differences in winglength with morphs exhibiting fully developed, reduced or totally 
absent wings. Besides differing in winglength, morphs typically differ in a number of 
anatomical, physiological and life history traits. Thus wing polymorphism is a 
syndrome of traits resulting in morphs which are adapted to reproductive/sedentary 
versus diapause/dispersing lifestyles (Vesilliiinen 1978, Dingle 1982). 

Wing polymorphism is an attractive system for investigating the evolution of 
dispersal in natural populations. Individuals with radically different dispersal 
characteristics are "packaged" into identifiable and discontinuous morphs. Thus 
laboratory studies of the genetic and environmental bases of dispersal characteristics 
and field studies of associations between dispersal ability and environmental variables 
are far simpler in these species than in species containing only fully winged 
individuals. 

Waterstriders (Gerridae: Hemiptera) represent an excellent group in which to 
study the evolutionary dynamics of wing polymorphism. Many species are wing 
polymorphic, and there is considerable variation in the spatial and temporal patterns of 
morph frequencies among different species (Vepsilliiinen 1978, Calabrese 1979). 
Moreover, many species are wing or wingless monomorphic, and thus intraspecific 
studies of wing polymorphism can be combined with interspecific studies to yield very 
powerful tests of particular hypotheses of dispersal. It is not surprising, therefore, that 
wing polymorphism has been particularly well-studied in this group (reviewed in 
Vepsilliiinen 1978). However, despite numerous studies, the forces influencing wing 
polymorphism in natural populations of waterstriders still remain poorly understood. 

A frrst step in understanding the adaptive basis of wing polymorphism in natural 
populations is identifying the environmental and genetic influences on morph 
determination (Harrison 1980). The role of various environmental variables such as 
photoperiod, temperature, density, etc. has been studied in a number of insects. 
However, we know little about the genetic component of morph determination or 
about potential genotype by environment interactions. Yet such information is a 
prerequisite for even the most basic ecological genetic studies. Moreover, the validity 
and conclusions of many models of the dynamics of wing polymorphism and the 
evolution of winglessness critically depend upon assumptions concerning the 
mechanisms of morph determination (Zera, Innes and Saks 1983). 

There have been several attempts to determine the genetic basis of wing 
polymorphism in gerrids, more so than for any other group of wing polymorphic 
insects (reviewed in Zera et al . 1983). The most commonly held view has been that 
the polymorphism is controlled by a single locus with two alleles, the effect of which 
is modified by the environment. The allele for short wings is purported to be dominant 
to the allele for long wings such that long-winged individuals are recessive 
homozygotes. However, there are substantial problems with these studies, with respect 
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to both experimental design and interpretation of results (Harrison 1980, Dingle 1982, 
Zera et al. 1983). 

A second and equally important piece of information needed to understand the 
adaptive basis of wing polymorphism is data on fitness differences among morphs of 
differing winglength. Such data provide direct evidence for trade-offs between 
dispersal versus reproductive ability and indicate potential mechani~ms of selection. 
Fitness differences (often assumed) among dispersing and nondispersing morphs also 
form the basis of models of the evolution of dispersal (for example, see Vepsiiliiinen 
1978). Despite considerable speculation, there are few reliable data on fitness 
differences between the long-winged and the short-winged or functionally equivalent 
(Anderson 1973) wingless morphs in gerrids (Zera 1984). 

In this paper I will discuss recent studies of the mode of inheritance and fitness 
differences between the long-winged and wingless morphs of a model waterstrider 
Umnoporous canalit:ulatus. These studies represent the beginning of an in-depth 
study of the genetics, physiology and developmental biology of the wing polymorphic 
adaptive complex in this species. The specific questions dealt with here are: (1) is the 
genetic basis of morph determination in L. canaliculatus consistent with a single 
locus, two allele model, (2) do morphs of differing winglength differ in such fitness 
traits as overwintering survivorship, fecundity and development rate, and (3) are the 
observations of the genetic and environmental influences on morph determination and 
the fitness differences between morphs which have been observed in the laboratory 
consistent with data from natural populations. 

MATERIALS AND METHODS 

Definitions 

Wing polymorphism may be the consequence of genetic differences between 
morphs (genetic polymorphism), environmental conditions under which the morphs 
develop (environmental polyphenism), or a combination of the two. The term 
polymorphism is used here with no implication as to whether morphs are genetically 
differentiated or are the consequence of different environmental conditions during 
development. The terms genetic polymorphism or environmental polyphenism are used 
only when it is clear that morph differentiation is a consequence of genetic or 
environmental variation, respectively. 

Species Studied 

Limnoporous canaliculatus is a semi-aquatic hemipteran which occurs on the 
surface of ponds or streams. The species is distributed from Maine to southern Florida 
and as far west as Texas (Calabrese 1979, Zera 1981). Populations of L. 
canaliculatus consist of various proportions of fully-winged (macropterous, MAC), 
wingless (apterous, APT) and, rarely, short-winged (micropterous, MIC) morphs (Zera 
1981, Zera et al. 1983). Populations south of Massachusetts are composed almost 
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exclusively of wingless individuals in the summer and varying proportions of winged 
individuals in the fall. Fall polymorphic populations of this species exhibit dramatic 
spatial variation of morph frequencies (Zera et al. 1983). 

Briefly, the life cycle of L. canaliculatus in New England is as follows 
(Calabrese 1979, Zera 1981). Overwintering occurs in the adult stage. In the spring 
(April) adults emerge, mate, lay eggs and die shortly thereafter. The resultant progeny 
comprise the summer, sedentary, reproductive generation. Offspring of this generation 
and possibly some offspring produced by mating of overwintered adults late in the 
spring emerge in late summer and fall (August to early October) in reproductive 
diapause and leave the water surface in mid- to late October. An unknown proportion 
of winged individuals disperse to overwintering sites. Thus, as in other gerrids 
(Vepsiiliiinen 1978), a major feature of the life-cycle of L. canaliculatus is an 
alternation of a sedentary-reproductive generation with a diapause-dispersing 
generation. 

Crossing Experiments 

Crossing experiments essentially involved rearing progeny of pair crosses under 
two different photoperiod regimes: (1) short-decreasing (SD; 16 light, 8 dark with the 
light phase decreased by 15 minutes every two days) mimicking fall conditions and (2) 
long-constant (LC; 16 light-8 dark) mimicking summer conditions. This was done to 
determine if the genetic basis of morph determination differed under various 
photoperiods as well as to investigate the influence of photoperiod per se on morph 
determination. Other environmental variables such as density, temperature and food 
were kept as constant as possible. Prior to genetic studies, a generation was reared in 
the laboratory to eliminate possible maternal effects, to obtain virgin females and to 
obtain a generation reared under known conditions. A key feature of the crossing 
experiments was the use of a 11 split-brood design, 11 that is, portions of the same brood 
were reared under different photoperiod regimes. This design was important in 
eliminating intercross variation in studies of the influence of photoperiod on morph 
determination. Additional details of crossing experiments may be found in Zera et al. 
(1983). 

Fitness Studies 

Three components of fitness were studied in winged and wingless morphs of L. 
canaliculatus: overwintering survivorship, development rate and fecundity (Zera 
1984). In the overwintering survivorship experiment, adults were collected in the field 
during the fall just prior to the time when gerrids leave the water surface to 
overwinter. They were transported to the laboratory where they were kept in an 
environmental chamber at 6°C for one month without food. After this time the number 
of dead and surviving winged and wingless morphs of each sex was recorded. 
Surviving individuals were used in the fecundity experiment. This was done to mimic 
conditions in natural populations where reproduction of winged and wingless morphs 
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occurs in the spring after the overwintering period. Differences in fecundity between 
winged and wingless females were measured by counting the number of fertile eggs 
produced each day or every other day by females of individual pair crosses, during a 
21-day period. Development rate of winged and wingless morphs was measured as the 
time from egg hatch to adult emergence at 22 ± 2°C. Individuals used in 
development rate studies were F 1 progeny of a mass mating of field collected adults. 
Additional details of these experiments may be found in Zera ( 1984). 

RESULTS AND DISCUSSION 

Mechanism of Morpb Determination 

Results of representative crosses are given in Table I. These data clearly 
demonstrate a strong genetic component in morph determination. Under each 
photoperiod, the frequency of long-winged (MAC) progeny from each MAC x MAC 
cross was greater than that from virtually all MAC x APT (wingless) or APT x APT 
crosses. In general, the frequency of MAC progeny . from each MAC x APT cross 
was greater than that from the APT x APT crosses. More importantly, the production 
of both MAC and APT progeny in nearly all MAC x MAC and APT x APT crosses, 
in each photoperiod, clearly indicates that the genetic basis of morph determination is 
more complex for this species than the widely held single locus, two allele model. 
Only 3 of 858 individuals were short-winged (MIC), and they are not dealt with here 
(see Zera et al. 1983, for details). 

In eight of nine crosses, a higher proportion of MAC progeny was produced in 
the short-decreasing versus the long-constant photoperiod, thus demonstrating a strong 
effect of photoperiod on morph determination (Table 1). These results are similar to 

the influence of photoperiod on morph determination in many other insects (Harrison 
1980). Results were also consistent with morph frequency data from natural 
populations. That is, a higher proportion of MAC progeny was produced under 
photoperiodic conditions similar to fall conditions during which winged morphs are 
produced in natural populations of L. mnaliculatus (Zera et al. 1983). 

Morph determination was also sex influenced, and the influence of sex was 
photoperiod dependent. A higher proportion of winged females than winged males was 
produced in the short-decreasing but not in the long-constant photoperiod (data not 
shown; see Zera et al. 1983). This result is also consistent with field data, where a 
significantly higher frequency of winged females than winged males was found in fall 
populations of L. mnalicu/atus (Zera 1984). This suggests that in the field dispersal 
rates may differ between the sexes. 

These preliminary results indicate a complex interaction among genetic and 
environmental variables in morph determination. The degree of complexity of the 
genetic component of morph determination cannot yet be ascertained. The trait could 
be controlled by genetic mechanisms ranging from a large number of polygenes to a 
major gene with a few modifiers. Additional crossing experiments as well as studies 
of the physiological basis of morph determination which are in progress will provide 
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Table 1 
Results of single pair crosses of Umnoporus canaliculatus with progeny 

reared under a single or divided between each of two photoperiods (data from 
Zera et al. 1983). MAC = Macropterous, long-winged; APT= Apterous, 
wingless. Only a few (0.5%) short-winged morphs were produced, and they are 
not considered here. 

Parental 

Phenotype 

Cross 

Name 

Photoperiod Treatment 

Long-Constant Photoperiod Sbort-Decn:asing Photoperiod 

Number (proportion) Number (proportion) 

of Progeny of Progeny 

MAC x MAC A 

B 

E 

D 
F 

MAC APT MAC APT 
14 (0.88) 2 13 (0.93) 1 

26 (0.52) 24 so (0.93) 4 

8 (0.73) 3 21 (0.78) 6 
24 (0.80) 6 No Data 
12 (0.38) 20 No Data 

APT X APr I 0 (0.()()) 21 5 (0.25) 15 

J I (0.02) 42 4 (0.57) 15 

L I (0.07) 14 3 (0.30) 7 
p 6 (0.25) 18 1 (0.08) 11 

M 4 (0.07) 56 No Data 
0 0 (0.00) 29 No Data 

APr male x MAC female G 15 (0.54) 13 No Data 

MAC male x APr female H 

Q 

5 (0.05) 87 16 (0.41) 23 

3 (0.08) 33 13 (0.34) 2S 

crucial information on this point. 
Unfortunately, since there are no reliable genetic data on morph determination in 

other gerrids, it is not possible to generalize from the results of this study. Limited 
studies of other non-coleopteran insects have also demonstrated a complex genetic 
component of morph determination (Harrison 1980). Only in the weevil Sitona 
hespidu/a (Jackson 1982) is there unambiguous evidence that morph determination is 
under control of a single gene or two forms of a supergene. Limited evidence 
reported by Lindroth ( 1946) also suggests that morph determination in the coleopteran 
Pterostichus anthracinus may be under control of a single gene with two alleles, thus 
indicating that beetles may differ from other insects· in the genetic basis of morph 
determination. 
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The results for L. canaliculatus have implications for models of the dynamics 
of wing polymorphism in natural populations. Computer simulations of the dynamics 
of dispersal polymorphisms by Roff ( 1975) have demonstrated that employing single 
gene versus multigenic modes of morph determination strongly influences the outcome 
of these simulations. Results of this study indicate that biologically meaningful data 
for gerrids and for most other insects necessitates the incorporation of multigenic 
control of morph determination in such simulations. 

Many workers have postulated heterozygote superiority as an important force in 
the maintenance of wing polymorphism in gerrids (Brinkhurst 1959). Besides the 
absence of any data on the superiority of the purported heterozygous short-winged 
morph, heterozygote superiority alone is not a sufficient condition for the maintenance 
of a polymorphism more complex than a single locus with two alleles (Crow and 
Kimura 1970). Other models that are based on the assumption that morph 
determination is controlled by a single locus with two alleles, such as the evolution of 
dominance of the allele for short wings (Vepsiiliiinen 1978), also seem inappropriate. 

As pointed out by Harrison (1980), in all single gene models of wing 
polymorphism, where the allele for short wings (functionally equivalent to 
winglessness, Anderson 1973) is dominant to the allele for long wings, the only 
morph that is capable of dispersal is the homozygous recessive, long-winged morph. 
Thus if premigration mating does not occur, which is probably the case for gerrids, 
the spread of the allele for short wings into new habitats must occur by mutation or by 
dispersal mechanisms other than flight. However, once the mode of inheritance of 
wing polymorphism is shown to differ from the single locus, two allele model, the 
introduction of the allele for winglessness into new habitats is no longer problematical. 
In this study, wingless progeny were produced in all crosses in which both parents 
were long-winged. Consequently, alleles for winglessness may be transmitted into 
newly colonized habitats via normal dispersal by flight, even if females are not 
inseminated prior to dispersal. 

Fitness Differences Between Morphs 

The long-winged and wingless morphs differed significantly in each of the three 
fitness traits investigated. For both sexes, the long-winged morph exhibited greater 
survivorship under laboratory-simulated overwintering conditions (Table 2). The 
results are consistent with an increase in the frequency of the long-winged morph 
during the overwintering period in natural populations of L. canaUculatus (Zera 

1984). On the other hand the wingless morph exhibited a substantially faster rate of 
nymphal development than the winged morph (Table 3). Wingless females also 
exhibited significantly greater fecundity than long-winged females (Table 4). 
Wingless females laid a greater number of eggs than long-winged females on eight of 
nine days on which egglaying was recorded, and the difference was greatest in the 
early stages of egglaying. 
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Table 2 
Differential survivorship of the long-winged and wingless morphs of L. 

canaUculatus under laboratory-simulated overwintering conditions. 
Individuals were kept for one month without food at 6°C (data from Zera 
1984). 

Condition 

SEX MORPH TYPE ALIVE DEAD 

Males MAC 27 
APT 48 12 

Females MAC 51 4 
APT 51 15 

RESULTS OF THREE-WAY G-TESTS USING LOO-LINEAR MODELS1 

Independence of mortality 
and morph type for each sex: G = 10.80, 1 df, p < 0.005 

Mortality X Sex X Morph 
Interaction: G = 0.25, 1 df, p > 0.1, n.s. 

1 Sokal and Rohlf ( 1981) 

Differences in overwintering survivorship has been one of the few fitness 
differences demonstrated between gerrid morphs. In laboratory studies Ekblom (1941) 
reported a greater overwintering survivorship of the wingless morph relative to the 
short-winged morph in Gerris asper, while Vepsiilainen (1974) reported that the long
winged morph exhibited greater overwintering survivorship than the short-winged 
morph in G. lacustris. Thus there is at present no consistent difference in 
overwintering survivorship between the two functional morph types. Differences in 
survivorship between morphs under stress have been reported for other wing 
polymorphic or flight muscle polymorphic insects (reviewed in Harrison 1980, Dingle 
1982), and again, no consistent differences among morphs were reported. 

Several studies have compared development rate between morphs of differing 
winglength in gerrids (see Zera 1984). However, in these studies, either sample sizes 
were not reported, statistical testing of results was not performed, or no significant 
differences were observed in preliminary experiments with small sample sizes. The 
faster development rate of the wingless morph relative to the long-winged morph 
observed in this study is consistent with the results of many other studies in a variety 
of other insects (Harrison 1980, Dingle 1982) and appears to be a general 
characteristic of a particular functional morph. 
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Table 3 
Development time (days) from egg hatch to adult eclosion for the long

winged (MAC) and wingless (API) morphs of Umnoporus aurDUculatus. 
Developmental time was measured at 2rc. See Methods for additional details. 

MEAN DEVEWPMENT TIME (DAYS) 

Males Females 

Winged Wingless Winged Wingless 

Mean 25.77 25.05 26.33 24.46 
S.E.M. 0.14 0.22 0.13 0.29 
Sample Size 88 37 76 24 

RESULTS OF 1WO-WAY ANOV A 1 

Source of Variation df MS F 

Morph 0.657628 40.748 

Sex 0.002067 0.13, n.s. 
lnteration 1 0.119576 7.41b 

Error 221 0.016142 

1Two-way analysis of variance was performed on squre-root transformed 
development rate data. 

~ < 0.()()1 

bp < 0.01 

Differences in fecundity between morpbs of L. Ctlllllliculatus observed in this 
study are also consistent with data for non-gerrids (Harrison 1980, Dingle 1982), and 
higher fecundity appears to be a general characteristic of the nondispersing morpb. A 
variety of investigators have searched for, but in general have failed to find, fecundity 
differences between morphs in other gerrids (Zera 1984 ). However, as in the 
developmental rate studies, the sample sizes have been very small. Thus these studies 
do not constitute adequate tests of realistic fitness differences which may be present in 
these species. Anderson (1973) has demonstrated that in the field, short-winged G. 
lacustris attained reproductive maturity faster than the fully winged morph. 

Each of the morph-associated traits studied in L. mnalicullltus was measured 
under only one set of conditions, and the generality of these results is therefore 
unknown. However, the correspondence between development rate and fertility 
differences between morphs of L. mnalicullltus with data from a variety of other 
studies (Harrison 1980, Dingle 1982), makes it likely that these differences are 
manifest under a variety of conditions both in the laboratory, and in natural 
populations. The correspondence between morph-dependent differences in 
survivorship during overwintering conditions in the laboratory, and morph frequency 
changes in natural populations suggests that differential overwintering ability may be 
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Table 4 
Total number of eggs laid by winged and wingless females of 

Umnoporus canalicullltus on successive one or two-day intervals. The 
experiment consisted of 30 winged and 30 wingless females. Data are from 
Zera (1984). 

Date of egg Total number Percent increase 
collection1 eggs laid wingless/winged 

Winged females Wingless females 

1-8 0 0 0.00 
9 9 49 444.44 

10 41 45 9.75 
11 111 174 56.75 
12 36 152 322.22 
13 156 102 -34.61 

Subtotal, days 
9-13 353 522 47.87 

15 398 425 6.78 
17 439 567 29.16 
19 311 390 25.40 
21 429 470 9.55 

Subtotal, days 
15-21 1577 1852 17.44 

Total 1930 2374 23.01 

x21Number of days after mating pairs were initiated. = 5.44, p < 0.025: 
sign test of number of days on which wingless females laid more eggs than 
winged females, one-tailed test with the a priori expectation that wingless 
females would lay more eggs than winged females. This expectation is 
based on the higher fecundity of short-winged versus long-winged morphs in 
a wide variety of insects (see Harrison 1980, Dingle 1980). x2 = 8.81; 
p < 0.005: x2 test of the proportion of eggs laid by winged and wingless 
females on days 9- l3 vs 15-21. 

an important determinant of morph frequencies in natural populations. 
For several reasons, the fecundity differences between morphs observed in this 

study may be magnified in the field. As mentioned above, the higher fecundity of the 
wingless versus the long-winged morph was particularly pronounced in the early 
stages of the egglaying period. The increased difference early in reproduction may 
compound the overall fecundity difference because of the increased probability of 
survivorship of early clutches due to cannibalism of older progeny on younger 
progeny. Cannibalism of older nymphs on younger nymphs is known to occur 
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commonly in both laboratory and field populations of many gerrids (see references in 
Jarvinen and Vepsalilinen 1976). In addition, fecundity differences were measured in 
winged females which had not flown. Roff (1977) demonstrated that flight 
significantly reduces egg production in Drosophila melanogaster (however, see 
Slansky 1980). It is therefore possible that fertility differences between morphs are 
even greater than those demonstrated in this study, especially since dispersal flights 
appear to be more common in Limnoporous than in Genis species (John Spence, 
personal communication). 

Since the overwintering survivorship and female fertility experiments were 
performed on field-collected individuals, it is not known to what degree these 
differences represent differences between environmentally polyphenic versus 
genetically polymorphic forms. The resolution of this important question must await 
the results of future studies. On the other hand, since developmental rate studies were 
performed on individuals reared in the laboratory, these differences must be due to 

genetic differences or maternal effects. 

CONCLUSIONS 

Results of this study provide some preliminary answers to the questions 
concerning the adaptive basis of wing polymorphism stated above. Obviously, 
additional experiments both on the mechanism of morph determination and on the 
fitness differences between the winged and wingless morphs are needed before these 
questions will be satisfactorily answered. In addition there are other important 
questions concerning wing polymorphism for which there is no information. For 
example, the biochemical and physiological bases of the fitness differences between 
morphs of differing winglength remain totally unknown. Nor is there any information 
on the mechanisms underlying the coordination of the traits comprising the wing 
polymorphic adaptive complex. 

Viewed from a different perspective, wing polymorphism is a developmental 
polymorphism. Individuals are genetically programmed and/or are directed by 
environmental variables to proceed along different developmental pathways, both 
resulting in morphs of differing winglength. As pointed out by Harrison (1980), a 
sufficient understandio~ of the adaptive basis of wing polymorphism requires 
unraveling these developmental mechanisms and determining how variation in 
development is influenced by ecological factors. This necessitates a multi-disciplinary 
approach involving ecology, physiology and developmental biology. The information 
on wing polymorphism in L. canaliculatus provides a foundation for such studies 
which are currently in progress. 
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ABSTRACf 

Little attention has been given to the degree of variability in the migratory behavior of 
grasshoppers and locusts. Work on Melllnoplus sanguinipes indicates that there is considerable 
temporal and geographic variability in migration in at least this species. Despite the emphasis 
given to density as a factor in locust behavior and physiology, the role of density as a causal 
factor in migration of locusts is not entirely understood. In addition, there has been no attempt 
to address the question of the extent to which migratory behavior in locusts has a genetic 
component. Recent work on M. sanguinipes suggests that, although environmental factors 
may modulate the degree of migratory behavior, genotype has the greatest influence. 
Development of mass swarms of this species may be the result of relatively rapid selection 
imposed over a small number of generations. 

INTRODUCfiON 

Many species of grasshoppers and locusts are quite spectacular and economically 
important migrants. At least two African species, Locusta migratoria and 
Schistocerca gregaria make annual seasonal movements between summer and winter 
breeding areas. However, migration in most acridids, though seasonal, does not 
involve predictable return by a subsequent generation. Species with such non-circuit 
patterns of movement might be expected to display variability in the destinations and 
the distances traveled from year to year and from one geographic location to another. 
To the extent that the proportion of migrant individuals also differs between 
populations or over time, the question of the relative contribution of environmental 
and genetic factors to variation in migratory behavior must be addressed. The 
determination of whether an individual becomes a migrant could theoretically depend 
strictly on genotype or on environmental conditions experienced during nymphal 
development (or by the mother) or on the interaction of genetic and environmental 
factors. 
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These alternatives have different implications for the development of mass 
migrations in a population, the ability of a species to invade new habitats, the 
maintenance of migratory behavior in the face of counteracting selection pressures and 
the adaptive value of the behavior to the organism. Given the enonnous economic 
impact of acridid movements, it is of great practical importance to distinguish what 
factors are instrumental in the occurrence of migratory behavior. 

The migrations of Melanoplus sanguinipes provide an interesting comparison 
with those of the more intensively studied Old World locusts. Like these locusts, M. 
sanguinipes engages in mass diurnal swarming during severe outbreaks. However, 
such swarming behavior has been reported only rarely in this century, always in 
association with unusual environmental conditions such as drought and high population 
density (Parker, Newton and Shotwell 1955; Scharff 1961). 

VARIATION IN THE OCCURRENCE OF MIGRATION IN 
ACRIDID LIFE HISTORIES 

Key ( 1945) proposed that acridids have dual habitat requirements: open ground 
for oviposition and vegetated areas for food and shelter. On this basis Southwood 
( 1962) concluded that all acridids are therefore migratory. However, this greatly 
oversimplifies the problem. Many habitats may be considered as mosaics of vegetated 
and open areas, not requiring migration for the grasshopper or locust to obtain all 
needed resources (Dempster 1963). There is little published information available 

. regarding the extent of intraspecific variability in migratory behavior in acridids 
despite considerable work on the development of locust outbreaks. Migration is not, 
however, associated exclusively with outbreaks. 

For those species such as S. gregaria and L. migratoria, possibly Oedtdeus 
senegalensis (Riley and Reynolds 1983) and, historically, M. spretus (Riley, Packard 
and Thomas 1878, 1880 and 1884) which engage in "circuit" migration (Uvarov 
1977), individuals travel between two habitats which become available at predictable 
and non-overlapping points in time (the same individual does not make the return trip 
although individuals of a subsequent generation do). In this situation, it seems likely 
that most if not all of the population moves with shifts of seasonal rain systems. 
However, the questions of whether some fraction of the population stays behind and 
whether there are variations in the distances traveled by individuals have not been 
specifically addressed. There is suggestive evidence for intra-population variability in 
Schistocerca gregaria in India (Ramchandra Rao 1942). Furthennore, in addition to 

the migrations of desert locusts between breeding zones in Africa, there is back and 
forth movement within a zone which is perhaps more extensive when population 
density is high (Kennedy 1956, Waloff 1966). There are also indications of 
geographical variation in migratory tendency between subspecies of L. migratoria 
outside of Africa, some of which have been observed to migrate only under 
exceptional conditions, as well as extensions of range that occur in the African 
population during outbreaks (see Uvarov 1977). 
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It is more common among aCridids that the migrant does not travel in annual 
circuits, but moves away from the site of hatching in directions and at distances that 
may vary from year to year. In such migrations, annual periodicity is often difficult 
to detect since movements have generally not been reported unless the behavior is 
economically threatening (i.e., during high density outbreaks). Thus reliable 
information on annual variation in migratory behavior is not often available. Recent 
studies using radar tracking are beginning to address this problem (Riley and Reynolds 

1983). 
There is clear evidence from a variety of accounts of non-circuit locust 

movement and from recent work on M. sanguinipes that migration in such species 
need not be restricted to times of outbreak nor strictly dependent on population 
density. Chapman (1959), for instance, observed individual Nonuulacris 
septemfasciata making long flights and noted that density seemed to have very little 
effect on flight. Migrations in the Australian plague locust, Chortoicetes termini/era, 
occur virtually annually regardless of density (Farrow 1982). Evidence from recent 
field observations of the migratory behavior of M. sanguinipes indicated that even in 
the absence of mass flights, individuals in some populations take off on extended 
high altitude flights and that the proportion of migrants in such a population may be 
relatively high (Table 1). Thus, migration seems likely to be an annual event in a 
number of non-circuit migrants and can occur even in the absence of outbreaks or 
notable swarm behavior. 

There also may be considerable geographic or temporal variation in the 
proportion of individuals within a species which engage in migratory behavior. This 
was illustrated by a comparison of three different populations of M. sanguinipes 
(McAnelly 1984). The first population was north of Ft. Collins, Colorado (the CO 
population), the second on the San Carlos Apache Indian Reservation in south central 
Arizona (the AZ population) and the third approximately 20 miles west of Silver City, 
New Mexico (the NM population). The extent of migration in the frrst two 
populations was assessed by direct observation and, in all populations, by testing the 
performance of field collected individuals in a stationary tethered flight assay. 

Adult grasshoppers at the AZ site had been observed in mass migratory flight in 
1980 (Pfadt 1982), and nymphs had been observed to engage in concerted marching 
behavior, a characteristic activity of migratory locusts (Uvarov 1977), in 1980, 1981 
and 1982 (Foster, personal communication). Observations of individuals taking off, 
rapidly gaining altitude and flying beyond the range of binoculars were made in 1982 
(McAnelly and Rankin, in preparation). In contrast, field observations at the CO site 
in 1980, 1981 and 1982, yielded no direct or indirect evidence of migratory behavior 
nor were there any published reports of migration at this site. 

Direct evidence of migratory flight was not available for the NM site. However, 
this population was assumed to be migratory b~ on the observation that it had 
recently invaded an area previously devoid of grasshoppers. A tailings dam flood in 
October, 1980, covered 344 acres of ranch land with a thick sludge which destroyed 
anything not able to move out of its path. The tailings sludge was removed, and the 
area was covered with new topsoil and reseeded with grasses (Anonymous 1982). By 
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Table 1 
Difference in flight behavior between field populations of 

Melanoplus sanguinipes (McAnelly 1984). There were no 
differences between males and females, therefore data were 
combined for sexes. 

flight duration 
(Minutes) 

Arizona 
1982 

Colorado 
1982 

New Mexico 
1983 

0-55 109 141 21 

56-60 + 43 7 29 

%Migrant 28 5 58 

x2 for Arizona vs. Colorado = 27.34, p < 0.()()1 

x2 for New Mexico vs. Arizona = 14.53, p < 0.001 

the summer of 1983 the site had been invaded by M. sanguinipes (McAnelly 1984). 
The grasshoppers were found closely associated with tumbleweed (SalsoU kab). 
Thus, insects found at the spill site in 1983 were either colonists or the progeny of 
colonists. In addition, M. sanguinipes was one of only two grasshopper species 
found within the spill area and comprised over 96% of all grasshoppers collected by 
sweep netting. Outside the spill area, species diversity was higher, M. sanguinipes 
comprised at most 62% of grasshoppers netted and was not the only species found 
feeding or roosting on tumbleweed. 

In order to quantify migratory behavior in laboratory and field experiments, the 
stationary tethered flight assay devised by Dingle ( 1965) was modified for use with 
M. sanguinipes. A tethered flight duration of 60 minutes was chosen as indicative of 
migratory flight behavior based on the probability that any given flight would still be 
in progress at a later time (McAnelly and Rankin, in preparation). In other words, 
initial studies with the assay showed that there is a high probability that any individual 
will cease flying before it has flown 60 minutes. However, having flown 60 minutes, 
it is likely to fly much longer (Fig 1 ). 

Results of tethered flight assays of grasshoppers collected from each of the AZ 
and CO field populations and tested within 24 hours of capture were consistent with 
the previous assessments of the migratory tendency of each population in situ (Table 
1). The NM field-collected grasshoppers had by far the greatest proportion of 
individuals that made a long-duration flight, indicating that this population indeed had 
a very high migratory capacity. 

There can also be much· temporal variation in the proportion of migrant 
individuals within a population of M. sanguinipes. Although the Colorado population 
showed a relatively low degree of migratory behavior (Table 1), under certain 
conditions, the grasshoppers in this and similar habitats become highly mobile, with 
up to 90% of the population migrating (Parker et al. 1955). 
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Figure 1 
Log of the percent of grasshoppers in flight at a given time interval. n = 16 males and 16 females 

with a total of 66 flights. 

Substantial individual variation in flight behavior was also observed. Even in a 
migratory (AZ) population, some individuals never undertook migratory flight, some 
did so once or twice, while many made long flights repeatedly (Fig 2). 

MECHANISM OF VARIATION 

There is evidence in many insect species that environmental parameters such as 
photoperiod, food quality, temperature, or density can alter the proportion of migrants 
in a population independently of any genetic change (Lees 1961, Dingle 1968; Rankin 
and Rankin 1980; Zera, Innes and Saks 1983; see also Rankin and Singer 1984). In 
other species, studies of the genetics of flight behavior and alary polymorphisms have 
indicated that flight tendency or the morphology necessary for migratory behavior can 
be inherited (Caldwell and Hegmann 1969, see Harrison 1980, Zera et al. 1983, 
Rankin, Singer 1984 and Zera, this volume). 

In locusts, the phase theory (Uvarov 1921) focused attention on density as an 
important influence on many aspects of locust biology from morphology to physiology 
and behavior. For instance, locusts from low or high density populations (solitarious 
and gregarious phases, respectively) can be distinguished from each other physically 
on the basis of morphometric ratios and coloration (see Uvarov 1966). In laboratory 
experiments, isolated locusts are generally less active than crowded locusts (Ellis 
1951) and tend to maximize their individual space, while gregarious locusts have a 
strong tendency to aggregate (Ellis 1953). 
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Figure 2 
Variation in flight performance of individuals. Animals were tested every other day between day 2 

and day 28 after adult emergence. Aight durations were scored in 5 minute intervals, 0-5 to 55. Thus, 
dotted line at 55 minutes of flight represents criterioo used to deftne migratory flight in this study. Each 
small square within frame A represents histogram of flight record for one female and within frame B, tbe 
histograms for each male. 

The extent to which high population density can actually bring about a 
quantitative or qualitative change in locust migration is not precisely understood. 
Kennedy (1951a,b; 1956) proposed that migrations of outbreak populations were 
qualitatively different from the seasonal movements of solitary populations based on 
the cohesiveness of gregarious swanns and on their invasion of areas not normally part 
of the non-outbreak range. Michel (1970) compared the duration of flights made by 
isolated and crowded S. gregaria on round-abouts and found significantly less flight in 
isolated animals. The difference between isolated and crowded locusts was even 
greater in progeny from the respective parents, implying an acquired effect of density 
on flight behavior of subsequent generations. 

In the field both solitarious and gregarious locusts make seasonal migrations; 
gregaria usually migrates during the day and solitaria at night (Davey 1953, 1959; 
Roffey 1963) although there are notable exceptions to even this dichotomy 
(Ramchandra Rao 1942, Roffey 1963). Although density can influence locust activity, 
it is not sufficient to account for all the observed variation in locust migratory 
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behavior. 
The effects of temperature, photoperiod and relative humidity on flight behavior 

in locusts have been investigated in laboratory experiments. Crowded L. migratoria 
reared in decreasing photoperiod flew a greater number of revolutions on round-abouts 
than did those reared in increasing photoperiods (Albrecht and Michel 1975). 
However, in subsequent work on this species, increasing photoperiod produced the 
best flight performance (Lauga, Albrecht and Casanova 1982). Crowded S. gregaria 
flew best when reared under long day photoperiod and high temperatures (Michel, 
Albrecht and Casanova 1976) or increasing photoperiod (Albrecht et al. 1978). 

There are difficulties in relating these results to field behavior. Firstly, the 
conditions correlated with greater flight in a given study were also correlated with 
improved ability to survive adverse conditions (Albrecht and Michel 1975). In 
addition, mortality from hatching to adult emergence was routinely 80%. Therefore it 
is not clear whether the parameter studied had a direct effect on flight or was simply 
producing healthier animals, nor to what extent differential mortality may have 
affected the results. Secondly, although gregarious locusts are in general diurnal 
migrants, all flight tests were conducted in total darkness. Finally, although locust 
migration may occur between bouts of oviposition, it is generally pre-reproductive 
(Johnson 1969), and flight is demonstrably greater in younger locusts (Lee and 
Goldsworthy 1976). The above tests on Locusta and Schistocerca were performed 48 
hours after frrst oviposition in females without specifying the age of the locust for 
either males or females. 

The question of whether environmental influences alter the expression of 
migratory behavior in M. sanguinipes is of particular interest in light of the inter- and 
intra-population variation observed in this species. However, there were no 
differences in flight performance between controls and experimental groups when the 
following were compared: photoperiod ( 16:8 versus 12: 12 with adults maintained 
either at the nymphal photoperiod or switched on day of emergence); temperature (27°, 
32° or 37°C); or the absence of fresh vegetation from the middle of the 5th instar 
through the adult flight testing period (McAnelly 1984). The lack of effect in the 
latter treatment is surprising compared with many insects in which starvation or 
declining food quality markedly increases flight behavior (Dingle 1968, Rankin and 
Rankin 1980) or conversely in which inadequate diet reduces tethered flight 
performance (Kester and Smith 1984, Davis 1984). However, migratory behavior in 
C. terminijera also seems to be relatively buffered against a wide range of change in 
food quality (Hunter 1982). 

High density produced color changes in M. sanguinipes characteristic of phase 
polymorphism (Faure 1933, McAnelly, unpublished observations). However, its 
effects on flight behavior were equivocal. Grasshoppers were reared either in groups 
of 30, singly in the same environmental chamber as grouped animals or singly in a 
separate environmental chamber. Considering flight performance as a dichotomous 
trait in which 11 migrants 11 are defined as animals that made at least one 60 minute 
flight in 4 trials and 11 nonmigrants 11 as those that never made a long flight, there was 
no difference between either set of isolates and the grouped NM animals (Table 2A). 
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Table 2 
Effects of density on flight behavior of laboratory-reared M. 

sanguinipes after adult emergence. Numbers of "migrants," defmed 
as individuals which made at least one 60 minute flight in 4 trials, 
were compared between treatments as well as the overall frequency 
of long flight (the number of long flights in 4 trials for each animal). 
There were no differences between males and females, therefore the 
data are combined for the sexes. 

A. NM "migrants" 
Isolated in Isolated in same Grouped 

separate chambers chamber as 
grouped animals 

No long flights 19 8 11 

One or more long flights 30 13 40 

df = 2 X: = 3.93 ns 

B. NM total numbers of long flights in all trials. 

Rights of< 60(fm 138 51 101 

Rights >= 60' 58 33 103 

df = 2 x2 = 18.2 p < 0.001 

C. CO "migrants" 
Isolated in Isolated in same Grouped 

separate chambers chamber as 
grouped animals 

No long flights 8 18 25 

One or more long flights 13 20 21 

df = 2 X:= 1.58.ns 

D. CO total number of long rughts in all trials 

Flights < 60' 64 114 146 

Flights >= 60(fm 20 38 38 

df = 2 X: = 0.96 ns 

However, if the total number of long flights made by all NM animals in 4 trials is 
analyzed, grasshoppers reared singly in a separate chamber made fewer total long 
flights than the grouped animals (Table 2B). No effect of density on either number of 
"migrants" or total number of long flights was seen in the CO animals whether 
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Table 3 
Comparison of individuals making a 60 minute flight at least 

once in frrst generation lab-reared progeny of AZ and CO 1981 
field parents. No difference was observed between males and 
females with respect to this measurement, therefore data by 
sexes were combined. All individuals tested every other day 
from day 2 to day 28 after adult emergence. 

Number of 60 AZ co 
Minute Flights 

None 16 27 

More than one 24 13 

%Migrant 60.0 32.5 

Y! = 6.08, p < 0.02 

isolates were reared in the same or a separate chamber from the grouped insects (Table 
2, C and D). 

That flight behavior or wing polymorphisms can be heritable has been frequently 
documented (Caldwell and Hegmann 1969, Zera et al. 1983, Harrison 1980, see 
Rankin, Singer 1984, and Zera 1985). However, the emphasis on density as a major 
factor in locust biology has deflected attention from the genetics of migration in 
acridids. Two lines of experimental evidence strongly indicate that the interpopulation 
variability in M. sanguinipes has a large genetic component. Firstly, in comparisons 
of first generation lab-reared progeny of AZ versus CO field parents (Table 3) and of 
2nd, 3rd and 4th generation progeny of NM versus CO field parents (Table 4), the 
differences in flight behavior observed in the field were retained in the lab animals. 
Secondly, crosses between NM and CO lab animals indicated that these differences 
between populations were not due to a maternal effect. In both reciprocal crosses, 
flight behavior was virtually identical to that in progeny of the CO x CO cross and 
markedly different from those of the NM x NM cross (Table 5), suggesting that flight 
behavior in this species is heritable and somewhat recessive. Preliminary results from 
within population crosses of flyers and non-flyers indicate that there is also likely to 
be a strong genetic influence on the within-population variability (McAnelly 1984). 

Evidence from field observations also suggests that migratory behavior in M. 
sanguinipes may be under strong genetic influence. Nymphs hatching from eggs laid 
by immigrant females during the outbreak of the late 1930's were distinctly more 
migratory than nymphs in nearby localities in which flights had not occurred for 
several years (Parker et al. 1955). In addition, migrations in this outbreak did not 
begin until after at least 4 years of severe drought and population increase. Such a 
time lag could have been sufficient for (though certainly does not necessitate) selection 
to have produced the dramatic increase in the proportion of migrants within a 
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Table 4 
Comparisons of the number of 11 migrants 11 (individuals that made at 

least one long flight in four trials) in 2nd, 3rd, and 4th generation lab
reared progeny of NM and CO field parents. First generation progeny were 
not available for simultaneous comparison. These comparisons are drawn 
from control animals used for other experiments (examination of the effect 
of photoperiod, density, etc.). In each generation the CO and NM 
grasshoppers compared were reared at the same time under the same 
conditions. 

2nd generation • 3rd generation 4th generation 
NM co NM co NM co 

No long 
Rights 

5 41 0 25 4 11 

One or more 
long flights 

82 45 52 21 35 16 

%migrants 94.3 52.3 100 45.6 89.7 59.3 

x2 x2 x2= 38.81 = 38.20 = 8.59 
p < 0.001 p < 0.001 p < 0.01 

*Reared under a variety of photoperiods. No effect of any photoperiod on 
flight, therefore all data were combined. 

population. 

ADAPTIVE VALUE OF MIGRATION 

Many acridids are inhabitants of semi-arid to desert environments in which lack 
of rainfall is a major obstacle to survival. It is not surprising to find that migrant 
locusts often take off on and travel with convergent wind systems which are likely to 
deposit an organism in an area where rainfall will soon occur (Rainey 1951). The 
seasonal movements of S. gregaria and L. migratoria have clear adaptive value; the 
insects alternate between two ephemeral breeding habitats that reappear predictably 
each year (Waloff 1946). Even when migration is more nomadic than circuitous, by 
riding appropriate weather fronts, a locust such as C. termini/era is also likely to 
arrive at a site where rainfall and growth of fresh vegetation will soon occur (Clark 
1969). 

In those acridids such as M. sanguinipes in which there is considerable temporal 
and geographic variation in the frequency of migrants, the role of migration in the 
species' ecology may be more complex and may depend upon the quality of a 
particular habitat. 
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TableS 
Comparison of flight perfonnance 

between CO and NM grasshoppers. 
of the progeny of crosses 

COXCO NMxCO COXNM NMxNM 

No long 11 12 34 4 
flights 
One or more 16 16 51 35 
long flights 

%migrants 59.3 57.1 60.0 89.7 

x2 = 12.71, p < 0.01 

Comparison of the AZ and CO sites in this study revealed important habitat 
differences. Both receive approximately equal rainfall (37 em), but maximum daily 
temperatures are higher in Arizona (36-38°C versus 27-30°C); this, along with lack 
of irrigation or surface water on the San Carlos Reservation and differences in land 
use practices combine to produce a far more xeric environment at the AZ site. In 
addition, there is a marked dry season at the AZ site with virtually no precipitation 
from April until mid- to late July. When late summer rains begin, they are most 
likely to occur as highly scattered thunderstonns. Areas of fresh green vegetation 
which arise in response to late summer rainfall are, as a result, quite patchily 
distributed. 

These aspects of habitat quality have several important consequences for M. 
sanguinipes. Although this species is a generalist feeder, forage conditions on the 
San Carlos Reservation can easily become too limited to support growth of nymphs by 
mid-summer. Even if dried senescent vegetation were still available, some factor or 
factors in fresh green plant material appear to be necessary for nymphal growth 
(Kreasky 1962). Finally, survival of eggs requires a soil moisture of at least 13.5% 
(Mukerji and Gage ·1978). By mid-July, soils on the San Carlos Reservation lack 
even this minimal amount of moisture at oviposition depth. 

Migration in the AZ population, therefore, is likely to increase the chance that 
individuals will find patches suitable for reproductive maturation, oviposition and 
development of nymphs. The presence of a significant fraction of nonmigrants in this 
population may reflect the probability that the natal habitat will occasionally receive 
adequate rainfall. 

At the CO site, green vegetation is nonnally available throughout the summer. 
Individuals probably do better on average by taking advantage of locally favorable 
conditions than by emigrating. However, at unpredictable and infrequent intervals, 
droughts of extended duration occur in this region, accompanied by an increase in the 
proportion of migrants (Parker et al. 1955). In the CO habitat therefore, migration 
permits M. sanguinipes to escape sporadic periods of unusually xeric conditions. 



698 M. Lynne McAnelly 

Melanoplus sanguinipes occurs throughout most of the USA but is particularly 
abundant in disturbed habitats, i.e., areas in which crops or native grasses have been 
replaced by weeds, often non-native plants (Parker et al. 1955, Pfadt 1982). As a 
result of the tailings dam flood described above, the NM site was an extreme example 
of a disturbed habitat which M. sanguinipes was able to invade and exploit. While 
this particular colonization need not have involved exceptionally long-distance 
movement, it demonstrates the remarkable opportunism typical of migrant insects in 
general (Southwood 1962, Parsons 1982). The ability to fmd and move to such a 
resource could have considerable adaptive value regardless of the quality of the 
original habitat. 

CONCLUSIONS 

The existence of inter- and intra-population variation in flight behavior and the 
genetic basis for this variation implies that formation of swarms in M. sanguinipes 
may be strongly driven by selection pressures acting over a few generations. 
Increased population density during outbreaks could intensify the migratory response, 
but is not likely to be the primary causal factor. 

These results do not refute the importance of high density to the dynamics of 
locusts plagues. Melanop!us sanguinipes may have a different behavioral response to 
crowding. It is not known, for instance, whether this species is capable of exhibiting 
increased aggregation behavior in response to crowding as is seen in the locusts. 
Further, Kennedy's comment (1951a, p. 230) regarding the importance of high density 
locust plagues may apply equally well to M. sanguinipes swarms: "We may 
reasonably infer that the migration of these insects would be less persistent, if they did 
not move in compact, 'disciplined' armies. If they did not migrate in this way, be it 
noted, they would lose their uniquely catastrophic character as pests of crops." 
However, it is clear that genotype is a potentially critical factor in the migration of 
acridids and that this should be carefully examined in other species, using field 
animals or those recently derived from field populations if possible. 

The existence of genetically determined migrants implies that even in a 
relatively sedentary population there are individuals capable of taking advantage of 
newly available habitat. As suggested by work on the NM population, the ability to 

invade and exploit disturbed habitat may be quite important. A high intrinsic rate of 
increase (Pfadt and Smith 1972), generalist food preferences and the ability to live in a 
wide range of environments as indicated by its distribution (Gurney and Brooks 1959) 
distinguish this organism as a classic colonist as described by Parsons (1982). This, 
in con junction with its migratory behavior, make it likely that even in normally 
"lush" environments such as the CO site, M. sanguinipes can do well by moving to 
and exploiting areas of disturbed habitat. Such habitat will be created frequently 
through human activities (mowing roadsides, overgrazing, etc.) or natural events, thus 
favoring some rate of production of colonists and opposing selection pressures against 
migratory behavior. Alexander (1951) observed that M. sanguinipes near Boulder, 
CO is found outside of its normal altitudinal range almost annually and suggested that 
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movements beyond the animal's central range act to expand the borders of the range in 
those years when the quality of marginal habitat is improved. Thus unusual 
environmental conditions are not necessarily a prerequisite for the production of 
migrants. 

These results also suggest that human activities which disrupt habitat may help 
maintain migratory behavior even in the face of counteracting selection for sedentary 
individuals. Historically, outbreaks and invasions of locusts and grasshoppers have 
been linked to- human disruption of habitat (Roffey 1972). Conversion of forested 
areas in Australia to grazing lands allowed expansion of C. termini/era (Farrow 1979) 
into new areas. The latter remains a serious agricultural problem in New South 
Wales, and migratory behavior seems to be maintained here at least in part by 
continual re-invasion of locusts from other regions. During settlement of the great 

plains, grasshopper outbreaks and migrations occurred at regular intervals (Riley, 
Packard and Thomas 1878, 1880, 1883). It is quite likely that conditions created by 
settlement and destruction of the prairies with concomitant introduction of European 
weeds (such as Sa/soli leah) increased the rate of formation of disturbed habitat which 
may in turn have favored both population increase and selection for highly migratory 
grasshoppers during this period. 
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ABSTRACT 

Long-distance aerial migration by insects is usually at altitudes where wind speeds exceed 
air speeds of the migrants, restricting their possible tracks to tbe direction of tbe wind ± 9Cr. 
However, migrating butterflies generally fly near the ground where wind speeds are low enough 
to permit progress in any direction. Three species of such boundary-layer migrants are 
conspicuous in southeastern United States each fall: Phoebis smnu (cloudless su.lpbur), 
Agraulis vanilltu (gulf fritillary) and Urfltuws proteus (long-tailed skipper). Migrants fly in a 
straight line within a few meters of the surface. At a given locality their tracks usually clusta" 
about a single direction. Based on observations at Gainesville, Aorida, mean direction changes 
little with time of day, season, or direction of wind. Mean direction changes significantly with 
geographical locality in a pattern which suggests navigation by the butterflies and a destinatioo 
of peninsular Florida. For example, in northern Alabama and Mississippi the mean direction of 
P. smnae is ca. 135°, whereas in south-central Georgia it is ca. 155°, and near tbe Atlantic 
coast in south Georgia and north Aorida it is ca. 175°. Migrants moving down tbe Aorida 
peninsula each fall may number 11-16 million A. vanillae, 29-48 million P. serJ1IM and 
41-396 million U. proteus. 

INTRODUCI10N 

Most migrating insects fly at altitudes where wind speed exceeds their air speed 
(Johnson 1969). Consequently, their direction of movement must fall within the 
semicircle toward which the wind is blowing. Radar studies generally show that high 
altitude migrants are flying with the wind-i.e., their heading approximates the 
direction of the wind, and their velocity approximates the sum of their air speed and 
the wind speed (Pedgley 1982). 

On the other hand some insects migrate in their bolll'lllllry layer, the layer of air 
near the ground where wind velocity is less than the insects' air speed. 'The thickness 
of the boundary layer for a particular migrant depends not only on the profile of wind 
speed vs. height but also upon what air speed the migrant can maintain (Taylor 1958, 
Pedgley 1982). Insects in their boundary layer can progress in any direction and are 
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generally close enough to the surface to make feasible their study by direct 
observation. 

Butterflies are the best known boundary-layer migrants among insects (Williams 
1930, 1958; Baker 1978). Most species can be identified in flight, and individuals can 
be followed visually far enough to yield a reliable measurement of the migrant's track. 
In southeastern United States at least eight species of butterflies migrate southward 
each fall (Walker 1978, 1980; Urquhart and Urquhart 1978). This paper deals with the 
three that are especially abundant and easy to recognize in flight: Phoebis sennae 
(cloudless sulphur), Agraulis vanillae (gulf fritillary) and Urbanus proteus (long
tailed skipper). 

GENERAL ASPECTS OF MIGRATION 

During winter each of the three species is restricted, in eastern United States, to 
a small portion of its summer range. A. vanillae and U. proteus overwinter only in 
peninsular Florida and P. sennae only in the Gulf region. During summer they move 
northward, regularly breeding at least as far north as Kansas and Virginia (Walker 
1978). The movement northward each spring is seldom discernible, but provided the 
contrast between summer and winter ranges is correct, it must occur. The movement 
southward each fall is often conspicuous and can be regarded as a flight toward 
suitable overwintering grounds. 

Observable fall flight paths of P. sennae, A. vanillae and U. proteus are 
remarkably straight. Typically, from the time the butterfly comes into view until it 
disappears, its track changes no more than a few degrees. When the migrant 
encounters an obstacle such as a building or a dense wood, it flies up and over rather 
than deviating to either side. Over open ground, migrants seldom fly higher than 2 m 
(Fig 1). 

The low height of flight and the behavior of migrants when they encounter a 
barrier make it feasible to construct flight traps that catch migrants and that keep 
separate those migrants that encountered the trap from one direction ( ± 90°) and those 
that encountered it from the opposite direction (± 90°) (Walker 1978, 1980). I have 
operated such traps at Gainesville during seven falls and seven springs. The traps are 
oriented perpendicularly to the axis of the Florida peninsula in order to distinguish 
migrants flying down the peninsula from those flying toward Georgia. For P. sennae, 
A. vanillae and U. proteus the traps have documented large-scale fall flights 
southward; for P. sennae and A. vanillae they have revealed small-scale spring flights 
northward (Table 1). 

The numbers of migrants fluctuate substantially from one fall to the next. 
Documentation of this annual variation comes from operating the same 6-m long, 3-m 
high hardware-cloth flight trap at the same site for five years (1979-83) (see Fig 5B 
in Walker 1980). The numbers of fall migrants were lower in 1983 than for any 
previous year (Fig 2). This pattern correlates with record droughts in the northwestern 
portion of the summer breeding area. 
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Figure I 
Frequency distribution of heights of three species of butterflies migrating across an open field, 

Gainesville, Florida, 31 Aug-12 Oct 1983. Uppermos1 category includes all individuals flying above 2.5 m. 
P.s. = Plloebe set~~~M. A.r. = Agraulis PIUiilltJe, U.p. = Urtxuuu proteus. (Heights were~ as 
migrants flew between 3-m tall poles which were marked at 1-m intervals; IS-min observation periods began 
at 1130 and at 1230 b LMT, 3 days per week.) 

The timing of fall flights through Gainesville were similar each year, and 
differences among the three species were minor (Fig 3). The flights start in early 
September and conclude in early November. Approximately 50% of the fall migration 
occurs between mid-September and mid-October (see also, Walker and Riordan 1981). 

Nearly 50% of fall migrants at Gainesville are males, and 20-80% of the 
females have already Jlla1ed at least once (Walker 1978). Mean air speed of migrants 
has been measured at 4.8 (A. vanilllle) to 6.1 m·s- 1 (U. proteus) (Atbogast 1966, 
Balciunas and Knopf 1977). 

DIRECfiONS OF FALL MIGRANTS: EXPERIMENTAL PLAN 

Butterflies that breed in areas as widely separated as Kansas and Virginia must 
fmd their way to common winter ranges or perish. For example, A. mnilllle and U. 
proteus in eastern United States survive winters only in south Aorida. The study here 
reported was designed to monitor directions of fall flights throughout the summer 
breeding ranges to learn whether migrants have a common destination, and if so, what 
routes are taken to it. 

Widespread monitoring of flights on a modest budget requires that observations 
at an average site be limited to one or a few dates, times of day and weather 
conditions. Yet it is important to know whether these variables affect the directions 
taken by fall migrants. Consequently I divided my efforts into two components: (1) 
brief observations of directions at many localities which collectively represented as 
much of the summer breeding ranges as I could reach and (2) intensive study of 
directions at Gainesville, where observations could be made at all times of season and 
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Table 1 
Direction of flights as revealed by catches in flight traps perpendicular 

to the axis of the Florida peninsula, Gainesville, Florida, 1975-1983. 

Species 

Fall Spring 

North- South % North- South % 
flying flying s flying flying N 

Phoebis sennae 165 2186* 93 19** 1 95 
Agraulis vanillae 28 757* 96 16** 2 89 
Urbanus proteus 92 3562* 97 1 1 50 

• Directions of fall flights biased southward (pa < 0.005). 

•• Directions of spring flights biased northward (pa < 0.005). 
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Figure2 
Annual changes in numbers of three species of fall migrants, Gainesville, florida, 1979-1983, based 

on catches of one permanent flight trap; data are expressed as percent of 5-year catch. (Total catch of U. 
proteus is low because trap efficiency for that species is close to nil; indeed none were caught in 1983.) 

day and under a full spectrum of weather conditions. The hope was that by 
thoroughly understanding fall directions at one site, scant records from other sites 
could be correctly interpreted. 
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Figure3 
Average progressioo of fall migration as revealed by flight-trap catches, GaiDesville, Florida, 

1978-83. Vertical line is dale that median mignmt was caught; horizontal bar is middle 50% of migration; 
horizontal line is middle 9()11,. Differences between species were not consistent from year to year except that 
A. N1liiiDe migration reached 5 and 25% completion earliest and P. JD11111e reached 95% latest. (Total 
samples: P. Jn~~JU = 748, A. 'tG1IiUtle = 244, U. proteus = 1057.) 

DmlliCTIONSATG~~LE 

Methods 

All observations of flight directions at Gainesville were made in the central 
portion of a 8-ha bahiagrass field at University of Aorida's Green Acres Farm 
(29°41 'N, 82°30'W). Preliminary observations were made Oct 1982. In 1983, two 
assistants alternated in measuring migratory directions each Monday, Wednesday, and 
Friday, 31 Aug to 11 Nov 1030-1330 h LMT (local mean solar time, based on local 
longitude). (At Gainesville, LMT = EDT (eastern daylight time, based on 15° time 
zone) -90 min). The procedure for determining a migratory direction was to spot a 
straight-flying butterfly, walk or run to where it had just been, and with a sighting 
compass (SUUNTO KB-14) read the magnetic bearing of its direction of 
disappearance. In addition to magnetic bearing (later converted to true bearing) the 
following data were noted for each record of migratory direction: time (standard time, 
later converted to LMT), species, blue sky visible (% of total), appearance of sun 
(disc bright, hazy, obscured or partly obscured), wind direction (as indicated by a 
0.3-m plastic ribbon dangling from the ring end of a horizontal laboratory thermometer 
attached at 1 m to a slender post), wind speed (as measured by a Dwyer pith-ball 
anemometer) and air temperature at 1 m (the thermometer bulb was shaded by a 
plastic shield, 3-cm dia. x 10 em). 

As soon as a record was entered on the data sheet, visual search for another 
migrant began. At times of peak migration as many as 80 records were taken in an 
hour. Bias in selecting butterflies for observation was mini mired by scanning 
perpendicular to the approximate axis of migration and selecting the first straight
flying butterfly whose path could be reached. 
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On six days, migration directions were measured during the entire period of 
migration (ca. 0800-1700 h LMT). Migratory directions were grouped by species, 
time of season, date, and time of day, and the following statistics calculated: mean 
direction (M.D.), length of mean vector (r), 95% confidence interval of M.D. 
(Batschelet 1981). 

Results 

Time of Season - Mean migratory directions remained approximately the same 
throughout the season and were similar for the three species (Figs 4,5). The principal 
difference among species was that during the frrst two-thirds of fall migration the 
distribution of A. vanil/ae directions was bimodal, whereas P. sennae and U. proteus 
each manifested a single mode of migratory direction throughout the fall. Their single 
modes approximated 141o, as did the greater of the two A. vanillae modes (Fig 4). 
The minor A. vanillae mode (ca. 63j was not evident after 14 October. 

During the frrst few weeks of migration, directions of P. sennae were more 
variable than during the remainder of the season, as shown by the r values and (for 
given sample sizes) confidence intervals (Figs 4, 5). (No confidence intervals were 
calculated for A. vanil/ae mean directions during the frrst 7 weeks because the 
assumption of a circular normal distribution was violated.) 

Time of Day - All records of directions summarized in Figures 4 and 5 were taken 
during 1030-1330 LMT. Whether mean direction changed with time of day was 
addressed by pooling observations at hourly intervals for the six days of daylong 
observation (Fig 6). No temporal trends are evident in U. proteus or A. vanillae. P. 
sennae was more variable, but only one hourly M.D. was significantly different from 
141°. 

Crosswinds- When butterflies encounter crosswinds, they can sometimes be seen to 
tum their headings toward the wind-a behavior that reduces or negates drift 
(Williams 1958). The effects of crosswinds on fall migratory direction of P. sennae 
and U. proteus at Gainesville were judged by comparing directions on days with right 
and left crosswinds. Only two days (5 Oct, 4 Nov) had large numbers of migrants and 
consistently left (NE) crosswinds (Fig 7). P. sennae did not fully compensate, but U. 
proteus apparently did. (A. vanil/ae was not analyzed because numbers were low and 
the distribution of migratory directions was sometimes bimodal.) 
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Figure 4 
Directions of fall migrants, biweekly periods. Gainesville, Florida 1983 (1030-1330 h LMT). Within 

each circle are frequency distributions of true bearings (grouped at 22.5° intervals), number of observations, 
length of mean vector (r), mean direction (M.D.) and, where frequency distribution is appropriate, 95% 
confidence interval of M.D. Outside each circle is an arrow indicating mean direction and, where 
appropriate, lines defming the 95% confidence interval. For first three biweekly periods of A. 't'tJ11illae, 
small arrows indicate estimated directions of the two modes (viz. 63° and 141,. 

Discussion 

With some noteworthy exceptions, mean directions of fall migrants at 

Gainesville remained close to 141° regardless of species, time of season, time of day, 
or wind. If I had recorded migratory directions at Gainesville for only a few hours on 
one or a few dates, the mean migratory directions of any of the three species would 
likely have been ca. 141 o but could have deviated from that value by 10 or more 
degrees. 
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Figme 5 
Direction of fall migrants, weekly periods, Gainesville, Florida, 1983 (1030-1330 b LMT). Each dot 

shows mean direction relative to 141°. Sample size is above each dot. For solid dots, vertical line shows 
95% confidence interval (arrows indicate that c.i. exceeds the limits of the graph). Open dots indicate that 
distribution of directions was bimodal or that n was too small to determine a confidence interval. 

The early season bimodality of A. vanillae directions at the Gainesville site is 
unexplained. No minor mode was evident in records made during pilot studies in 1982 
nor at other localities in 1983. Minor mode directions were especially prevalent during 
midday, a time that corresponds to a decline in migratory activity (Fig 8). 
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Direction of fall migrants, hourly periods, Gainesville, Aorida; 3, ll, 15 Oct 1982; 3, 4, 7 Oct 1983. 
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Mean directions and 95% confidence intervals of P. senntJe and U. proteus in left (NE) and right 
(SW) crosswinds, Gainesville, Aorida, 1983 (1030-1330 h LMT). Arrows above wind information show 
direction of effect of wind if migrants do not fully compensate. 



Migration in the Boundary Layer 713 

10 

r-. 

e) 
en 
(i) 6 
.0 
E 
:J z 
-~ 4 
-ro 
Q) 
a: 

0900 1200 1500 

Time (LMT) 

Figure 8 
Half-hourly trends in numbers of migrants, based on counts during 4 days (II, 15 Oct 1982; 3, 4 Oct 

1983) at Gainesville, Aorida Hatched bars show IS-min periods during which routine counts of migrants 
were made during fall 1983 (see Table 2). Moving three-point average was used to smooth data for each day 
and the values plotted here are the averages of the normalized data for each of the four dales. 

DIRECTIONS ELSEWHERE 

Literature Records 

P. sennae are brilliant yellow and therefore conspicuous in their migratory 
flights. This has contributed to there being a significant number of published reports 
of directions of their fall flights (Fig 9). A remarkable feature of these reports is that 
they agree that the flight direction is "southeast" (no further quantification) when the 
locality is inland and that the direction is coastwise when the locality is near the coast. 
A map of the records (Fig 9) suggests this hypothesis: P. sennae (and perhaps A. 
vanillae and U. proteus) from all over southeastern United States arrive at suitable 
overwintering grounds by flying southeast until they reach a coastline. They then 
follow the coast (with an eastward or southward component if they are to reach 
peninsular Florida). Specimens that head northward along the north Atlantic coast are 
probably doomed-and especially likely to be reported (e.g., Muller 1977, Pyle 
1981). 
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Methods 

During fall 1982 and 1983, 30 localities in southeastern United States were 
visited one to four times to observe directions of migrating butterflies (Fig 10). 
Localities were generally established at intervals of ca. 100 km along east-west lines. 
At each locality an observation site was selected for its openness, extent and 
accessibility. Playing fields and school campuses were fmluent choices. H a site better 
than the one first chosen was subsequently found, observations were thereafter made at 
the new site. All sites were at least 10 km from the coast and salt-influenced 
communities. 

Flight directions were generally determined in tbe same manner as at the 
Gainesville (GVL) site. However, when migrants were scm:e, the number of records 
was increased by this procedure: if a butterfly was spotted close enough to watch but 
too far to reach, a line was estimated parallel to the flight path of the migrant and its 
azimuth was measured. Directions taken in this manner did not differ significantly in 
mean direction from those taken (at the same site and observation period) by reaching 
the flight path of the migrant. 

Dates, times and conditions of observation and numbers of records by species 
are given in Appendix 1. 
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Figure 10 
Localities for observing fall migrations, 1982-83. 

Results 

Results are detailed in Appendix 2 and summarized (for A. Wl1lillDe and P. 
seJ~~~~Je) in Figure II. 

Only the data for P. sennae are geographically extensive. Mean flight directions 
for northern Mississippi (COR), northern Alabama (TUS) and central Alabama (MTG) 
were 133 ± 3, 136 ± 4 and 138 ± 5, respectively. On the other hand, mean 
directions in central Georgia (ABB, ALO, LYN) were 154 ± 10, 152 ± 5 and 
160 ± 12. Finally, mean directions in southeast Georgia (BRN) and northeast Aorida 
(JAX) were 185 ± 11 and 163 ± 4. With the exception of two west Tennessee 
localities (DYB, 166 ± 14; LEX, 153 ± 14), mean directions for P. sennae were 
essentially toward the Aorida peninsula. Data for A. vanillae (Fig 11) and U. proteus 
(Appendix 2) are similar to the P. sennae data but are restricted to localities in north 
Florida and south Georgia. 

Discussion 

The hypothesis that all inland fall flights are in the same direction is refuted and 
an alternative hypothesis is supported-viz. that inland flights are principally toward 
peninsular Aorida. 

Earlier records for P. sennae migrations agree with the new hypothesis as well 
as with the old, except records in North Carolina (Shannon 1916, p. 228; anow on 
map, no numbers) and Virginia (Clark and Clark 1951, p. 114; "many individuals of 
this species all flying toward the southeast across the road"). 
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Monarch butterflies (Danaus plexippus) in eastern North America have the same 
sort of task as P. sennae, A. vanillo.e and U. proteus--i.e., to reach a common 
overwintering area from widely separated summer breeding areas. Their migratory 
flights differ from the ones described here in destination (central Mexico) and 
character (soaring flight at high altitude is common: Gibo and Pallett 1979, Gibo 
1981, Brower, Schmidt-Koenig, this volume). Schmidt-Koenig (1979, this volume) 
studied directions of D. plexippus in their fall flights and reported significantly 
different directions at Ithaca, New York, and Blue Ridge, North Carolina. The 
directions, 224° and 215°, do not point toward a common destination, but Schmidt
Koenig (this volume) noted that they are in close agreement with a magnetoclinic 
model of pathfindng. 

NUMBERS OF MIGRANTS 

Methods 

Numbers of migrants flying southward through north peninsular Aorida were 
estimated by two independent methods. The first used polyester flight traps (see 
Walker 1980, Walker and Riordan 1981). The second method, effected in fall 1983, 
depended on counting migrants as they flew between 3-m PVC poles at the GVL site. 
Every Monday, Wednesday and Friday, 31 Aug to 11 Nov, at 1130 and 1230 LMT, 
15-min counts were made of P. sennae and A. vanillae that flew over a 45-m ENE
WSW line and of U. proteus that crossed the first 15-m of the line. Each 15-min 
count consisted of three 5-min periods separated by 1-min intervals. Butterflies that 
flew northward over the line were subtracted from those that flew southward. 

Converting 15-min counts to estimates of total migration for a day required 
knowing how relative density of migrants varied as a function of time of day. This 
was studied by taking 15-min counts every 30 minutes during each of four days (Fig 
8). These data indicated that 2.6% (U. proteus) to 8.0% (A. vanillae) of total 
migrants for a day flew during the 15-min periods beginning at 1130 and 1230 LMT. 
Because counts were made 3 of every 7 days during the migratory season, the counts 
were further adjusted by a factor of 2.33. 

Results 

Results of the two procedures are compared in Table 2. Estimates for P. sennae 
and A. vanillae are surprisingly consistent. U. proteus numbers show greater 
changes, but the values confrrm visual impressions: in 1975 U. proteus seemed 
exceptionally abundant; in 1978 U. proteus seemed exceptionally rare. 

The estimates in Table 2 are for net movement southward across an ENE-WSW 
line at Gainesville. For example, in fall 1983, 2,345,000 more U. proteus were 
estimated to have flown southward across each km of ENE-WSW line than flew 
northward. Total migration through north peninsular Aorida depends on the ENE
WSW limits of migratory flights and the average density of net movement between 
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Table 2 
Estimates of absolute numbers of fall migrants (1000's per km2), 

Gainesville, Florida. 

Phoebis 
sennae 

Polyester traps• 
"1975"b 368 

1978c 480 ± 112 

15-min countsd 
1983 292 

Agraulis 
vanillae 

126 
159 ± 75 

113 

Urbanus 
proteus 

3956 
406 ± 148 

2345 

• 2 or 4, 6-meter flight traps; trapping efficiency estimated to be 10% 

b 18 Sept to 26 Nov 1975, 26 Aug to 17 Sept 1976; 2 traps 

c 29 Aug to 12 Nov 1978; 4 traps (mean estimate and 95% c.i.) 

d Migrants counted 6 times weekly (MWF, at 1130 and 1230 h 
LMT) as they flew over a 45-m (P. sennae, A. vanillae) or 15-m 
(U. proteus) line, 31 Aug to 11 Nov 1983. Proportion of daily 
flight occurring during two 15-min counts estimated to be 0.050 for 
P. sennt:Je, 0.080 for A. vanillae and 0.026 for U. proteus (Fig 8). 

these limits. Fall migration occurs at least from Otter Creek to Palatka (Fig 10: arc, 
PLK) an ENE-WSW distance of ca. 106 km. The only estimates of migration density 
are at GVL. Taking the ENE-WSW limits to be 100 km and the average density of net 
movement to be the same as at GVL, one can estimate total net movement of 
butterflies southward during a fall, in millions, by moving the decimals in Table 2 one 
place to the left-e.g., 234 million U. proteus in 1983. Other estimates range from 11 
million A. vanillae in 1983 to 396 million U. proteus in 1975. 

Discussion 

The similarity of estimates made by independent methods suggests that estimates 
of migration density at GVL are correct within a power of 10. Estimates of total 
migration through north peninsular Florida, made by extrapolating the GVL results 
approximately 50 km toward both the Gulf and the Atlantic, are likely to be more 
inaccurate. To improve estimates of total fall migration, estimates of migratory density 
(absolute or relative to GVL) should be made at intervals across north peninsular 
Florida. 
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UNANSWERED QUESTIONS 

While these studies clarified certain features of the fall migrations of P. sennae, 
A. vanillae and U. proteus, they highlighted four unanswered questions. 

How do migrants orient? 

That P. sennae, A. vanillae and U. proteus can maintain a compass direction is 
evident. How they do it is not. The two most orthodox possibilities are that they 
employ a time-compensated sun compass or a magnetic compass. The fact that fall 
migrants maintain their migratory direction on overcast days (though few fly) weakens 
but does not eliminate the sun compass hypothesis (Verheijen 1978). The fact that 
neither P. sennae nor A. vanillae have detectable biomagnetism weakens but does not 
eliminate the magnetic compass hypothesis (Jungreis 1982, Schmidt-Koenig, personal 
communication). 

Do migrants navigate? 

Figure 11 suggests that migrant P. sennae have a map as well as a compass
i.e., that they navigate as well as orient. Alternatives to a navigational hypothesis are 
(1) the pattern of P. sennae migratory directions is fortuitous, (2) the pattern reflects 
migrants orienting by the sun with the eastward component of their movements 
causing their clocks to lag behind sun time, sending them more southward, and (3) 
migrants are genetically programmed to fly along particular axes (thus the descendents 
of those that fly NW in the spring fly SE in the fall, etc.). The lagging-clock 
hypothesis assumes that migrants use time-compensated sun orientation (unproved) and 
that most south Georgia and north peninsular Florida migrants have recently come 
from the northwest. The genetic-program hypothesis becomes hard to defend if 
migrants from diverse sources interbreed in south Florida during the winter 
(unknown). 

The geographical area most important for testing the navigational hypothesis is 
eastern Virginia and North Carolina. Here migrants should fly SW prior to turning S 
and SSE into Florida. An attempt to measure directions in that region in late Sept 
1983 was canceled upon finding no migrants at Augusta, Georgia, and very few at 
Hampton, South Carolina (Fig 10; AUG, HPT). The literature records from inland in 
this area are anecdotal but do not support the navigational hypothesis (Fig 9; Shannon 
1916; Clark and Clark 1951). 
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What is the origin of GVL migrants? 

This question emphasizes that no direct evidence exists as to how far individual 
P. sennae, A. vanil/ae or U. proteus fly. Circumstantial evidence suggests that some 
individuals which fly through Gainesville have come from as far away as Kansas or 
Missouri. If a migrant maintained a speed of 5 m·sec- 1 for 5 hours each day, it could 
fly from Columbia, Missouri, to Gainesville, Florida, in 15 days (1350 k:m at 90 
km·day- 1

). During their fall migration, monarchs fly more than twice that distance 
(Urquhart and Urquhart 1978). 

What is the destination of G VL migrants? 

I have made no observations of fall migrations in peninsular Florida south- of 
Gainesville and know of no records for P. sennae, A. vanil/ae or U. proteus except 
for A. vanillae and U. proteus flying southward along the coast at Indialantic (about 
175 km down the peninsula from GVL) (Williams 1958, p. 41). 

If tens, or hundreds, of millions of migrants pass through north peninsular 
Florida each fall (Table 2 and text), what becomes of them? These numbers compare 
favorably with numbers of monarchs at overwintering sites in Mexico (Brower 1977), 
yet no one has reported spectacular aggregations of butterflies in (well-explored) south 
Florida. Two facts are worth noting: south Florida is large enough to bold millions of 
nonaggregated butterflies without their making a spectacle, and U. proteus, the most 
numerous migrant, is individually inconspicuous. To illustrate the fonner fact, 400 
million U. proteus distributed evenly over the four southernmost Florida counties 
(Dade, Monroe, Collier, Broward) would amount to 1 U. proteus per 408 m2 (or 13 
per American football playing field). 
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ECOLOGICAL FACTORS WHICH INFLUENCE 
MIGRATORY BEHAVIOR IN TWO BUTIERFLIES 

OF THE SEMI-ARID SHRUBLANDS OF SOUTH TEXAS 

L. E. Gilbert 

~ofZoo1orJ and~ Field l.tlbonltory 
TMU~oJTems 

Austin, TDIIS 76112, U.S.A. 

ABSTRACT 

Temporal and spatial patterns of drought and rainfall influence patterns of host leaf 
production and extent of parasitoid-induced mortality in south Texas Lepidoptera. These factors 
can in tum interact to induce population outbreak and migratory flight in LibJth«mtl and 
Kricogonia, two butterflies which depend upon new growth of the shrubs Celtis and PortieriG 
respectively. Differences between these shrubs in seasonal pbenology and resistance to, or 
response to, defoliation result in asynchronous migratory flights and different degrees of sexual 
dimorphism for onset of migratory flight by the two insects. Adults of both butterfly species 
may respond to declining resources by entering reproductive diapause locally, or by initiating 
migratory flight. However, details of such responses vary with ~ and time of year and 
remain a fertile direction for future research. 

INTRODUCfiON 

Like many natives of south Texas, I have, since childhood, been fascinated by 
periodic and often massive migrations of two butterfly species: the pierid Kricogonia 
lyside (Fig 1A) and the' snout butterfly, UbytheaTUl bachmanii (Fig 1B). From 
1965-1980 and especially from 1976-1980, I made sporadic observations sufficient 
to discern certain patterns in the migratory behaviors of these species and to develop 
hypotheses concerning the ecological causes of such patterns. 
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Figure I 
Two migratory butterflies of southern Texas. A. (above) shows a diapausing Kricogonia along Sage 

Creek, June 1977. B. (below) is a snout butterfly, UbythLana, also at Chaparral Wildlife Management 
Area, July 1976. 

Area and Climate 

Observations were carried out near Catarina, and 19 km east on the 6,154 ha 
Chaparral Wildlife Management Area, Dimmitt County, Texas. The study area, like 
much of southern Texas, is a shrubby grassland dominated by mesquite and prickly 
pear (Whittaker et al. 1979). 

The climate is semi-arid and prone to drought. Rainfall averages about 49 em 
per year, with midsummer tending to be the driest period. But in the highly 
unpredictable climate that characterizes the Rio Grande Plain of Texas, average 
conditions bear little relationship to the actual conditions faced by organisms in their 
lifetimes. In addition to such temporal heterogeneity, spatial patchiness in rainfall is 
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another major feature of the midsummer environment of south Texas which greatly 
influences the evolution of life history tactics of mobile organisms native there. 
Stations only 16 km apart may differ by 15-25 em in July rainfall. 

Such spatial and temporal uncertainties, while they select for interesting 
diapause and migratory tactics, make study difficult. I have been fortunate to have 
observed and recorded events which may not be repeated during my lifetime on those 
few areas to which I have access. One goal of this paper is to help focus attention on 
aspects of this system that present questions of general interest which are also 
accessible to short term experimental analysis. 

Organisms 

Kricogonia has been cited as a migrant since the 1940's but only in brief notes 
by field collectors. Libytheana bachmanii, by contrast, has been generally 
recognized as a migrant from much earlier, and Libytheana species are well-known 
migrants in Africa and Asia (see for example, Williams 1930, 1958). 

Hostplants of the two insects, Porlieria augustifolia for Kricogonia, and Celtis 
pal/ida for Libytheana, are components of shrub clumps which develop around 
nitrogen-fixing mesquite (Gilbert, in press), and are common in native rangeland of 
south Texas. Both butterflies restrict oviposition to very new growth of hosts since 
young larvae can develop only on tender leaves. It appears that the different timing 
of migrations of the two species relates to phenological differences in new leaf 
production by the two shrubs, and synchronized migrations of the two species (e.g., 
Clench 1965) are exceptional . 

KRICOGONIA LYSIDE 

Kricogonia lyside (Godart) is characterized by spring migrations, female 
reproductive diapause. and female-biased sex-ratio in migratory populations. 

Porlieria (Zygophyllaceae), the hostplant used by Kricogonia, is a bonsai-like 
shrub with thick, succulent stems having sparse foliage of pinnately compound leaves. 
Porlieria flushes new leaves and flowers each spring, even in drought years (personal 
observation). 

By March following a mild winter. overwintering female Kricogonia can deposit 
eggs singly on new leaves of Porlieria. Young larvae only grow on new leaves and 
even last instar larvae prefer, if not require, relatively new foliage. Mature leaves 
seem highly resistant to Kricogonia attack: I have not observed total defoliation of a 
plant by Kricognia larvae. After harsh winters, Kricogonia must recolonize by 
dispersal from northeast Mexico. 

Once Porlieria new growth is consumed, there is typically a delay before further 
new growth appears on the plant. Eggs are not placed on plants which lack new 
shoots even though they may be frequently investigated by mated females. Delay in 
leafing out after defoliation is one aspect of Porlieria phenology which sets it apart 
from Celtis and must account for some of the differences in diapause and migration 



Migratory Behavior in Butterflies 727 

tactics evolved by Kricogonia and UbytheaTUJ respectively. 
In the case of Kricogonia, migratory flights often involve movement of both 

sexes from areas temporarily devoid of new growth (because of their own larval 
feeding) to areas likely to have new growth available. During most years in southern 
Texas, moisture and vegetative conditions suitable for Kricogonia breeding and 
development prevail during the spring, and migrations are most often seen from mid
April through late May (Table 1). 

Mid-May appears to represent an important switch point for Kricogonia 
reproductive tactics. After that point, deterioration of local conditions (i.e., loss of 
suitable larval and adult resources) results in sedentary behavior and female diapause. 
This pattern makes sense in view of long term averages for early summer conditions 
which face the next brood: this is the period during which the likelihood of rain 
declines to a yearly low for the area. Dispersal during late May into July from local 
patches in decline is likely to be futile. Thus from June to July it should be better for 
individual Kricogonia to wait for improvement of the patch in which they originated 
or to delay migration at least until chances of finding suitable patches improve. I 
studied a diapausing population along Sage Creek at Chaparral WMA in June 1977. I 
believe the following account of that population is a reasonable first approximation of 

. diapause biology for this species. 
Conditions were favorable for the production of large adult populations of 

Kricogonia in spring 1977 (large overwintering population of 1976-1977 which could 
effectively utilize the March pulse of new growth). By late May and June, conditions 
were rapidly deteriorating in what would become a severe drought (June 1977-May 
1978). Rather than move, adults retreated to shaded corridors along dry drainages 
such as Sage Creek. By dissection, I determined that females were in reproductive 
diapause (Table 2) but males, for the most part, were sexually active. Both sexes 
spent most of their time perched near the ground, under leaves, along shaded dry 
gullies and creeks. Roosting sites were 5°C cooler than exposed sites nearby (34°C 
vs. 39°C). 

Males spent much of the day involved with precourtship chases which usually 
only involved other males. These males would frequent any suitable nectar sources 
(e.g., MoTUJrdia). 

Most females sampled from the diapausing population, had mated at least once. 
I dissected 20 females and found that 16 of 17 fresh (young) individuals contained 
immature eggs and abundant fat body, but only 3/17 were virgin. Only older 
individuals, presumably from a previous generation, possessed mature eggs and 
multiple (2- 3) spermatophores (see Table 2). In studying these diapausing females, I 
noted a satellite of the bursa copulatrix (Fig 2) which varied in size and appearance 
with female reproductive status. Its size ranged from 0. 7 mm in two unmated females 
to 1.3 mm in a female bearing mature eggs and three spermatophores. It was 
translucent and empty in virgins, but in mated females the structure contained a 
yellow fluid which turned white in 95% ethyl alcohol . Other pierids possess this 
structure and its possible role in diapause storage of sperm should be investigated. 
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Table 1 
Summary of migration, diapause, and reproductive activity observed for Kricogonill 

in central and south Texas 1883-1980. Letters N,S,E, and W designate approximate 
month and direction of noted migration along year rows. 4 indicates notable rain 
immediately preceeding migratory movement, box ([]) indicates sedentary populations 
in reproductive diapause, R indicates reproductive activity (courtship plus egg laying), 
and minus (-) indicates that no Kricogonia were found in spite of thorough search. 
Stipled parts of table highlight periods with no recorded migrations. Sources are as 
follows: A = Aaron (1882), B = Lacey (Kendall and Kendall 1971), C = Sweetman 
(1940), D = Wilson (1949), E = Kendall (unpublished field notes), F = Clench 
(1965), G = Gilbert (unpublished field notes), H = Davis (unpublished field notes). 

Source 
&Year 

March April May June July August Sept Oct Nov 

........... 
A 1883 

81902 
B 1918 

c 1939 
D 1948 

E 1956 

F 1963 

G 1965 

E 1967 

G 1970 

G 1973 
G 1976 

G 1977 

E 1977 

G 1978 

H 1978 
E 1978 

H 1979 

G 1979 
G 1980 

.·•·.·••.·.·.·.·.· .·. 

~~~I~II~~{ s 

1 = entries from Chaparral Wildlife Management Area 
2 = entries from Catarina. See text for discussion. 

Moderate rainfall (2.7 em) on 12 June 1977, just prior to my observation period 
(16-30 June) brought out new growth on a few Porlieria near Sage Creek. 
Coincident with this change in the status of hostplant, a few females were seen to 
investigate oviposition sites about 800 m from the diapause area. These females were 
actively courted by males, and one of two dissected females contained a second, fresh 
spermatophore, indicative of recent mating. In the diapause area at this time one 
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Table 2 
Reproductive status (left column) of females caught along Sage Creek, 

16-26 June 1977. Individuals of intermediate condition (i.e., older) are 
indicated by asterisks. Of 20 females, I5 or 75% possessed I 
spermatophore; of these only one (l!I5) carried mature eggs. 

Number of Spermatophores 

0 I 2 3 Total 

Small Oocytes 
(O.I-0.3mm), No 
Vitellogenesis 

3 8 0 0 ll 

Developing Oocytes 
(0.4-0.7mm) Some 
Vitellogenesis 

0 6 0 0 6 

Mature Eggs 
(0.9mm) 0 I I* I* 3 

Total 3 15 I I 20 

could observe a few females leaving to visit nearby hostplants, but the maJonty 
remained in place. Thus in spite of an average state of diapause, a few individuals, 
because of age, differential experience, or genetic disposition, appeared to possess 
different thresholds and/or criteria for breaking diapause. By 30 June I977, many 
adults were actively reproducing away from the diapause area. Extensive larval 
damage on Porlieria new growth was evident, but the fate of these larvae is unknown. 
The area did not receive -substantial rain for another year. No Kricogonia were found 
along Sage Creek or elsewhere on Chaparral WMA when I visited the area five 
months later on 24 November I977. 

Why only a fraction of the Sage Creek population broke diapause in late June 
I977 is not certain. Another pattern worth further study is microsite variation in 
diapause state. During IO-ll May I979, all female Kricogonia seen at Sage Creek 
appeared to be in diapause. Two miles away along another drainage, ovipositing 
females were very abundant and no conspicuous diapause population was evident, nor 
was migratory activity observed. 

Even more dramatic differences can be seen during a given month at the same 
site between years. In contrast to the large diapauso population seen in May I979, 
Kricogonia were virtually absent at Sage Creek, except for individuals moving 
through the immediate area on migration 26-27 May 1980. Heavy migrations were 
also seen in May 1978. These and other observations are summarized in Table I. 



730 L. Gilbert 

Figure 2 
Field-dissected bursa copulatrix and ovaries of Kricogoma female. The bursa satellite varied from 0. 7 

nun in virgins, to 1.0 nun in once-mated females as shown and 1.3 mm in multiply mated females. 
Chaparral WMA, June 1977. Scale = 1.7 mm. 

Kricogonia migration should occur under two distinct circumstances. First, as 
in the case of Libytheana (see below), migration may immediately follow defoliation 
of the hostplant's new growth. Second, migration may occur after diapausing 
populations experience improved conditions such as rainfall and the appearance of new 
growth on Porlieria . 

The first category (Type I) of migration is hypothetical for Kricogonia. Such 
migrations, lacking a prior sedentary phase of reproductive diapause, should only 
occur in broods emerging from April through early May and possibly from mid-July to 
mid-September. These are the intervals during which rainfall probabilities are 
increasing on the Rio Grande Plain (see Fig 7), i.e., when dispersing individuals are 
likely to find suitable patches (nectar and oviposition sites) for reproduction 
somewhere in the region. 

Migrations of Kricogonia (ESE) were observed on 21 April 1979, by Paul 
Davis . Later that spring, 10 May 1979, I dissected individuals (assumed to be part of 
the same population) perching along Sage Creek and found them to be in diapause. 
Thus it appears that Type I migration may end with individuals becoming sedentary 
and remaining in diapause if suitable habitats and/or conditions are not encountered, or 



Migratory Behavior in Butterflies 731 

if they are seeking diapause sites. 
The second category of migration (Type D) exhibited by Kricogonia is less 

hypothetical. It occurs when diapausing individuals terminate their sedentary phase 
and move to new areas where reproductive activities take place. The evidence for 
Type II migration is the fact that migrations can be initiated within a few days of rains 
terminating drought. Sweetman's (1940) report of 30 May 1939 (SE) migrations near 
Uvalde, TX, and Paul Davis' (personal communication) report of 29 May 1978 (ESE) 
migration near Sage Creek have in common the fact that the lag between the onset of 
rain (two days in 1939; 11 days in 1978) and the observed migrations was well short 
of Kricogonia's generation time. In other words, migrating individuals must have 
been adults waiting for conditions t& change. See other examples in Table 1. 

One difference to expect between Type I and Type D migration is the degree of 
female bias in the sex ratio of migrating groups. For Type I migrations, the sex ratio 
of migrating· individuals should increasingly reflect the primary sex ratio as the 
migration proceeds. For Type D migrations, heavy female bias should be observed . 
with predominance of females increasing as the preceding diapause period lengthens. 
This prediction results from the fact that females, not males, diapause and the 
resulting likelihood that males have much shorter life expectancies. All (25/25) of 
migrating individuals caught by Davis at Chaparral on 29 May 1978 were female. On 
the other hand, under conditions for Type I migration, females are predicted to leave 
first in response to declining oviposition cues, males slightly later as females become 
more difficult to encounter. It should be noted that degree of protandry, unknown for 
Kricogonia lyside, will influence such predictions. 

This account is based on sporadic, short term observations, with almost no 
careful observations in the August-October period. However, it is safe to say that 
Kricogonia, because of the facultative and diverse nature of its response to changing 
environments, provides a rich opportunity for the experimental study of the 
physiology, ecology and evolution of diapause and migration tactics in insects. 

If cues which trigger diapause breaking and/or migration act directly on adults 
and are as sex specific as they seem to be, local manipulations such as irrigation of 
host patches or presentation of volatiles from host new growth should induce rapid and 
predictable changes during different times of the year (for example Carlisle, Ellis and 
Betts 1965). Likewise, careful studies of the dynamics of migrations, both at their 
origins and through time, will be necessary to verify the hypothesized Type I and 
Type II migrations and to fully understand differential responses of the two sexes. 
Alternative explanations for female-biased sex ratios in migrating populations such as 
so called sexual harrassment (Shapiro 1970) deserve consideration. 

In spite of our sketchy knowledge of Kricogonia, it is clear that it provides a 
dramatic and informative contrast to the most conspicuous migratory insect of south 
Texas: the snout butterfly, Libytheana bachmanii. 
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UBITHEANA BACHMANIIIARVATA 

Libytheana bachmanii (Strecker) is characterized by late summer migration, 
region-wide movements, and male-biased sex ratio in migratory populations. 

Spectacular migratory swarms of Libythetlna, up to 400 km wide, have been 
reported numerous times during this century by observers in south Texas. Most 
reports take the form of brief accounts in entomology journals and do little more than 
report direction of flight, dates, and recent weather conditions. Virtually none of tbe 
many reports document the sex of the migrants, nor is the ph~nomenon of snout 
butterfly migration discussed in the broader contexts of insect migration except by 
Williams (1930, 1958). Neck (1983), by comparing weather records with data on 
snout migration, was the frrst to make any sense out of known patterns of snout 
outbreak ~d migration: population size is positively correlated with the intensity and 
duration of dry periods immediately preceding drought-terminating rains. 

Migrations of the snout butterfly may not be more frequent than those of 
Kricogonia, but they have been more frequently reported in the literature possibly 
because the season for Kricogonia migration (April-May) ends before the summer 
field season for lepidopterists begins. Moreover, Libythea1111 host plants are more 
abundant and are more completely converted to adult butterfly than is the case with 
Kricogonia. LibythetJIJII migratory swarms are spectacular for their density, duration 
and geographical extent. In late September 1921 an estimated 25 million per minute 
southeasterly-bound snout butterflies passed over a 400 km front (San Marcos south to 
the Rio Grande River). Gable and Baker (1922) noted that this flight lasted 18 days. 
It may have involved more than 6 billion (6 x 1~ butterflies. 

The biotic interactions potentially relevant to Libytheai'Ul ou~ and migration 
are more varied and complex than those known for Kricogonia. The desert hackberry 
Celtis pallida is one of the most common shrubs of south Texas. It is the primary 
host for Libytheal'lll, Asterocampa leiliiJ, and for A. celtis antonio, two of several 
species of so-called hackberry butterflies. Sugar hackberry Celtis laevigata is the 
hostplant for Libytheai'Ul and Asteroaunpo. in central Texas, and exists in semi-arid 
south Texas only along rivers, creeks, and drainage areas such as Sage Creek. A third 
hackberry butterfly species (A. clyton temi'Ul) at Chaparral WMA is found along 
narrow belts of more mesic vegetation (e.g., Sage Creek) to which its host C. 
laevigata is restricted. 

A. clyton and L. bachmanii share at least one parasitoid, a chalcid 
(Brachymeria) sp. which develops in pupae and which occasionally acts as a major 

mortality factor for A. clyton. For Libytheana, Asterocampa is potentially a 
parasitoid reservoir maintaining a significant factor against population increase. In 
less arid zones, such as central Texas, Celtis, Asteroaunpo., and Libytheana are all 
present but Libytheana population explosions and migrations are extremely rare and 
only follow unusual drought as in September 1971 (Helfert 1972). The drought of 
1977 that preceded the snout butterfly outbreaks and migrations at Chaparral in 1978, 
left many Celtis laevigata leafless or dead and Asterocampa clyton missing from the 
area where it is usually resident. 
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By contrast, one Asterocampa species that shares Celtis pal/ida with 
Ubytheana was negatively affected by Libytheana outbreaks. In March 1977 and in 
May 1979, I found miniature A. celtis males (each 20 mm forewing length) in areas 
where the snout butterfly had defoliated their shared host the previous July (1976) or 
August (1978) presumably forcing A. celtis larvae to pupate well before maximum 
size was attained. During the same periods, A. clyton were not unusually small as 
their host plant (C. laevigata) was not defoliated by snout larvae. A detailed 
knowledge of interactions in this system of insect and plant species will be needed 
before a full understanding of Libytheana outbreak and migration cycles is achieved. 

A sample of snout butterfly migration records obtained in Texas south of Austin 
is presented in Table 3. Note that snout migratory activity begins just at the end of 
Kricogonia's migratory season, i.e., late June-early July (Table 1). It is during this 
period when the rare joint flights have been observed (e.g., 4 July 1963, by Clench 
(1965) and 4 July 1956, by Kendall, personal communication). Like Kricogonia, 
snouts are not typically found migrating during the month of June. Since both species 
live in the same habitat, the fact that one tends to migrate early and and the other late 
in the season must ultimately relate to details of their respective life histories, 
especially their interactions with larval hostplants. 

In most years, Porlieria and Celtis pal/ida are in the process of leafing out by 
mid-March at Chaparral WMA. However, Celtis seems less well-buffered against 
extreme dry conditions than does Porlkria since development of its new growth can 
be arrested by extreme drought (personal observation). Thus, regardless of climatic 
conditions, there is always a spring brood of Kricogonia emerging in April, assuming 
that a population of over-wintering adults is available. By contrast, early spring 
production of snout butterflies does not appear to be automatic even if adults are 
available. These differences do not clearly reveal why snout butterflies do not migrate 
in the spring, but suggest certain approaches to the question such as experimentally 
supplementing the adult snout population on artificially irrigated patches of C. pal/ida 
during April and May, simulating conditions that naturally lead to migrations later in 
the year (July-September) as will now be discussed. 

During the summers of 1976, 1977 and 1978, I was able to observe an extreme 
range of weather conditions and associated migratory responses by snout butterflies. 
Because no other migrations have been studied at points of origin, my data on these 
events at Chaparral WMA are the frrst glimpses into the biology of migration for L. 
bachmanii. Because of the coincidence of unusual weather with my visit to the area, 
I was able to observe a full range of snout butterfly population events from localized 
outbreak and migration from drainage areas in July 1976, to low density and no 
migrations during the drought of 1977-1978, to region-wide outbreak and mass 
migrations of August 1978. 

On 26 July 1976, while involved with a graduate field course at Chaparral 
WMA, several of my students discovered a narrow drainage zone in South Jay Pasture 
where snout butterfly larvae had totally defoliated the available Celtis pallida shrubs (I 
call the area "Snout Creek"). Although a few larvae were still in evidence, most 
individuals were pupae, 2027 and 400 of which were removed from a 3 m diameter 
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Table 3 
Migratory and diapause activity of soout butterflies in south and south-central Texas 

1912- 1980. Month and year are indicated by column and row of flight direction entry 
(N,S,E,W). Migrations not having directioo specified are indicated M. Diumal 
reversals in flight direction are indicated by <. Large populatioos sitting around are 
assumed to be in reproductive diapausc, 0. Reproductive populatioos are denoted by R. 
Minus (-) i..odicates that no Lii1Jthetuttl were found in spite of thorough sean:h. 
Notable rainfall is indicated by 6. Stiplcd parts of table indi~ periods with DO 

recorded migration. Sources are as follows: I=Smyth (1920), J=Bembeim (1917), 
K=Parman (1926), L=Gable and Baker (1922), M=Rau (1941), N=Brelaud (1948), 
O=Helfert (1972), E=Keodall (unpublished field notes), F=Oencb (1965), G=Gilbert 
(unpublisbcd field DOleS). 

Source 
&Year 

Mar Apr May June July Aug Oct Nov Dec 

I 1912 
J 1916 N 
K 1916 6 6 SE6ME 
K 1921 SE SE SE 
L 1921 SE 
M 1940 E 
N 1947 w 
E 1956 sw 
F 1963 NE 
E 1963 p 

0 1971 NE 
E 1971 SE SE< 
E 1975 0 SE 
G 1976 SW W< 
G 1977 
G 1978 6 s 
E 1978 0 6 0 NE< 
G 1979 
G 1980 R 

and a 1.5 m diameter bush respectively (see Figure 3). On 26 July, adult emergence 
had been underway approximately I -2 days and a small trickle of migrating adults 
were heading southwest (2300) 8- 13 km per hour at an angle to northwest (320j 
16-24 km per hour winds. The resultant west southwest flow crossed the Artesia 
Wells-Catarina highway (FM 133) 3 km away. This created a 5.6 km front of 
migrating snout butterflies which, at peak density on 28 July 1976, were passing a 15 
m front at a rate of 25 per minute. 



Migratory Behavior in Butterflies 735 

Figure 3 
Pupae of L. bachmanii in the defoliation zone called "Snout Creek." A. (left) shows pupae and 

empty pupal cases on a defoliated C. pallida branch. B. (right) shows a fraction of 2027 pupae collected 
from a single bush. 

What were the ecological circumstances of this migration? First, Chaparral 
WMA received 3 em of rainfall between 16-20 June. I arrived on the first of two 
visits in 22 June to find that shrubs including C. pallida were already flushing new 
growth in response to these rains. Although all butterflies, including snouts, were 
uncommon at that time, eggs laid during the period had high quality host leaves and 
presumably low parasitoid levels as larvae. Under optimal conditions, the egg to adult 
period for L. bachmanii can be 16 days (R. Kendall, personal communication) so that 
the brood observed defoliating C. pallida and migrating in late July were quite likely 
the grand offspring of adults seen on 22-25 June. 

Two generations were possible because of unusual rains in early to mid-July 
1976. Chaparral WMA received 28 em during that period (about i6 em above normal 
for the month). Nineteen kilometers to the west in Catarina, July rains amounted to 18 
em, but June was dry and there were no snout migrations in July. I conclude from 
these observations that outbreaks involving defoliation and migratory movements 
require not only a strong pulse of new foliage when parasitoid pressure is probably 
low (e.g., at the end of a drought) but also the existence of a resident adult population 
or recent immigrants, capable of opportunistically exploiting the window of optimal 
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conditions. It follows that the spatial and temporal pattern of new growth availability 
and the size of prior adult populations are variables that should determine tbe 
magnitude of snout outbreak. This simple idea was well supported by the events of 
August 1978, as will be detailed later in this paper. 

Other aspects of the 1976 migration deserve mention here. First, I asked how 
the two sexes might differ in timing of migration. I reasoned that if these insects, as 
adults, were responding to changing conditions on short notice, then the sexes might 
well differ, for example, in what constitutes optimal leaving time. The prediction was 
that newly emerged females should leave frrst because the defoliation would eliminate 
suitable oviposition sites. Conversely, I reasoned that males should wait since virgin 
females eclose each day at the site. Leaving to search elsewhere seemed risky. With 
this expectation, I set out with my class to collect sex ratio data from (1) pupae 
collected at the site, (2) adults feeding on nectar or drinking at mud near the site, (3) 
the migrating group crossing the highway early in the migration and (4) the same 
stream of butterflies later in the flight. Two related null hypotheses were, firSt, that in 
leaving time the sexes would not be different, and second, that if they were different, 
males would leave frrst. Observation rejected the first, but not the second, null 
hypothesis. 

The sex ratio results are shown in Table 4. Since no previous reports of snout 
migrations had documented the sexes of sampled individuals, I had no warning as to 

how wrong my initial reasoning on the second hypothesis was. While the sex ratio of 
adults emerging from collected pupae was near unity, adults migrating the day those 
pupae eclosed were virtually all males, a sex ratio of 83.5. Only later in the 
migration did the females begin to join. On 11 August 1976 the sex ratio stood at 7.0 
(see Table 4). 

Further observation in the emergence zone revealed that rather than being devoid 
of oviposition sites, defoliated C. pallidll was breaking new bud as if in spring. 
Females mated as they emerged and remained to lay eggs on these new shoots. A 
haphazard sample of 50 shoots revealed 27 eggs. Under typical conditions, 10 to 100 
times that number of new shoots would be required to harvest 27 eggs of Ubythetloo 
at Chaparral WMA. 

If females are staying home to reproduce, why were so many males leaving? I 
believe that newly eclosing males of the snout butterfly have similar problems to 

juveniles of many birds and mammals. They have little chance to mate in their natal 
area and disperse to seek better sexual opportunity elsewhere. A look at the progress 
of an emergence helps explain a male snout butterfly's dilemma. In the firSt few days 
of the emergence, older males from a previous brood very likely mate all of the newly 
eclosing females. Their brothers would be mature enough to compete for new females 
a few days later, at which time and progressively thereafter, each day's new males are 
facing increased competition from an accumulating pool of older males for a constant 
or decreasing daily pool of available virgins. At some point during the emergence, 
males will fare better if they fly off to compete for females in areas in which the 
timing of emergence is shifted later relative to their own site of origin. 
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Table 4 
Sex ratio of snout butterflies in area of Celtis defoliation, South 

Jay Pasture ("Snout Creek"), Chaparral Wildlife Management Area, 
July-August 1976. 

Males Females Sex Ratio 

Pupae on Celtis 
27 July 1976 79 69 1.15 

Adults on Condalia flowers 
27 July 1976 26 14 1.86 

Adults on Mud 
27 July 1976 47 3 15.67 

Adults Migrating 
28 July 1976~ 1100 hours 
11 August 1976, 1130 hours 

167 
76 

2 
11 

83.50 
6.91 

The requisite spatial and temporal heterogeneity of rainfall favoring the 
evolution of such tactics is a salient feature of south Texas during the summer months. 
A rancher may watch his neighbor receive heavy rains while his own pastures wither 
and blow away. Such patchiness in convectional thunderstorm activity can be 
detected in official weather records. In June 1965, Encinal received 0.0 em, Cotulla 
4.3 em, Carrizo Springs 0.8 em, and Catarina 0.0 em of rainfall. In July 1959, the 
same stations received 1.8 em, 1.9 em, 7.3 em, and 2.2 em respectively. Flying at a 
speed of 8-13 km per hour, a snout butterfly could easily move between any two of 
these stations in less than one day (see Fig 4). For its hostplant, and thus for this 
insect, a difference of 5 em rainfall from time to time or place to place is highly 
significant when the range is 0-5 em! 

Since the July 1976 migration appeared to be the local patch to patch type 
flight, I attempted to negate the null hypothesis, i.e., that it was a long range flight. 
On 31 July 1976 a minimum of 35 hours of prime flying time since our first sightings 
of the migration, my brother, Thomas Gilbert, a resident of Laredo, drove the public 
roads from Artesia Wells, past Chaparral and through the continuing flight (Fig 4) to 
Catarina and south to Hilltop. From there, he drove east to Encinal. No other 
migrations were encountered. The Snout Creek migrants, capable of traveling over 100 
miles in the available time, had settled somewhere in the private ranch land 
circumscribed by Texas FM 133, Highway 83, FM 44, and IH 35. One possible 
destination is the San Rogue Creek drainage indicated in Figure 4. 
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Figure 4 
Map of localities discussed in text. Chaparral Wildlife Management Area lies just to tbe west of 

Interstate Highway 35 which CODDCCts Sao Antonio and Laredo. 

A later survey of the area, carried out on 11 August 1976 by a field assistant, 
Howard Locker, revealed an additional migration entering the same area south of 
Catarina (Fig 4, arrow B), a sparse southward migration north of the Nueces River 
(Fig 4, arrow C), and continued movement at Chaparral (Fig 4, arrow A), but with 
direction of flight reversing between morning and afternoon. 

Both the male-biased sex ratio as well as magnitude of the 1976 Snout Creek 
outbreak result frrst from the fact that C. paUida, in contrast to Porlieria, flush new 
growth in response to defoliation, and second, from the fact that regrowth is not better 
defended as is the case with some woody plants having inducible defenses (Haukioja 
and Niemela 1979). Thus the plant can be (and was) defoliated at least twice in one 
season. It seemed important to pursue further the biology of this plant in order to 
understand more fully the biology of Ubytheana in this region. I therefore wished to 
assess the consequences to individual plants of the 1976 defoliation. 

In March 1977, the production of new growth was compared between C. pallidll 
in the 1976 zone of defoliation versus plants not defoliated (Fig 5A), i.e., those away 
from lower drainage areas. Table 5 shows those results. Twelve bushes had 5 
branches of 46 em length removed for shoot census. Plants living 11 upland 11 away 
from the defoliation zone had more new shoots and approximately 5 times the new 
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shoot dry biomass as compared to the snout-defoliated sample. Comparison of a 
single bush known to have been totally defoliated with an untouched counterpart 
showed a 31-fold difference in new shoot biomass. 

By June 1977, many branches alive but defoliated in July 1976 were dead. I 
walked through Chaparral WMA looking for other such zones and found them. One 
area along Sage Creek had apparently been defoliated a few years earlier since many 
C. pallida had lost most or all aboveground woody growth. Some were dead, being 
overgrown by C.. ltJevigata, others were producing suckers from the root crown. Had 
other shrub species been so affected, I would have concluded that ftre or herbicide 
had affected the area. 

By 1979, many of the C. pallida first observed along the Snout Creek drainage 
at Chaparral WMA resembled those of Sage Creek (see Fig 6) in having lost most or 
all aboveground woody growth. Remarkably, the snout butterfly, a small specialist 
herbivore which would be missing or highly inconspicuous in beat samples from C. 
pallida over at least 90% of the area at Chaparral and during no less than 95% of the 
years, can periodically reduce the density of the plant, especially in wetter areas. A 
map of snout-killed or damaged C. pallida is a map of the drainage system at 
Chaparral (e.g., Fig 5B). 

There are at least two good reasons for the differential impact of snout 
butterflies on C. paUida in wetter areas. First, these are likely to be the first areas 
where leafing out begins after rains and the last areas to cease new production. 
Indeed drainages are often the only areas where new growth can be found on C. 
pallida. Second, other habitat requirements such as nectar plants or diapause sites 
may be best along these corridors of thick shrubbery (Fig 5B). Alosysia (whitebrush) 
flushes new flowers soon after rains on periodically dormant inflorescences which may 
last from March to August. This shrub, a favorite nectar plant for snout adults, is 
very dense along drainage zones and may help concentrate egg laying on C. pallida 
which grow near. 

The consequence of snout damage to C. pallida in drainage zones is interesting 
to contemplate. Since these are the prime areas for generating local migrations, it 
may be that an area would gradually cease to be a source area for migrations as 
hostplants there are repeatedly defoliated and killed during exceptional episodes of 
weather. For such an area to return to its previous status as a snout-outbreak zone 
might require a long period of reinvasion or regeneration by C. pallida in bottom 
areas. 

Are upland C. pallida defoliated or otherwise seriously affected by snout 
butterflies? The answer is yes, if the uplands are sufficiently wet and if a large snout 
population is already present when the C. paUida flush new growth. It is such an 
event that triggers regionwide movements encompassing several thousand square 
kilometers. 

The ingredients for such an event came together in 1977 and 1978. Chaparral 
WMA was lush but drying out rapidly in June 1977, when I studied the diapausing 
Kricogonia along Sage Creek. From that time until May 1978, Chaparral WMA and 
the region generally suffered one of the most severe droughts on record. Although 
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TableS 
Consequences of defoliation by snout butterflies at Chaparral 

~ildlife Management Area, July 1976, in terms of new growth in mid
March 1977. 

"Creek" Upland "Creek" Upland 

N = 12 bushes 
60 branches 

N = 12 bushes 
60 branches 

N = 1 bush 
5 branches. 
Total Defoliation 
July 1976 

N=1bush 
5 branches 
No Defoliation 
July 1976 

New Shoots 2282 7192 47 988 

New Shoots/ 
Branch 38 120 9 198 

Dry Wt. 
New Growth/ 
Branch 

0.32g 1.5g 0.08g 2.48g 

Biomass 
Advantage 4.7 X 31 X 

Kricogonia was numerous, all other butterflies were extremely rare by early May 
1978. I saw a single snout butterfly during six hours at Chaparral on May 7. By late 
August, an estimated half billion snout butterflies were produced and virtually every 
Celtis palida bush was defoliated---acept along drainages! 

Figure 7 summarizes drought, rainfall, and butterfly migrations at Chaparral 
WMA during 1978. The steps leading to the massive August flights were as follows. 
First, an unusual drought presumably eliminated, at least temporarily, parasitoid 
controls. Next, rains in May and June were well above average, thus allowing rapid 
increase of the snout butterfly population over 2-3 generations. The result was 
drainage-zone defoliation and the production of large resident populations of females 
as well as migratory males during early July. Had conditions returned to normal at 

this point, 1978 would have been very similar to 1976 in terms of the pattern and 
extent of snout butterfly outbeak. 

However, at the end of July a low pressure system, called tropical stonn 
11 Amelia, 11 moved from the Gulf of Mexico into the region, thus insuring that for a 
third straight month, rahtfall would be well above normal. According to Bomar 
(1983), Amelia was responsible for the 24 hour record rainfall total for Texas, 76 em 
in Albany, TX, 4 August 1978. The response by snout butterflies was spectacular. 
Most C. pallida at Chaparral WMA and in the region generally were defoliated. 
Snouts were migrating throughout the region. At Chaparral WMA, they were moving 
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Figure 5 
A. (above) shows C. pallida in 1976 defoliation zone being censused for new shoots by T.R.E. 

Southwood in March 1977. B. (below) shows dense growth of shrubs along drainage zones (usually dry 
gullies) at Chaparral WMA. 

south by tacking into a southwest wind. Sex ratio of migrant population was male 
biased, but females were clearly a component of the migration when I observed it on 
24-25 August 1978. A sample collected near Chaparral contained 85 males and 51 
females and a collection from Catarina contained 99 males and 27 females. Eight 
migrating females were dissected from the Chaparral sample. All eight were mated 
but none contained mature eggs. 
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Figure 6 
Effects of different levels of defoliation on C. ptJllida by L. bachmanii in May 1979. A: J. Longino 

stands next to a typical "upland" individual which was free of defoliation in 1976 and only partly defoliated 
in August 1978. 8: This bush, along Snout Creek, was defoliated in 1976 and 1978, and wbeo 
photographed (May 1979), had only a few living large branches (e.g., see cluster of leaves above and 
behind Longino's hand). 

The August 1978 migration culminated about 100 days of astronomical 
population increase by the snout butterfly. A rough estimate of this increase was 
obtained as follows. First, it is possible to extract an estimate of the C. pallida 
population from previous Texas Parks and Wildlife surveys on the vegetation of the 
area. This results in an estimate of 1.56 million hackberry shrubs on the area (an 
average of 255 per ha, see Table 6). Of these, no less than 85% or 1.32 million were 
defoliated in August 1978 (this is a conservative guess). From the 1976 defoliation, it 

was determined that no less than 2000 and 400 snout adults were produced on 3 m 
diameter and 1.5 m diameter C. pallida respectively. Assuming that the 1.5 m bush 
is approximately average size for Chaparral WMA, the total snout population 
generated would be approximately one half billion (1.32 x 106 bushes 
x 400 snouts· bush- 1 = 5. 28 x 1 08 snout butterflies). This amounts to about 

84,000 butterflies per hectare (8.4 m2) produced over the emergence period. Can 
snout butterfly life history characteristics account for this increase? 



Migratory Behavior in Butterflies 743 

_, 
E 
u 

·~ 

0 
c 
0 
-
cr; 

JAN FEB MAR 

Pipn:7 
Lill1fh«uta and Krkogonill migrations at Olaparral WMA, 1978, relaaed to loogterm averages at 

Dellby Encinal, TX (solid line) and the unusual rainfall of May-July 1978 (stippled bars). Interval A above 
was a continuation of drought which began in June 1977. Actual migrations are shown as three swarms of 
black butterflies. During interval C, LibytMtmtl were very rare, on the order of one per hectare. During 
interval D, all-female migration of Kricogonill took place. These were the diapausing individuals 
responding to the May rains (Type II migration). During interval E, Ubytheana erupted, defoliated Celtis 
pallida along drainages and some migrated locally (Type I migration). During interval F, a large population 
of Libyth«mtJ was resident in the area, probably in diapause. This population laid eggs on new growth 
flushed by late July rains. Less than 20 days later, these had defoliated> 85% of C. pallitJa at Chaparral 
WMA and entered migratory phase (G). Note that August was relatively dry until the 301h, after migrations 
were underway. August 30-31 rain totals were added to September's to prevent confusion of causation of 
lbe large Type I migration (G). Interval B was not observed in 1978, but was a period of migration by both 
sexes of Kricogonill in 1979, a year with 6.5 em and 18.3 em of rain in March and April respectively. 

To answer this question, I assume that snout population growth was virtually 
unchecked from May to late August 1978, and that it can be described by the simple 
discrete generation model: Nt = NoRt. Given a starting population in May 1978 of 
one female per hectare (No) growing to 42,000 females per hectare (NJ 100 days later 
in late August 1978, it is possible to see whether biologically realistic combinations of 
R and t are consistent with such numbers. R, the replacement rate, is simply the 
average number of female offspring produced per mother in each generation, while tis 
the number of elapsed generations. Since the egg to adult time for snout butterflies is 
no less than 16 days, 6 is the maximum value t could assume within the 100 day 
period and, by observation, t was greater than 2. Thus given t values of 6, 5, 4, or 
3, I found that R values of 5.89, 8.41, 14.32, and 34.76 respectively gave the 
42,000-fold increase estimated for the Chaparral WMA snout population. These 
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Table 6 
Number of C. pal/ida at Chaparral Wildlife Management Area. 

Extracted from Ellisor (1970). (Metric conversion of totals are used in 
text.) 

A B c AXBXC 

Zone Acreage Woody 
shrubs/ 

acre 

% 
C.pallida 

Total 
c. palli4IJ 

Sandy loam 11,570 1,232 9.93 1.33 X 1<J6 

Shallow ridge 1,048 1,934 2.70 5.47 X 1<f 

Tight sandy loam 718 3,847 4.53 1.25 X 1ij5 

Loamy sand 540 496 3.51 9.4 X UP 

Cleared area 1,324 846 3.78 4.23 X l<f 

Total 15,200 1.56 X 1<J6 

values are all well within the reproductive potential of these insects. Thus even larger 
migratory swarms can be expected under similar conditions from areas having more C. 
paUidD biomass. 

These crude calculations underscore the efficiency with which parasitoids, 
predators, predators, poor host quality, host phenology, and other natural controls 
must be limiting the population growth, and thus the occurrence of conspicuous 
migratory swarms of L. bachmanii over much of its range, most of the time. Host 
plants of the genus Cdtis are very common over much of the snout's distribution, yet 
migrations are extremely rare in the more mesic areas. The impact of the south Texas 
drought cycle on the nattlral controls of this species probably accounts for its more 
frequent migratory behavior there (see Neck 1983). I have assumed this to be true in 
the present account, but careful studies of larval demography will be necessary to 
confirm my assumption. The relatively low parasitoid rate of 8% (n = 658) in snout 
pupae collected in the 1976 outbreak zone supports this assumption. Another 
possibility, not mutually exclusive, is that other species of Celtis, which replace C. 
paUidD in more mesic areas (e.g., C. laevigatll) are intrinsically more resistant to 
herbivory by snout butterfly larvae. 

A final aspect of snout migration worthy of further study is the problem of 
directionality. It is frequently observed that these insects are actively working to 
move in particular directions, often into light breeze (e.g., Parman 1926, pp. 
104-105; Gable and Baker 1922, p. 265) and against substantial wind (e.g., Breland 
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1948, p. 130; Smyth 1920, p. 259). Southeast and east southeast are very commonly 
observed flight directions, but most other compass headings are represented (e.g., 
Table 3). 180° reversals of flight direction between morning and afternoon are 
occasionally observed (e.g., Breland 1948, Kendall personal communication). 
However, this may occur in some latter phase of a migration. Thus, at Chaparral 
WMA 26-28 July 1978, (early) migrations were consistently southwest and west 
southwest. Two weeks later, II August 1978, morning migrations were roughly west, 
those of afternoon roughly east. Much more data will be required to ascertain the 
pattern, if any, in migratory direction as it relates to environmental factors such as 
wind direction and velocity. 

SUMMARY 

Two shrub-feeding butterflies of south Texas frequently initiate migratory 
flights. For Kricogonia, the pierid that uses Porlieria as larval host, migrations may 
be of two types: Type I migrations follow exhaustion of suitable leaves on larval 
hostplant early in the season (April). Type II migrations involve the directional 
movements of previously diapausing populations and are triggered by rainfall. For 
reasons that are not clear, KricogoniD migrations are primarily restricted to 
April-May. Type II migrations are female biased. 

Ubytheana bachmanii, which uses Celtis pallida in south Texas, undergoes 
Type I migration and primarily males are involved. This appears to result from the 
rapid flushing of new growth by recently defoliated Celtis pallida which holds females 
in the area. Type II migrations also occur in Libytheana. Kendall (personal 
communication) has observed large populations sitting around for weeks prior to large 
migrations. 

Two other categories of migration were identified for snout butterflies: (1) local, 
involving defoliation, population outbreak, and migration on a scale of a few 
kilometers and (2) regional, involving widespread defoliation of hosts, population 
explosions, and migrations over thousands of square kilometers, involving billions of 
insects. I suspect that both Type I and II migrations can occur at these different 
spatial scales. 

In contrast to Kricogonia, Libytheana migrates late in the season 
(July-October). It is not clear why snout butterflies have not been seen moving 
before June. 

Differences between these two butterflies in migratory patterns result from 
different leafing-out phenologies of hostplants, different degrees of resistance by 
mature leaves of hosts, and perhaps from differential ability to diapause through south 
Texas winters or to recolonize from Mexico after harsh Texas winters. 

Snout butterflies may be the most significant mortality factor for mature C. 
pallida, especially in some habitats, and therefore alter the potential of such areas to 
support subsequent population growth and migration. Kricogonia appears incapable of 
completely defoliating Porlieria. Kricogonia migrations are less conspicuous than 
those of the snout butterfly because there are fewer Porlieria than Celtis and because 
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a relatively small fraction of Porlieria standing crop can be converted into adult 
Kricogonia by their larvae. 

In order to develop this relatively complete view of the ecological context of 
migration in these two insects, I have had to draw from scattered and incomplete 
information. I have woven facts together with assumptions, extrapolations, and my 
own intuition for habitats and organisms in south Texas. I prefer to think that this 
process is akin to the computer enhancement of fuzzy photographic images. Pattern is 
made clear by replacing grey with black or white. I am not sure what the precise 
patterns are, but I have tried to generate a coherent picture or model of the system, 
well summarized by the actual events of 1978 in Figure 7. Hopefully, this model will 
help organize and focus research that will further elucidate the patterns and their 
causes. 

The danger inherent in such a wonderfully rich biological system which is so 
poorly known is that there are few facts to constrain imagination. With this in mind, 
I have avoided any discussions on aspects of Kricogonia and Libythetma biology that 
are free of factual information. For example, I did not suggest that the snout (labial 

palps) on a migrating snout butterfly functions like a divining rod to help it locate 
some distant oasis. But the fact is, l.ibythetuuJ almost always migrate into a breeze, 
and since prevailing winds are from the southeast in July and August, migrations are 
typically seen to be in that direction. LibytheGTUJ really do seem to be following their 
snouts for some reason! 
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ABSTRACT 

Recent research on large scale movements of monarch butterflies between breeding 
locations in eastern North America and immense overwintering aggregations in Mexico provides 
new insights about the biology of this animal in the context of a complex life history which 
enables a tropical species to exploit a temperate flora. My paper addresses several questions 
about the monarch's life history strategies. These include: (1) How are the physiological 
controlling mechanisms of the migration-diapause syndrome adapted to the physical 
characteristics of overwintering sites in central Mexico, and why is the ovetwintering range of 
the eastern population limited to several small and geographically isolated areas of high 
mountain boreal forests in the transvolcanic range? (2) How do adult lipid dynamics relate to 
the fall and spring flora, and how important are lipids in fueling winter survival, the distance of 
the spring remigration, and fecundity during the spring recolonization of North America? (3) Is 
copulatory nutrient transfer a significant component of fitness in the monarch's spring 
remigration? (4) Does a tw9-way migration occur across the Gulf of Mexico via Cuba and the 
Yucatan to overwintering sites in southwestern Mexico or Guatemala? (5) Are overwintering 
locations along the Gulf coast important? (6) Is the spring recolonization achieved completely 
by surviving remigrants, or do their offspring continue to migrate and complete the 
recolonization? (7) What conservation measures are needed to assure the survival of this 
unique biological phenomenon? 

INTRODUCfiON 

Contemporary ecological research aims to understand the evolution of life 
history strategies which involve the optimization of such factors as the timing and 
numbers of offspring, dispersal and migration (Stearns 1976, Solbreck 1978, Taylor 
1980, Denno and Dingle 1981 , Dingle 1982). In the ultimate sense, adaptations in life 
history patterns evolve in relation to density-dependent phenomena such as food 
resources, competitors, parasites and predators (Southwood 1977, Denno and Dingle 
1981, Tallamy and Denno 1981). For most herbivores, food characteristics appear 
more significant as life history determinants than competition and predation (Chew 
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1981; Denno and Dingle 1981; Denno, Raup and Tallamy 1981; Lawton and Strong 
1981), and these include distribution, quantity, quality, and variability both in space 
and time (Giesel 1976; Derr 1980; Moeur and Istock 1980; Derr, Alden and Dingle 
1981; Moran 1981; Scriber and Slansky 1981; Miller and Dingle 1982; Alstad and 
Edmunds 1983). Perhaps the clearest examples of adaptations to temporal and spatial 
variation in food resources are the highly developed migration strategies of many 
terrestrial avian and insect species which enable them to exploit the periodic 
abundance of food in temperate zones and later migrate back to overwintering areas in 
the tropics (Karr 1980, Keast 1980, Baker 1978, Young 1982a). 

For example, the monarch butterfly (Danaus plexippus L.) utilizes the 
seasonally abundant Asclepias (milkweed) flora of temperate North America as a 
larval food resource, a flora which underwent an adaptive radiation to 108 known 
species during the Cenezoic era (Woodson 1954). All Asclepias species are perennials, 
most send up shoots early in the spring, many persist into September and some have 
increased in numbers as a result of forest clearing and agriculture (Urquhart and 
Urquhart 1979b, Marks 1983). Milkweeds provide monarchs with an abundant and 
predictable larval food supply as well as a source of defensive chemicals 
(cardeno1ides) which elicit emesis and other noxious effects in vertebrates (reviews in 
Seiber, Lee and Benson 1983, Brower 1984). The monarch appears to utilize the 
milkweeds' chemical defense more effectively than other insects (Erickson 1973; 
Rothschild, von Euw, Reichstein, Smith and Pierre 1975; Blakley and Dingle 1978; 
Cohen and Brower 1982; Cohen 1983; Brower 1984; Duffey 1970, 1980; Duffey and 
Scudder 1972; Scudder and Duffey 1972; lsman, Duffey and Scudder 1977a, b) and 
the ingested cardenolides deter some, but not all, vertebrate predators (J. Brower 
1958; Brower 1969; Jeffords, Stemburg and Waldbauer 1979; Fink and Brower 1981; 
Fink, Brower, Waide and Spitzer 1983; Brower 1984; Brower, Homer, Marty, Moffitt 
and Villa 1985; Brower and Calvert, in press). Mortality of immature monarchs due to 
invertebrates varies in space and time (Urquhart 1960, Zalucki and Kitching 1982a), 
and generally low parasitoid frequencies prevail (Urquhart 1960; Baker 1978, p. 426; 
Brower, unpublished oQservations in Massachusetts, California and Florida). It is 
thought that the high adult dispersal ability of monarchs together with milkweed 
phenology· and geographic distribution allows them to outrun density-dependent 
buildups (May 1978; Baker 1978, · p. 426) in populations of invertebrate enemies 
(Urquhart 1960, Zalucki 1981b) and congeneric competitors (Brower 1961a,b, 1962b). 

The phenology, distribution and abundance of milkweeds as the larval food 
resource are thus major determinants of the monarch's life history strategy-a strategy 
which is characterized by a spectacular migration between the summer breeding 
distribution in the United States and Canada, and overwintering locations along the 
California coast, the Gulf coast and the volcanic highlands of central Mexico, a 
proven straight-line southward migration of up to 3 ~000 km (Urquhart and Urquhart 
1978) and a proven return migration of the same individuals of up to 3,500 km 
(Urquhart and Urquhart 1979a). By being able to undergo reproductive diapause, 
monarchs escape the northern winter and, by remigrating the following spring, exploit 
the renewed North American milkweed supply. Indeed, the monarch butterfly 
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spectacularly bears out the prediction that overwintering in the adult stage is an 
optimal strategy for a species that must initiate early spring breeding in order to build 
up its population through several generations (Birch 1948, Dingle 1974b, Hayes 
1982). 

Several aspects of the modus operandi of the monarch's migratory behavior must 
be genetically determined, for although the overwintering butterflies themselves return 
to their general northern breeding range, those that migrate in the fall to precisely 
located overwintering grounds have never been there; they are at least two and 
possibly up to five generations removed from their forebearers. Thus the fall migration 
occurs with no opportunity for information transfer from older experienced individuals 
such as can occur, for example, in birds. 

The majority of butterflies arrive at the overwintering sites as virgins, and most 
do not mate until winter's end (Table 1). This, together with extensive intermingling 
during both the fall migration and overwintering period, undoubtedly promoteS 
heterozygosity and breaks down genetic differentiation that has been shown to occur in 
localized summer breeding populations as a result of the founder effect, genetic drift 
and/or natural selection (Eanes and Koehn 1978). Indeed, it seems likely that the 
capacity for monarchs to exploit the diverse array of North American milkweed 
species is maintained by this behavior, which must effectively prevent any tendencies 
to race formation involving foodplants. The latter has occurred in some species of 
nonmigratory Iepidoptera including Papilio glaucus L. which breeds in a range 
broadly similar to that of the eastern monarchs (Scriber 1983, Diehl and Bush 1984). 
Monarchs probably oviposit on any Asclepias species they encounter (Urquhart and 
Urquhart 1976b). Zalucki and Kitching's (1982b) finding, that various aspects of 
foodplant quality are more important determinants of oviposition than are the 
milkweed species per se, supports this contention. 

In the past 3 decades, the remarkable biology of the monarch butterfly has 
stimulated substantial research. As Dingle ( 1972) pointed out, migration in any animal 
cannot be understood until viewed in its entirety as a physiological, behavioral and 
ecological syndrome. My paper develops this theme in the context of a complex life 
history strategy which enables a tropical species to exploit a temperate flora. Indeed, 
given the tropical distribution of the 157 recognized species in the Danaidae (Ackery 
and Vane-Wright 1984), it is not unlikely that the monarch's migratory and highly 
specialized trophic relationships to the North American milkweed flora have 
undergone considerable step-wise coevolution (Fox 1981, Futuyma and Slatkin 1983) 
during the Cenozoic and perhaps even over the last 10,000 years (see also Young 
1982b, and below). 
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Table 1 
Mating frequencies in 1283 female monarch butterflies in 21 samples of wild 

butterflies collected at overwintering sites in California and Mexico, at various locations 
during the summer breeding season, during the fall migration in Massachusetts, New 
Jersey, northern Florida, Kansas, and Texas, and from a late fall breeding population in 
southern Florida. The data are based on the number of spermatophores and/or remnant 
spermatophore necks dissected out of the bursae copulatrices of females according to the 
methods of Bums ( 1928) and Pliske ( 1973). 

Sample Date Locality 

21 Jul-3 Aug 79, Central MA 

4-16 Aug 79, " 
25 Aug 79, " 

3-10 Sep 79, " 
16-27 Sep 79, " 

4 Oct 79, Coastal MA 
29-30 Sep 79, Coastal NJ 

23 Sep 79, Lawrence KA 
10 Oct 79, Austin TX 
11 Oct 79, Windemer TX 

28-29 Oct 79, Coastal FL 
14-15 Jan 80, Alpha 3 MX 

Sample 
size 

41 
26 
18 
32 
24 
39 
15 
61 
22 
33 
52 
99 

Percent 
mated 

98 
77 
11 
6 
0 
0 
0 
0 
5 
9 

29 
22 

Number of Spennatopbores in Bursae 
0 1 2 3 4 5 6 7 8 9 10 

1 8 8 4 8 3 4 2 
6 3 314411 11 

16 1 10000000 0 
30 2 00000000 0 
24 0 00000000 0 
39 0 00000000 0 
15 0 00000000 0 
61 0 00000000 0 
21 00000000 0 
30 10100000 0 
37 11 21100000 0 
77 17 50000000 0 

Southern Florida and California Samples 
5 Dec 75, Everglds FL 17 88 2 1 35410100 0 

17 Dec 79, Sta Cruz CA 100 37 63 29 62000000 0 
15 Feb 80, Sta Barb CA 100 75 25 44 22 7 0 2 0 0 0 0 0 

Additional Mexican Samples 
15 Jan 78, Alpha 1 MX 50 20 40 9 0000000 0 
3 Feb 78, 101 22 79 18 4 0 0 0 0 0 0 0 0 

17 Feb 78, " " 100 l7 83 17 0 0 0 0 0 0 0 0 0 
18 Feb 78, Alpha 2 MX 102 27 74 25 3 0 0 0 0 0 0 0 0 

19-20 Mar 78, 152 55 68 65 16 3 0 0 0 0 0 0 0 
1 Apr 78, " " 99 62 38 40 16 3 2 0 0 0 0 0 0 

Central Massachusetts = Amherst, Hadley and Northampton, all in the Connecticut River 
Valley; Coastal Massachusetts = Eastern Point, Gloucester; Coastal New Jersey = Island 
Beach and Cape May; Coastal Florida = Lighthouse Point, south of Tallahassee; 
Windemer = Windemere; Everglds = eastern edge of the everglades, northwest of Miami 
International Airport; Alpha 1 ,2, and 3 = in our Site Alpha research area as shown in 
Figures 1 and 2 and described by Brower et al. (1977) and Calvert and Brower (in 
preparation). 
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MIGRANT VS. NON-MIGRANT POPULATIONS 

Continuously breeding nonmigratory populations of the monarch occur in 
Mexico east and south of the overwintering sites (Urquhart and Urquhart 1976b), 
throughout the lowlands of the neotropics, on the Caribbean and Pacific Islands 
(Urquhart 1960) and in parts of Australia, which the monarch reached in about 1870 
(Williams 1930, 1958; Urquhart 1960; Marks 1963; Common and Waterhouse 1972; 
Smithers 1977; Baker 1978; Wise 1980; Ackery and Vane-Wright 1984). 

In contrast to these tropical populations, most North American monarchs 
undergo reproductive diapause, migrate to overwintering grounds and there spend the 
winter without breeding. Continuously breeding populations do occur in southern 
florida (Scudder 1889; Brower 1961a, 1962b; Urquhart and Urquhart 1976b; Cohen 
1983; Table 1, this paper), southern Texas (Urquhart 1960), southwestern Arizona 
(Funk 1968) and southern California (Downes, in Williams, Cockbill and Downes 
1942, Urquhart, Urquhart and Munger 1970) but, contrary to my previous view 
(Brower 1961 a, 1962a), are probably of minor importance to the spring recolonization 
of the northern habitats. In addition to the well-developed diapause of North American 
monarchs (Herman 1981), in temperate eastern Australia an apparently less regulated 
migration-diapause-overwintering syndrome occurs (Common and Waterhouse 1972; 
James 1979, 1981, 1982, 1983; James and Hales 1983). There is also anecdotal 
evidence for a fall migration in northwestern Argentina (Hayward 1963, 1969, 1972). 

TWO MIGRATORY AND THREE OVERWINTERING 
POPULATIONS IN NORTH AMERICA 

Following Williams (1958), Urquhart (1960) recognized that the monarch 
butterfly in North America comprises two major breeding populations. The frrst is a 
smaller one west of the Rockies which migrates to numerous overwintering locations 
along the coast of California from north of San Francisco to San Diego and possibly 
further south (Downes, in Williams et al. 1942; Williams 1958; Urquhart 1960; 
Urquhart and Urquhart 1977; Tuskes and Brower 1978; Baker 1978; Lane 1984, 
1985). The second population is much larger and occurs east of the Rockies to the 
Atlantic coast. Some of these butterflies overwinter along the Gulf coast, but most 
migrate to high altitude oyamel fir forests (Abies religiosa) of the Sierra Volcanica 
Transversal, in the states of Michoacan and Mexico (Urquhart 1976a; Urquhart and 
Urquhart 1976a,b, 1977, 1978, 1979b; Brower 1977; Brower, Calvert, Hedrick and 
Christian 1977; Brower and Huberth 1977). Data for more than 30 Mexican 
overwintering colonies indicate a range in size from 0.1 to> 5 hectares (Calvert and 
Brower, in preparation), and two independent estimates suggest densities of 
approximately 10 million butterflies per hectare (Brower et al. 1977; Calvert, in 
preparation). 
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The numbers of butterflies in the California colonies are two orders of 
magnitude smaller than in Mexico: a mark, release and recapture study in three 
colonies determined a range of 40,000 to 95,000 individuals (Tuskes and Brower 
1978). Colonies of variable size have also been reported on the Gulf coast (Thaxter 
1880, Merriam 1893, Fernald 1939, Williams 1930, Urquhart 1960, Baker 1978), and 
in a 1981-1982 overwintering colony on Honeymoon Island, north of Tampa, 
Florida, we estimated there to be a population of approximately 4,000 individuals 
(Brower and Calvert, in preparation). Whether in fact monarchs overwinter along the 
Gulf coast other than in Florida is debatable (Mather 1955, Mather and Mather 1958). 
The timing of ftrst appearances of northward moving monarchs in eastern Florida 
(Beall 1952) and evidence of winter inhabitants on coastal islands of Georgia (Dennis 
Owen, personal communication) suggest that some overwintering along the Atlantic 
coast may also occur. 

We have found a few scattered aggregations in Mexico outside the major 
overwintering area, but these have always been small, have not fonned every year, 
have been subject to high mortality, and in two years an outlying colony (Site Beta in 
Calvert, Hedrick and Brower 1979) about 40 km north of the Alpha Area (see below) 
was completely extirpated, possibly by birds (Calvert, unpublished observations). 
Similarly vulnerable small overwintering colonies of less than 1 ,000 butterflies have 
been reported in California 62 km inland from the coast (Fadem and Shapiro 1979) 
and on the eastern side of the Sierras along streams at canyon mouths in the Saline 
Valley (Giuliani 1977-1984; Brower, Lane and Shettler, in preparation). 

The annual return of monarchs to the same overwintering trees in California is 
well known (Downes, in Williams et al. 1942; Urquhart 1960). For the past 9 seasons 
(1976-1985) at our Site Alpha location in the Sierra Chincua, Michoacan, Mexico 
(Figs I and 3), locations of the successive colonies have been separated by less than 3 
km, and in three of these years the monarchs formed colonies on virtually identical 
locations. 

THE FALL MIGRATION OF THE EASTERN POPULATION 

The Urquharts' (Urquhart 1960, 1966; Urquhart and Urquhart 1978, 1979b, 
l980a) tagging program has determined that monarchs of the eastern population fly in 
a highly directional south to southwesterly path which corresponds to the great circle 
route towards central Mexico (Schmidt-Koenig 1979; but see this volume). Their 
direction also corresponds to the prevailing low altitude ( < 500 m) winds across much 
of the eastern and southern U.S.A. in September and October (Anonymous 1968, 
Bryson and Hare 1974, Kanz 1977, Gibo and Pallett 1979). Funneling through Texas, 
the fall migrants encounter the ranges of the Sierra Madre Oriental in Mexico. There 
they appear to change course and follow the mountain ranges in a southeasterly 
direction, eventually tum southwesterly to cross them and finally reach the central 
portion of the belt of volcanic mountains which extends across the southern end of the 
Mexican central plateau between latitudes 19 and 20°N (Calvert and Brower, in 
preparation). 
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Figure 1 
Aerial view of the Abies nligiosa boreal forest ecosystem in the Sierra Chincua, Michoacan, Mexico, 

17 March 1981. The up-unyon orientation is southeasterly, along Arroyo El Zapatero (Anonymous 1976). 
The arrow indicates the approximate location of the Site Alpha monarch butterfly overwintering sites at 

3,100 m altitude during the 1976-1977 and 1977-1978 seasons. These two sites are also indicated by the 
two uppennost dots in Figure 3. The highest peak in the photograph is approximately 3,300 m. The 
photograph was taken from a helicopter provided by Gobemador Cuauhtemoc Cardenas, Governor of 
Michoacan. (35 mm kodachrome original by L. P. Brower.) 

Most butterfly species apparently migrate close to the ground surface in the so
called boundary layer, i.e., that layer in which air movement is less than the 
butterflies' air speed. This behavior appears adapted to enable them to maintain control 
of their tracks and not be blown off course (Walker and Riordan 1981; Walker, this 
volume) . According to Urquhart (1960), monarchs can achieve a powered flight 
velocity of 40 km per hour. As Walker pointed out, this would enable them to 
maintain a ground layer flight strategy even against fairly strong winds, and Kanz's 
(1977) data support this contention. Schmidt-Koenig's (1975) and Baker's (1978, p. 
428) reanalysis of Urquhart's recapture data indicate mean straight-line fall migration 
rates of up to 129 km per day, which are well within the limits of boundary layer 
flight. On the other hand, powered flight is very energy consuming (see below), and 
Schmidt-Koenig (1979), Gibo and Pallett (1979) and Gibo (1981) have reported 
monarchs flying with tail winds at ground velocities of 50 km per hour and altitudes 
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of up to 1250 m above the ground surface. The latter authors have also employed 
their knowledge of gliding and determined that monarchs conserve energy by well
developed abilities to soar both in topographically determined ascending air currents 
and in rising thermals. 

Gibo's data support the hypothesis that monarchs conserve energy by utilizing 
tail winds, even though this is an area of controversy in butterfly migration biology 
(Baker 1978, p. 472; Wehner 1984). Wind systems over the Gulf of Mexico during 
the fall appear suited to exploitation by the monarchs: surface easterlies blow along 
the Gulf coast, intersect eastern Mexico at the latitude where our evidence indicates 
they cross the Sierra Madre Oriental and may well carry them up and over the 
mountain passes, thereby putting them on target to the overwintering sites (see Figure 
2 in Bryson and Hare 1974). The fact that virtually all overwintering monarchs in the 
Mexican colonies show little evidence of wear (Brower et al. 1977, Brower 1977, 
Bmver 1982, Kennedy 1984) supports this wind hypothesis. 

How monarchs orient and presumably navigate across the complex topography 
of tbe United States and Mexico in spite of great potential wind drift (Alerstam 1981) 
is DOt well understood (Schmidt-Koenig 1975, 1979; Kanz 1977; Wehner 1984; 
Walker 1984), nor is their ability to locate the isolated montane overwintering sites. 
lauz's and Schmidt-Koenig's data suggest that they do not use time-compensated sun 
compass orientation. However, sun azimuth orientation per se from 1000-1400 h may 
be· sufficient to keep them migrating in a south-southwesterly direction. Jones and 
MacFadden ( 1982) have reported magnetite in adults which may be used in following 
an internally programmed map (e.g., see Baker 1978, Keeton 1981, Jungreis 1982, 
Maugh 1982, Schmidt-Koenig, this volume). Interestingly, Ortiz-Monasterio, 
Sanchez, Liquidano and Venegas ( 1984) reported a large magnetic anomaly near 
several overwintering sites and speculated that recognition of such anomalies might 
signal the terminus points of the fall migration in Mexico. I submit, however, that the 
most likely explanation for the monarchs' ability to locate the overwintering sites in 
the states of Michoacan and Mexico is that once they arrive in the correct general area 
within the latitudinally narrow transvolcanic belt, they are genetically programmed to 
respond to an appropriate constellation of macroclimatic and microclimatic factors that 
characterize suitable specific locations. 

Monarchs from eastern Canada and the northeastern U.S.A. also fly southwards 
into Florida and may continue across the Caribbean via Cuba to the Yucatan (Fernald 
1939, Urquhart 1960, Urquhart and Urquhart 1976b). However, the Florida peninsula 
is oriented in a south-southeasterly direction, and the Urquharts' evidence suggests that 
the majority of migrants on their southwesterly course bypass Florida. Those that do 
encounter the Gulf coast along the Florida panhandle apparently tum westwards and 
continue along the land route to Mexico (Urquhart and Urquhart 1976b, c, 1978, 
1980a). 

Professor Frances James of Florida State University has reported (personal 
communication) large numbers of fall migrants flying out across the Gulf of Mexico. 
It is difficult to see how these could survive the nearly 1000 km flight to Yucatan 
unless they rest on the surface of the ocean, continue flying at night (Scudder 1889; 
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Williams 1930, 1958; Rankin 1978), or very effectively exploit the 
October- November cross-Gulf wind systems as many birds do (Buskirk 1980). 
Alternatively, as suggested by Schmidt-Koenig (this volume), monarchs that appear as 
if they are flying out over the Gulf may tum back and continue along the westward 
land route. Urquhart (1960) and Urquhart and Urquhart (1980a) state that monan:hs 
have an apparent antipathy to flying across large bodies of water, and mortality along 
the Gulf coast in southern Texas during a spring remigration (Heitzman 1962) suggests 
that it may be a poor strategy. Carefully planned studies are needed to determine the 
actual fates of the purported cross-Gulf migrants. Systematic observations on the many 
oil platforms over 100 km offshore could shed light on this question (see Baust, 
Benton and Aumann 1981), as could lipid analyses of butterflies collected as they 
arrive at possible Yucatan landing points. 

DAYLENGTH AND TEMPERATURE CONSTRAINTS ON MIGRATION, 
DIAPAUSE, MATING, AND OVERWINTERING 

Exploitation of the North American milkweed flora by the monarch is (1) 

physiologically possible because adults can suspend reproduction during a 4-5 month 
period and (2) ecologically possible because this reproductive diapause allows them to 

leave the northern breeding grounds and migrate southward to overwinter in 
sanctuaries where they can avoid freezing. Barker and Herman (1976), Herman (1973, 
1975, 1981, this volume), Rankin (1978), Rankin and Rankin (1979) and other 
investigators have determined that juvenile hormone (JH) production is controlled by 
seasonal temperature and daylength progressions which result in a fine tuning of the 
monarch's migration biology. As fall approaches, cool weather ( < 200C) together with 
shortening daylengths ( < 12 hours) result in diminished JH secretion and a 
reproductive diapause syndrome which includes gonadal repression, reduced sexual 
behavior, migratory, and gregarious behavior (see also Gossard and Jones 1977, 
Zalucki 1981a). This diapause appears to break for males in December and females in 
January (Herman, this volume; Herman, Brower and Calvert, in preparation). In the 
spring, increasing daylength and temperature stimulate JH secretion which induces 
maturation of the reproductive glands, courtship, mating and aging. Mating appears to 
operate as a positive feedback and causes a further rise of JH levels in females 
(Herman and Barker 1977, see also Chen 1984 for potential analogies with other 
insect taxa). Gordon and Bandal (1967) and Hayes and Dingle (1983) produced 
evidence supporting the hypothesis that a similar feedback system may occur in the 
migratory milkweed bug Oncopeltus fasciatus (Dallas). Indeed, the relationship of 
Oncopeltus to North American milkweeds and the proximate and ultimate 
determinants of its diapause, migration, overwintering and reproduction appear 
remarkably similar to the monarch (Dingle 1968, 1974a,b, 1978; Rankin and 
Riddiford 1978; Rankin 1978, this volume). 
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It appears that once reproductive diapause is broken, gradual warming leads to 
the spring remigration, whereas sustained hot weather leads to reproductive behavior 
and a decrease in the migratory tendency. It also appears from the evidence of 
Urquhart ( 1960) that high temperature may override short day length and induce mating 
and oviposition during the fall migration. However, Lessman and Herman ( 1981) 
found that JH is degraded by a specific esterase with a maximum activity 
corresponding to thoracic temperatures of actively flying monarchs. I thus predict that 
low initial titers of JH associated with cool weather at the beginning of the fall and 
spring migrations can be kept low by vigorous flight, i.e., negative feedback may 
sustain the migratory flight. 

To verify some of these postulated relationships, we collected data on mating 
frequencies from various migrating, overwintering and one winter breeding population 
(Table 1). Mating dropped off rapidly towards the end of the summer in 
Massachusetts, and populations of the last summer generation of monarchs captured in 
Massachusetts, New Jersey and Kansas were in complete reproductive diapause. In 
two samples from Texas, 5-9% of the females had mated, whereas along the Gulf 
coast in florida, 29% had mated, and in a southern florida sample taken in 
December, 88% had mated. By 14-15 January, 22% of the females at Site Alpha had 
mated. Other samples collected at several Mexican sites during January and February 
1978 ranged from 17-27% animals mated. By 19-20 March the percent mated in the 
overwintering colony had risen to 55% and further increased to 62% in early April. 
The hypothesis of temperature-induced mating behavior agrees with the thermal regime 
at Alpha: daily maximum temperatures of 20°C were only exceeded in mid-March 
which coincided with the beginning of increased mating activity, as well as the 
commencement of the remigration (Calvert and Brower, in preparation). 

The precise modus operandi of daylength, temperature, and their interactions in 
cuing and regulating diapause, migration and overwintering behavior of the monarch is 
not well understood (e.g., see Tauber and Tauber 1976). Rates of change of 
daylength, the positive or negative aspect of the change and the equinoxes which 
coincide with the populational midpoints of both the southward and northward 
migration are probably all important, at least in the eastern population (Malcolm et al., 
in preparation). It is ~ikely that the relationships of these planetary cues to the 
migration syndrome in the western population are substantially obscured by the higher 
temperatures in California. 

TEMPERATURE CONSTRAINTS ON MIGRATORY ROUTES 
AND OVERWINTERING LOCATIONS 

The postulated overriding of reproductive diapause by high temperatures is 
consistent with the findings that populations on the tropical margins in the temperate 
zone often continue breeding throughout part or all of the winter, as reported in 
Arizona, California, Florida and Texas (Fernald 1939; Urquhart 1960; Brower 1961 a, 
1962b; Funk 1968; Urquhart et al. 1970). An early December sample of butterflies 
collected in a several acre field of semi-senescent Asclepias curassavica plants on the 
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eastern edge of the Everglades also indicated an actively breeding population: 88% of 
17 females were mated (Table 1), 5 mating pairs were seen, and 13 of 15 females 
contained mature eggs (Brower, unpublished data). 

I suggest that the potential for the breaking of diapause by high temperature bas 
been of paramount importance in determining the fall migratory routes and in 
delimiting the climatic characteristics of the overwintering localities. Thus if the 
butterflies failed to tum westward across the Sierra Madre Oriental (which they appear 
to do at approximately latitude 23°N, Calvert and Brower, in preparation), they would 
encounter the tropical rainforest along the coastal plain which begins at approximately 
latitude 21 ~ (see Arbingast et al. 197 5). Similarly, if they overflew the transvolcanic 
range for as few as 30 km, they would end up in the tropical Balsas Basin. Because of 
the high temperatures of these areas, the individual fall migrants would become 
reproductively active, their offspring would overwhelm the local milkweed 
populations, and the numbers of surviving adults would be far fewer than the numbers 
of migrants that arrived in the fall. A small proportion of migrants to the transvolcanic 
area probably do become reproductively trapped in this way (Vazquez, Perez and 
Perez, personal communication) and thereby lose their . ability to recolonize North 
America via the spring remigration. 

Monarchs that fly southwards through Aorida into the Caribbean Islands or into 
the Yucatan must have this same fate. The Urquharts' (1976b) proposed migratory 
route via Cuba and the Yucatan Peninsula to and from the mountains of Mexico and 
Guatemala south of the Isthmus of Tehuantepec thus seems unlikely. 

GEOGRAPHICAL, CLIMATIC AND VEGETATIONAL 
CHARACTERISTICS OF THE MEXICAN 

OVERWINTERING AREAS 

The Transvolcanic Range of Mexico extends for about 640 km across Mexico 
between the 19th and 20th parallels and constitutes a unique biotic province in North 
America (Moore 1945, Goldman and Moore 1946). It appears to have had its origin in 
two periods of volcanism, first during the Miocene, which affected all of Mexico, and 
then during the Pliocene through the present which has accounted for most of the 
uplift as well as the volcanic peaks of the region (Thayer 1916, Garfias and Chapin 
1949). Thus the Mexican overwintering phenomenon may be of very recent origin (see 
Duellman 1965 for a discussion of the geological, vegetational and climatic 
characteristics of Mexico during the Pleistocene). The higher massifs in this range 
support a disjunct series of very limited boreal forest ecosystems dominated by Abies 
religiosa (Leopold 1950; Figure 3 in Duellman 1965; Sanchez 1976; de Miranda, 
Garcia and Gyves 1977; Anonymous 1981a,b). All major overwintering colonies that 
we have found occur in these fir forests at isolated sites restricted within a remarkably 
small area of approximately 3330 km2 between 19°10' and 20°00' north latitude and 
100° and 100°20' west longitude. The sizes of approximately 30 colonies ranged from 
about 0.1 to more than 5 ha (Calvert and Brower, in preparation). Whether the 
butterflies also overwinter (or did so prior to forest degradation) in various frr refugia 
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to the east and west of this area is unknown, but is suggested by the data of Urquhart 
and Urquhart (1980a). The discovery of further overwintering sites in the 
Transvolcanic Range might profitably follow the Bosque de Oyamel key in the recent 
detailed 1:1,000,000 vegetation maps of Mexico (Anonymous 1981a,b; see also p. 
115 in de Miranda et al. 1977). 

This rich frr forest ecosystem (Fig 1) occurs on the volcanic mountain massifs in 
a belt between approximately 2400-4000 m altitude (Duellman 1965) which is 

frequently enshrouded in fog, especially during the summer wet season. Below the 
firs, various species of pines and oaks dominate, whereas above the frrs the same 
pines again occur, but without the oaks (Leavenworth 1946, Eggler 1948, Goldman 
1951). All the colonies that we have found occur only in those frr forests which 
extend to the mountain tops. Their apparent absence from the frr belts on the higher 
mountains (Calvert and Brower, in preparation) may be due to cold air drainage. 
However, Urquhart and Urquhart (1980a) have alluded to a colony on one higher 
massif, possibly Nevado de Toluca (maximum altitude 4560 m, Duellman 1965). 

Although freezing and snow occur at and above the altitude of the frr belt during 
the winter (Goldman and Moore 1946; Duellman 1965; Mosino-Aleman and Garcia 
1974; Urquhart and Urquhart 1976b, 1980a; Calvert, Zuchowski and Brower 1983, 
1984), the temperature exttemes characteristic of the northern boreal climate are 
moderated because of the tropical latitude. As a result, the area has substantial 
thermal stability (Mosino-Aleman and Garcia 1974) which makes it possible for the 
monarchs to survive the overwintering period at relatively low temperatures in a state 
of reproductive torpor and reduced, but not total, inactivity (Calvert and Brower, in 
preparation). 

Yearly observations beginning in the fall of 1977 through March 1984 indicate 
that the butterflies arrive at the overwintering areas during November to early 
December and by January consolidate into one or more densely packed colonies. By 
late February the colonies begin to break up and by mid-March (not at the end of 
January as per Urquhart and Urquhart 1976a, see also Urquhart and Urquhart 1980a) 
the butterflies commence their remigration northward, with all departing by early 

April. Th~ departure is spectacular. 
The overwintering period lasts for approximately 135 days (15 November-1 

April, Brower and Calvert, in press) and coincides with the dry season which is 
characterized by increasing aridity and variance in the daily temperature regime 
(Mosino-Aleman and Garcia 1974, Arbingast et al. 1975). Survival of the monarchs 
depends on a balance of climatic factors which requires that the weather be ( 1) cold 
enough to maintain the butterflies in a state of reproductive torpor, but not so cold as 
to kill them, (2) warm enough to allow them to maintain the integrity of their clusters, 
but not so warm as to result in excessive activity and (3) wet enough to prevent 
desiccation and forest frres, but not so wet and cold as to cause excessive inactivity. 

Because of the high altitude, clear nights result in heavy frosting of surfaces 
which are exposed to the sky, and butterflies which are not shielded by the intact 
forest canopy may be killed by inoculative freezing (Brower et al. 1977; Calvert and 
Brower 1981; Calvert, Zuchowski and Brower 1982, 1983, 1984; Calvert and Cohen 
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1983). The increasing dryness is frequently moderated by adiabatic cloud fonnation, 
showers and fog drip which also reduce nocturnal heat loss. Major storms also 
occasionally bring considerable precipitation into the area. In three of our seven 
seasons of periodic observation (1976_.: 1983), these were accompanied by gale force 
winds, heavy rains, hail and/or snow which soaked and dislodged many butterflies 
from the branch clusters. In January 1981 a series of storms over a ten-day period 
resulted in a cumulative snowfall of 43 em, caused temperatures to drop as low as 
-5°C and killed an estimated 2.5 million monarchs (Calvert, ~chowski and Brower 
1983, 1984). 

These field observations confinned laboratory estimates of lethal low 
temperatures for monarchs (Urquhart 1960) and make extremely unlikely the 19th 
century hypothesis (Riley 1877; Scudder 1889; Klots 1951; Baker 1978, p. 427-428; 
Baker 1981 , p. 74) that up to 30% of the population survives northern winters by 
hibernating as adults or chrysalids beneath bark or in tree crevices. Baker's (1978) 
adherence to this hypothesis was based on reanalysis of spring migration rates in 
California, from which he concluded that remigrants from Mexico cannot fly far 
enough to reach the northern parts of the range by early summer. We shall see below 
that the monarchs' spring migration physiology in the eastern range is sufficiently 
different from that in California to negate this argument, as are the great spring flight 
distances determined by recaptures in New York, Iowa and 5 other U.S.A. localities 
of monarchs previously tagged in Mexico (Urquhart and Urquhart l979a). 

While cool temperatures and moisture are essential during overwintering, sunny 
days are also important. At temperatures near freezing, butterflies in the shade, even if 
in clusters, are unable to raise their body temperatures above ambient levels (May 
1979; Casey 1981; Chaplin and Wells 1982; Willmer 1982; Masters, Brower and 
Malcolm, in preparation). However, by basking in direct sunlight, the butterflies can 
passively warm their thoracic muscles to flight temperature, 15.5°C (Kammer 1970, 
Kammer and Bracchi 1973, Wasserthal 1975), and regain their positions in the clusters 
when knocked down by storms, by birds or mammals foraging in the trees, by falling 
branches or by their dramatic response to smoke (Brower et al. 1977). H the 
temperature is less than about 13°C, and the butterflies are grounded on an overcast 
day or in a shaded area, they flap about on the ground and then settle into a shivering 
phase which warms them sufficiently to crawl up onto any available vertical surface 
(Brower et al. 1977, Calvert and Cohen 1983). 

Basking must also be advantageous because it allows the butterflies to conserve 
energy when they fly out and back to the colony during periods of sustained dry 
weather to redress their water balance. During clear cold days in January 1980, we 
observed tens of thousands of monarchs drinking in sunlit patches of the mosaic 
lighting along Arroyo La Plancha stream in the Site Alpha area. The importance of 
basking while they drink. from the cold stream was indicated by the butterflies' 
complete avoidance of shaded areas and by the fact that they rapidly flew to another 
sunny position if experimentally shaded. Basking not only obviates the warm-up 
shivering, but it also maintains instant flight readiness in the event of a predator 
attack. 
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Our observations after storms when the ambient temperature remained below 
5°C indicate that crawling is of great importance to the butterflies. To date, 
thermoregulatory studies of shivering in butterflies have focused on its role in raising 
thoracic temperature to the flight threshold (Kammer 1970, 1971). The physiology of 
raising body temperatures to a crawling threshold has been neglected, as have the 
energetic costs thereof. 

The significance of the 15.5°C temperature was evident from thermograph 
recordings at Site Alpha during the 1978- 1979 overwintering season (Brower and 
Calvert, in press): 15.5°C was not exceeded in the shade until 10 March when the 
colony began breaking up and the butterflies commenced their northward remigration. 
Once this ambient temperature is exceeded, the butterflies can maintain instant flight 
readiness, irrespective of the degree of cloud cover. 

In summary, the high altitude frr forests in this narrow zone between 19° and 
20'N latitude of Mexico's Transvolcanic Belt provide a cool climate, stable minimum 
nightly temperatures and a balance of sufficient moisture and sunshine which seem 
ideally suited for the survival of these densely packed monarch overwintering 
colonies. 

ADULT LIPID RESERVES 

Data for total lipid content of fall migrants in the eastern population indicate 
considerable variability . Mean values per butterfly from Ontario were 141 mg (Beall 
1948), from Missouri 131 mg (Brown and Chippendale 1974) and from West Virginia 
100 mg (Cenedella 1971). During the 1979-1980 season, Walford (unpublished) and 
Walford and Brower (in preparation) found that the mean lipid contents of fall 
migrants in Massachusetts, New Jersey, Kansas and Florida increased by 500% as the 
butterflies approached the overwintering sites in Mexico (Fig 2C and D). This is 
possible because of the abundance of fall blooming composites along the Gulf coast, 
in Texas, northeastern Mexico (Rickett 1969) and in the general vicinity of the 
overwintering areas (Calvert and Brower, in preparation). The geographic and 
temporal variability of these data indicate that nectar feeding and conversion of the 
carbohydrates to lipids is a dynamic process which must be affected by annual 
variation in nectar availability and perhaps also by weather patterns prevailing during 
the migration period. Consequently, the hypothesis that monarchs base their fall 
migration largely on fuel reserves built up by feeding on nectar before flying 
southward from their breeding grounds (Urquhart 1960) is no longer tenable, at least 
for the eastern population. 

Brown and Chippendale (1974), Tuskes and Brower (1978) and Chaplin and 
Wells (1982) reasoned that residual lipids at the end of the overwintering season must 
be crucial as fuel for long distance flight and for reproductive success of the spring 
remigration. Because nectar supplies progressively deteriorate from December through 
February (Calvert and Brower, in preparation) and the butterflies so vastly outnumber 
the flowers (Brower et al. 1977), the monarchs cannot renew their lipid reserves. 
Walford and Brower (in preparation) found that mean lipid contents dropped from 89 
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mg in January to 59 mg in March (Fig 2E and F). Thus lipids appear critical to 
maintain the overwintering activities, and any factors increasing the activities of the 
butterflies in their overwintering sites must reduce their ultimate fitness by causing 
lipid depletion. 

Gibo and Pallett (1979) estimated that during their leisure!~·, flapping, southwanl 
migratory flight for which Urquhart (1960) estimated a rate of 18 km per hour, 
monarchs would consume about 3.25 mg of lipid per hour, i.e., would have a range 
of about 5.54 km per mg of lipid. If all of the remaining lipid at the end of the 
overwintering season (mean = 59 mg, maximum = 150 mg, Walford and Brower, in 
preparation) were to be used in this leisurely flight mode without soaring or using 
tailwinds, the average to maximum range of the spring remigration would be 326-831 
km. Because lipids are mobilized into yolk production (Pan and Wyatt 1976), 
potential range and fecundity must conflict. Following Urquhart (1960, 1966), 
Johnson (1969), Rankin (1978), Rankin and Rankin (1979) and Turunen and 
Chippendale ( 1981) have assumed that little nectar foraging takes place during the 
spring migration. There are in fact no data supporting this hypothesis, which was 
deduced from observations made before the discovery of the Mexican overwintering 
sites ( = 9 January 1975, Urquhart and Urquhart 1977, p. 1584) and it seems 
extremely unlikely in view of the energy demands upon the spring migrants. Indeed, 
energy requirements may be even greater if Urquhart (1960) is correct in his 
contention that the spring migration is by maximally powered, rather than by soaring 
flight. The Urquharts' (1979a) spring recoveries of several monarchs up to 3,500 km 
from where they were marked in Mexico could not possibly have been individuals 
which used only powered flight and old lipid reserves. In fact, there is a resurgence of 
blooming composites in the overwintering area during the time the monarchs leave in 
March and April, and the butterflies do feed upon these flowers extensively (Calvert 
and Brower, observations). Finally, Heitzman's (1962) data (apparently the first report 
of the spring remigration in Mexico) suggest extensive nectaring and leisurely flight 
along the Sierra Madre Oriental migration route back into Texas. 

The relationships of floral phenology, nectar resources, migration dynamics 
(including modes of flight and the possible exploitation of wind patterns), fecundity, 
and recolonization potential during the spring migration are in need of quantitative 
study (cf. Dingle 1972, Gilbert and Singer 1975, DesGranges and Grant 1980, 
Slansky 1980, Grant 1983). 

POTENTIAL REFUELING OF FEMALES 
THROUGH COPULATORY NUTRIENT TRANSFER 

In various insect species, repeated copulation can increase the fecundity of 
females by transferring considerable male biomass including amino acids, amino acid 
derivatives, proteins, carbohydrates and lipids (Davey 1965, Leopold 1976, Friedel 
and Gillott 1977, Thornhill 1979, Boggs and Gilbert 1979, Lederhouse 1981, Chen 
1984). Monarch butterflies mate repeatedly (Downes, in Williams et al. 1942; Pliske 
1973, 1974; Brower et al. 1977, Table 1), and in the California overwintering 
colonies frenzied mating activity reaches a crescendo immediately preceding the spring 
dispersal with the result that over 95% of the females have been found mated from 
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one to 7 times before they leave the colonies (Downes, in Williams et al. 1942; Hill, 
Wenner and Wells 1976; Tuskes and Brower 1978; Chaplin and Wells 1982). Herman 
(1981) hypothesized that this increases the success of the female remigrants and 
represents a true male parental investment, contrary to the conclusion of Thornhill and 
Alcock (1983, p. 66). Achey (unpublished) demonstrated that male monarchs also 
transfer cardenolides in the spermatophores, which may provide an additional increase 
in female and offspring fitness (see Brower 1984; see also Meyer, Schlatter, 
Schlatter-Lanz, Schmid and Bovey 1968 for cantharidin transfer in the spanish fly). 

Multiple mating by monarchs in California appears to be a response to the 
rapidly warming spring which mediates JH production both directly and indirectly .via 
positive feedback through the stimulatory effect of the reproductive behavior (Herman 
and Barker 1977). Moreover, the rapid progression of reproductive maturation in the 
males appears to result in their senescence so that many disperse and die without 
accompanying the females on the remigration. However, Shapiro, Palm and Wcislo 
(1981) did capture both sexes in a small sample in the Sierras early in the season so 
that at least some males do apparently accompany the females. 

In Mexico, the mating frequency also increases as spring advances, but with less 
intensity so that in April over 30% of the females leave without spermatophores in 
their bursae (Table 1). Moreover, both sexes leave the Mexican colonies (Brower and 
Calvert observations), and the few data that exist on returning migrants captured in the 
United States support the hypothesis that they continue migrating northward together 
(Urquhart 1960, pp. 318-319, 1976b, Urquhart and Urquhart 1979b). Urquhart 
(l976b) speculated that the males do not fly as far north as the females. A collection 
of migrants made by F. James along the Gulf coast south of Tallahassee, Florida from 
29 March- 3 April 1979 included 9 males and 7 females. Another collection in north 
central Florida on 7 April 1984 (at the Cross Creek locality cited in Malcolm et al. in 
preparation) included 3 males and 3 females in moderately worn condition. The origin 
of these butterflies is, however, unknown; they could have come from Mexico or from 
overwintering roosts along the Gulf coast. It is unfortunate that the Urquhart's 
(l979a) did not indicate sexes or dates of the 7 spring remigrants marked at the 
Mexican overwintering sites and recaptured in northern Mexico, Texas, Mississippi, 
Florida and New York. 

Females which fly northwards from Mexico into the United States encounter a 
slow warming trend with the result that JH titers must rise more gradually than in 
California. Consequently, adult aging and egg maturation must proceed more slowly, 
occasional nutrient transfer from males to females along the migratory routes could 
occur, and the butterflies might therefore be able to migrate much greater distances .. It 
would be useful to develop optimality models which relate geographical temperature 
and wind regimes, time, energy expenditures and gains, migratory distance, degree of 
dispersion, nutrient transfer and lifetime fecundity of the monarch (e.g., see Pyke 
1981). 
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SPRING RECOLONIZATION OF NORTH AMERICAN MILKWEED 

Other than the ability of monarchs to find patches of milkweed no matter how 
isolated and recondite (Shapiro et al. 1981, Shapiro 1981), we know little about the 
routes, timing, or the behavior of the butterflies during their spring remigration in 
either the western or eastern North American populations. 

In the eastern population, four processes have been hypothesized to explain how 
the spring remigration results in recolonizing the breeding grounds-( 1) single 
recolonization: spring remigrants recolonize the entire eastern range from the Gulf 
coast northwards to Canada and then die (Fernald 1939; Williams 1958; Urquhart 
1960, 1966); (2) successive brood recolonization-spring remigrants recolonize the 
southern states eastwards to Florida and die, leaving subsequent generations to 
disperse and recolonize the northern range (Riley 1880, Klots 1951 , Howe 1975, Kanz 
1977, Urquhart 1976b, Baker 1978, Pyle 1981, Herman 1984 and this volume); (3) 
combination recolonization: spring remigrants reach variable distances north and 
eastwards and recolonization is accomplished partly by this direct remigration and 
partly by successive brood recolonization (Urquhart 1960, p. 321, 1966; Brower and 
Huberth 1977); ( 4) dual recolonization-Mexican remigrants recolonize the central 
and western part of the range, while remigrants from the Gulf coast colonies 
recolonize areas south and east of the Appalachian mountains (Malcolm et al., in 
preparation); this could occur by processes 1 and/or 2. 

Possible alternative individual migration strategies are that spring remigrants: (1) 

oviposit upon any milkweeds they encounter along a continuous northeasterly flight 
path, including the extensive milkweed flora of northeastern Mexico (Woodson 1954) 
or (2) delay oviposition until they arrive in the vicinities of their original breeding 
grounds. As indicated above, reproductive studies provide support for the first 
hypothesis: oogenesis occurs slowly at low temperatures so that it is likely that 
females leaving Mexico will initially be unencumbered by large numbers of eggs, but 
will have an increasing rate of egg maturation as seasonal temperature, daylength, and 
available larval food increase as they progress northwards. The hypothesis that 
monarchs "home" to their prior summer's original breeding sites seems untenable, but 
it cannot be rejected on the basis of existing evidence (Eanes and Koehn 1978). 

Figure 2 
Histogram of the Jean weights and total lipid contents of 1501 monarch butterflies collected at various 

times and locations during the summer and fall of 1979 and from overwintering sites in Mexico during the 
winters of 1978-1980. The data include males and females collected on the dates and areas in Table I, 
freshly eclosed butterflies from chrysalids collected during September in western Massachusetts in 1977 and 
1979 (A) and a sample collected on 31 October 1977 in San Javier del Oro along the migration route in 
north central Mexico (included in D). The butterflies were dried, weighed and ground, after which the lipid 
was extracted from individual butterflies in petroleum ether and weighed; lean weights = dry 
weight - weight of the lipid (from Walford and Brower, in preparation) . 
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Monarch adults and/or their eggs frrst appear in Texas in mid-March to early 
April (Urquhart 1976b), in the Gulf states by late March-early April, in Georgia in 
March and April (Harris 1972), in Virginia by mid-late April (Clark and Oark 1951) 
and in New England and southern Canada by May-early June (see also Scudder 
1889, Williams 1930, 1958, and Urquhart 1960). Our data from north central Aorida 
(approximately 29°30'N) indicated peak oviposition on A. humistrata Walt. in early 
April in the springs of 1982 through 1984 (Cohen and Brower 1982; Malcolm et al., 
in preparation; Brower, unpublished data, 1984). Oviposition records made on A. 
viridis Walt. during the spring of 1982 and 1983 in central Louisiana by Dr. Steven P. 
Lynch of Louisiana State University at Shreveport (personal communication) agree 
with this timing. In the midwest, first arrivals were reported in Polk Co., Wisconsin 
(45~-46~) in late May just as A. syriaca was sprouting (Barker and Herman 
1976), in Minnesota in late May-early June (Herman 1984) and peak oviposition 
occurred on this milkweed on 9 June in Wisconsin at latitude 43~ (Borkin 1982). 
By midsummer, monarchs are widely dispersed throughout much of the United States 
and southern Canada (Beall 1948, Williams 1958, Urquhart 1960, Brower 1977, 
Rankin 1978, Borkin 1982). It is possible that the butterflies produced in the frrst 
spring generation in the south may exploit the early summer surface tropical airstream 
and thereby disperse both northward through the Great Plains and northeastwards in 
the U.S.A. and Canada (see Figure 4 in Bryson and Hare 1974, Kanz 1977). 

Spring monarchs that fly northeastwards through Texas and on up the 
Mississippi Valley to Missouri and Kansas (40~) must frequently encounter the 
abundant A. · viridis, while those migrating farther east along the coastal plain from 
Aorida and northeastward along the Atlantic coastal plain from Georgia to Cape 
Hatteras westwards to the Appalachians must most frequently encounter A. humistratll 
(Woodson 1954; Brower 1961a; Nishio 1980; Nishio, Blum, Silverton and Highet 
1982). Farther north (beyond latitude 35~). and from eastern Kansas to the Atlantic 
Ocean, migrants must most often encounter Asclepias syriaca, the most abundant 
eastern milkweed (Woodson 1954). The observations compiled by Urquhart (1960) 
indicate that it is the major larval food resource from early summer through the end of 
the breeding season (see also Urquhart and Urquhart 1979b, 1980a; Borkin 1982)_. 
Most fall migrants, and therefore overwintering monarchs, probably will have fed as 
larvae on this milkweed. Farther west, A. speciosa is an ecological equivalent of A. 
syriaca and is also an important foodplant of the monarch (Brower, Seiber, Nelson, 
Lynch and Holland 1984). 

RECOLONIZATION POTENTIAL OF GULF COAST MONARCHS 

Published comments on the relative contribution of spring remigrants from 
Mexico and the Gulf coast to monarch recolonization of eastern North America are 
entirely speculative and hypothetical (Urquhart 1960, 1966; Baker 1978; Eanes and 
Koehn 1978; Urquhart and Urquhart 1976, 1979b). However, monarchs that 
overwinter along the Gulf coast may be important. Beall and Williams (1945) and 
Beall ( 1946) reported that individuals collected during the winter in Aorida and 
Louisiana had shorter wing lengths and lower fat reserves than did summer generation 
and autumn migrants in Ontario. These authors did not have access to monarchs in 
the recently discovered overwintering sites in Mexico. We have determined that these 
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animals contain large amounts of fat (Fig 2) and also long wings (Walford and 
Brower, in preparation). Beall's smaller and fat-deficient butterflies may have 
represented either less fit individuals stranded during the fall migration (Tuskes and 
Brower 1978) or a special wintering Gulf coast population selected for reduced wing 
loading (Gibo and Pallett 1979). Such a population might have a temporal advantage 
in being able to exploit the early spring milkweeds before the remigrants from Mexico 
arrive. It is not without interest that individuals with reduced wing loads also occur in 
Florida populations of the milkweed bug (Dingle, Blakely and Miller 1980). Indeed, 
Gulf coast overwintering monarch colonies may represent part of a mixed life history 
strategy (!stock 1978) with weak maintenance of reproductive diapause by temperature 
and photoperiod. 

One way of resolving the importance of the Gulf coast population is to utilize a 
recently developed method of cardenolide fingerprinting, a powerful new application 
of thin layer chromatography which enables the identification of the Asclepias 
bostplant species that individual adult monarchs previously fed upon as larvae. 
Monarchs reared in California on Asclepias eriocarpa Benth. (Brower, Seiber, 
Nelson, Lynch and Tuskes 1982), A. speciosa (Brower et al. 1984) and A. califomica 
Greene (Brower, Seiber, Nelson, Lynch, Hoggard and Cohen 1984), and monarchs 
reared on A. humistrata and A. viridis in Florida have characteristic cardenolide 
fingerprints (in preparation). Preliminary determination of the fingerprint of monarchs 
reared from A. syriaca (Brower 1984) is similar to monarchs reared on A. speciosa in 
California (Brower et al. 1984). Since most fall migrants in the eastern population 
will have fed upon these two species, we can use cardenolide fingerprinting to 
detennine whether spring breeders in the southeast have returned directly from Mexico 
or the Gulf coast sites, or whether they represent monarchs of the first spring 
generation which fed upon A. humistrata or A. viridis, both of which contain very 
large amounts of cardenolide (Nishio, Blum and Takahashi 1983; Brower and 
Malcolm, in preparation). It is possible that monarchs exploit these two very toxic 
spring milkweeds in the south as soon as possible during their remigration with the 
result that the first spring generation is well defended against naive fledgling birds 
(Welty 1982, Brower 1984). 

OPTIMAL BREEDING TEMPERATURES IN RELATION 
TO MILKWEED DISTRIBUTION 

Temperature limitations upon developmental rates of monarchs appear critical to 
the spring and summertime breeding at various latitudes in the U.S.A. and Canada. 
Barker and Herman (1976) found that maximal ovarian development occurs at 28°C, 
and Rawlins and Lederhouse ( 1981) determined that the developmental zero 
temperature for monarch larvae was about l2°C, whereas the larvae die at constant 
ambient temperatures above 35°C. Most rapid larval development occurs between 
25-30°C which is similar to the adult oogenesis optimum (see also Zalucki 1982, 
Zalucki and Kitching 1982b). 
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Urquhart's (1966) map showing the major concentration of summer breeding in 
the eastern population excludes the southern states, and data from north Florida 
(Malcolm et al., in preparation), together with those of Brower (1961a, 1962b) 
substantiate reduced summer breeding in the south, even though several milkweed 
species are available and continue to be extensively fed upon by DaTUJus gilippus 
berenice. The optimal summer breeding temperatures for monarch development in 
eastern North America appear to coincide with the temperatures prevailing in the areas 
which include the most abundant Asclepias growth. In the southern U.S.A., 
milkweeds occur as less well-defined and patchy resources (Dingle, Alden, Blakely, 
Kopec and Miller 1980; Dingle, Blakely and Miller 1980), whereas northern habitats 
by mid-summer have large predictable supplies (Woodson 1954, Urquhart 1960, 
Borkin 1982). It is therefore possible that selection has shifted the monarch's larval 
developmental optimum to more moderate temperatures than its tropical congeners 
(Young 1982b), with the result that summer temperatures prevailing in the south may 
have become suboptimal or even lethal. Relative summer abundances of adults in the 
coastal plain, piedmont and mountains of Virginia (Clark and Clark 1951) are 
consistent with this view. 

MAGNITUDE OF THE FALL MIGRATION 
AND NUMBERS OF GENERATIONS 

Annual fluctuations of fall migrants have long been known (Scudder 1889), and 
Urquhart ( 1970) presented qualitative data suggesting a cycle in the annual abundance 
of North American monarchs which he hypothesized was caused by the buildup of a 
virus followed by the development of resistance in the monarch populations. An 
alternative explanation is that fluctuations result from variables affecting (1) survival 
rates in the overwintering colonies, (2) survival rates during the spring remigration and 
(3) the number of generations produced during the summer. The latter is thought to 
be latitudinally dependent with up to 5 broods in southern states and 1-2 in the north 
(Urquhart 1960, p. 175; Eanes and Koehn 1978). However, quantitative studies 
aimed at determining the numbers of broods relative to latitudinal, annual and climatic 
variables are lacking. As pointed out by Malcolm et al., (in preparation), an approach 
based on degree days using physiological development time, Asclepias availability and 
historical temperature data at various localities in the United States and Canada could 
be formulated to calculate the potential numbers of generations. These data could then 
be correlated with the historical record to see if in fact warmer years had larger fall 
migrations. 

The problem is more complex than it appears: evidence suggests temporally 
staggered overlapping of generations which results both from successive breeding in 
situ and from adult immigration, presumably from more southern populations (Borkin 
1982, Malcolm et al. in prep.). More generally, the total population of monarchs is 
undoubtedly a complex function of a dynamic equilibrium between northern breeding 
and southern overwintering (Morse 1980, Rappole and Warner 1980). 



Migration of the Monarch Butterfly 769 

..., ...,_ 
I 

:::::.. o:o;lAL "'OTECTOI - ;' 

GC:liiMCT ... CCIIIiiiDOIIS ---- \ 
oeK•V£D OVUW.TEIIW& -., ......... ......... r' 
~=~-:~:::,-.~ c......U> / 
~--~~--~ : 

I 

~ 
0 • 

..,u:..nas 

ROSARIO AREA 

-LAT.I9"35'00" 10 

Figure 3 
Map of three adjacent overwintering areas of tbe monarch butterfly in the Sierra Cbincua (Alpha 

Area), in tbe Sierra el Campanario (Rosario Area) and on Cerro el Chivati (Chivati Area), in the state of 
Micboacan, Mexico. In each overwm•ering season from 1976- 1981, the butterflies have occupied from one 
to several of tbe 21 sites (black dots) located by L. P. Brower and W. H. Calvert. The thin, thick and dotted 
lines are proposed conservation boundaries with suggested degrees of protection as indicated. This "Three 
Pearls Plan" has been submitted to The World Wildlife Fund, Pro Monarcha, A.C. and to various 
government agencies in Mexico. See text for further details. 

CONSERVATION 

Although the monarch ranges widely from North through Central and South 
America and westwards across the islands of the Pacific Ocean into Australia, and is 
not imperiled as a species, its North American migration and overwintering behavior 
is endangered as a unique biological phenomenon (Brower 1980; Anonymous 1982; 
Pyle 1983a,b; Calvert, Zuchowski and Brower 1984). Three reasons for this are: (1) 

deterioration of both milkweeds and nectar sources due to industrialized agriculture 
using broad spectrum herbicides (Berger 1978); (2) real estate development on 
overwintering sites in California (Anonymous 1983a, Jones 1983; Pyle 1983b; Lane 
1984, 1985) and (3) degradation of the extremely limited frr forest ecosystems in 
Mexico through timbering and local fires. Mexico has had a long history of severe 
human impact upon its forests (Leopold 1950), and the destruction of overwintering 
habitats of temperate animals which migrate to the tropics is a worldwide problem 
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(Ripley 1980, Terborgh 1980, Ehrlich and Ehrlich 1981, Howe 1983). 
Even high quality forestry practice degrades the Mexican overwintering habitat 

both by causing more butterflies to freeze (Calvert and Brower 1981; Calvert, 
Zuchowski and Brower 1982) and by allowing easier access to avian predators which 
kill up to 34,300 butterflies per day (Brower and Calvert, in press). H forest 
degradation results in smaller numbers of overwintering monarchs at these sites, 
mortality may increase because the intensity of bird predation is inversely proportional 
to colony size (Calvert, Hedrick and Brower 1979). Selective tree removal also lets 
more sunlight into the colony, butterfly activity increases and critical lipid reserves 
must diminish. 

In cooperation with the World Wildlife Fund-U.S.A. and a Mexican 
conservation organization, Pro Monarcha A.C. (Anonymous 1982, Ortiz-Monasterio et 

al. 1980, Ogarrio 1984), we have worked with Federal planners in Mexico City and 
with Governor Cuauhtemoc Cardenas of Michoacan to develop and implement plans to 
protect one area of Abies religiosa forest (Brower and Calvert 1981, 1982; 
Anonymous 1983a,b; Pyle 1983a,b, 1984; Vasquez and Perez 1984) in the Angangueo 
region. Our plan for three adjacent major overwintering areas in the Sierra Chincua 
and Sierra El Campanario of Michoacan is shown in Figure 3 which includes 
protection of the ridges adjacent to the overwintering colonies where the initial fall 
aggregations occur, the upper stream valleys into which they coalesce and the lower 
stream drainages which serve both as refugia during times of extreme drought and as 
corridors for the spring remigration (Calvert and Brower, in preparation). Detailed 
examination of the boundaries and topographical concepts of the plan can be made by 
overlaying Figure 3 on the Angangueo 1:50,000 topographic map (Anonymous 1976). 

Former President LOpez Portillo ( 1980) issued a decree protecting the monarch 
per se (see also Urquhart and Urquhart 1980b); land acquisition to conserve the fir 
forest ecosystem is the essential next step. Increasing public awareness of the 
butterflies is resulting in tourist impact. The Government of Mexico needs to act 

quickly to assure the survival of one of the most remarkable of biological phenomena. 
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ABSTRACT 

Vanishing bearings of 1599 individual monarch (Danaus plexippus (L.); Danaidae; 
Lepidoptera) butterflies were recorded in samples of n ~ 20 at various inland locations of the 
eastern United States as well as at coast lines parallel and nonparallel to the direction of 
migration. Due to the high degree of directionality of individuals, sample mean vector lengths 
are mostly near 1.0. The intersample variability is largely due to direct wind action i.e., drift 
in crosswinds and to indirect wind action i.e., tbe monarchs flying along the lee side of dunes, 
dams, wood margins, etc., even where this led them to deviate from the exact direction of 
migration. At the coast in unfavorable winds, including strong tailwinds, monarchs avoided 
heading out over the ocean. Butterflies took off repeatedly but returned after crossing the shore 
line. Inland, across the Piedmont plain as well as in the Apalachian Mountains, monarchs even 
migrated in strong tailwinds and very rapidly at altitudes at, and probably beyond, tbe range of 
powerful binoculars. Monarchs are probably able to keep track of and to compensate for 
displacements by wind. Overcast had no significant effect on headings or scatter. The mean 
directions summarized at two representative multi-sample inland locations (Blue Ridge and 
Ithaca) agree with the magnetoclinic direction predicted by Kiepenheuer's (1984) model of the 
magnetic compass. 

INTRODUCfiON 

Insect migration is a widespread, sometimes spectacular phenomenon (e.g., 
Williams 1958, Johnson 1969, Baker 1978, Dingle 1978). However, despite much 
research and several books on the subject even the phenology of insect migration is, 
on the whole, less well understood than that of other migrants (Schmidt-Koenig 1975). 
With the exception of very large insects and economic pests such as locusts, most 
insect migrations are inconspicuous. Butterfly migration is often spectacular, but even 
so the phenology of migration, origin, destination, and mode of orientation of 
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migrating butterflies are as yet poorly understood. Among butterflies, the monarch 
Danaus plexippus ranks as the best studied long distance migrant inasmuch as its 
winter quarters have been located in California (Downes, in Williams, Cockbill, Gibbs 
and Downes 1942) and Mexico (Urquhart 1960, Brower 1977, Urquhart and Urquhart 
1978). How the butterflies fmd their routes and destinations and how they navigate 
are, however, as yet entirely obscure. 

In a number of publications, various aspects of the migration of the monarch 
butterfly have been discussed (e.g., Urquhart 1960, 1976; Urquhart and Urquhart 
1978; Kanz 1977; Gibo and Pallett 1979). In a short communication (Schmidt-Koenig 
1979) I reported on an initial series of observations of monarch migration. I was able 
to extend such observations considerably in the fall migration periods of 1978, 1980 
and 1981. In addition to continuing to record data of inland migration, I particularly 
emphasized observations of migration under special circumstances such as at coast 
lines parallel and nonparallel to the general direction of migration, at tips of islands, at 
mountain ridges and under different meteorological conditions. 

METHODS 

Monarch migration is highly directional, each individual flying along a 
seemingly straight line. Vanishing bearings of migrants were, therefore, easily 
measured with a magnetic compass, allowing for the local declination. Monarchs 
migrating at low altitude within range of the naked eye (usually in headwinds or 
crosswinds) were tracked by eye until vanishing 50-100 m away, the distance 
depending upon color and brightness of the background. Monarchs migrating 
overhead beyond that range were tracked by 10 x 40 binoculars until vanishing. 
During large-scale migration, or high altitude migration requiring tracking with 
binoculars, I stayed in one location and tracked only those monarchs that passed 
overhead. During smaller scale migrations I positioned myself at a line roughly 
perpendicular to the direction of migration such as a road, a fence or the shore line, 
waited for a monarch to cross that line and walked to the crossing point to track the 
insect to the vanishing point. This eliminated parallax. Standard sample size was 
s 20, Cloud cover, atmospheric visibility and visibility of the sun were noted. 
Surface wind direction was measured by tracking light objects thrown up into the air. 
Wind directions at higher altitudes were measured by tracking floating objects such as 
spider webs, whenever possible. Wind direction is given as is customary in 
meteorology, aviation and navigation. A 90° wind blows from due East. Wind 
strength was estimated on the basis of extensive prior personal experience with a 
hand-held wind meter. Samples were processed using the standard methods and 
statistical tests for circular data (Batschelet 1981). 
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Figure 1 
88 mean vectors of D :s 20 mooarcbs vaoisbiog beariDgs each obtained and summarized at the locatiOD 

iDdicated iD the eastern Uoited States during 4 fall migration periods. For more details see text, especially 
for the high proportion of westerly vectors at Bogue Banks; the oortb pointiDg vector is explaioed in Figure 
3. 

RESULTS 

Figure 1 summarizes the mean vectors of 88 samples comprising 1599 individual 
vanishing bearings summarized at 11 locations and including those already given in 
Schmidt-Koenig (1979). Each sample represents a snapshot out of a stream of moving 
monarchs. Although the mean vectors are bunched at each location, even samples 
with vectors 10° apart may be significantly different from each other owing to the 
narrow range of individual monarch vanishing directions and correspondingly near 
unit-length vectors. lntersample variability is larger at Blue Ridge in a highly 
structured area than at Ithaca in much less structured terrain. This intersample 
variability is largely due to direct or indirect wind action. Direct wind action means 
that the butterflies are drifted by crosswinds. Indirect action means that in strong 
headwind or crosswinds the butterflies fly under the lee of suitable structures such as 
dams, wood margins, dunes, etc., even if they deviate from the general direction of 
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Figure 2 
Five samples of 20 vanishing bearings each collected at Dodge Rd. near Ithaca, NY, under different 

conditions of light wind. The centripetal arrow at tbe periphery of each diagram indicates wind direction. 
Wind strength is given in m·s- 1

• Each open symbol at the periphery indicates an individual vanishing 
bearing. Mean vectors with direction and length and sample identification numbers are given; geographic 
north is given in sample 4/80. 

migration. 
Five samples were collected at the same location near Ithaca, NY, under a 

variety of light wind conditions. Some shift according to wind direction and strength 
is obvious in every sample (Fig 2), although the butterflies always visibly advance 
their headings to offset drift. The stronger the headwind or crosswinds, the lower the 
butterflies fly, and they fly under lee of dams, wood margins, dunes, etc., if necessary 
putting up with directions diverging from the general direction of migration rather than 
allowing themselves to be drifted e.g., out to sea. On Bogue Banks, NC, running 
roughly -80°, in southerly winds, monarchs migrated along the northern shore; in 
northerly winds they migrated along the southern shore or along inland wood margins. 
This behavior is the reason for the exceptionally large number of mean vectors 
pointing west at Bogue Banks in Figure 1. These data were collected during two fall 
migration periods and in wind directions ranging clockwise from 190° to 55°. 

Monarchs do fly out over the ocean and cross major bodies of water under 
suitable wind conditions. I saw monarchs leave the southern shores or southern or 
western tips of Eastern Point, MA, Bogue Banks and Topsail Island, NC. I watched 
monarchs from boats over open waters, or arriving at the northern shore of Long 
Island, NY (Fig 1), or at the northern tip of Topsail Island, NC. 

Monarchs are apparently able to assess the risk of heading out over the sea if the 
wind is unmanageable. This applies not only to headwind or crosswinds but also to 
strong tailwinds. For example in early October of 1980 at Bogue Banks, NC, large 
numbers of butterflies accumulated for days at the western tip of the island. Even on 
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Figure 3 
Two samples (symbols as in Fig 2) taken oear tbc shore-line south of tbc wes&em eod of tbc duDes of 

Bogue Banks. NC. oo 6 Oct 1980 during a strong 0011berly wind. Looking up into tbc sty (40AI80) I 
R:COI'ded monarchs that bad taken off from behind tbc duDes. Looking down to tbc grouod (40BI80) I 
R:COI'ded monarchs that bad turned around and bad dropped to tbc surface beating tbc wiod bact to tbc 
dunes. 

Figure4 
Diagrammatic sketch (not drawn to scale) of tbc observations made from S Oct into 1 Oct 1980 at tbc 

western tip of Bogue Banks. NC. For more details see text. 

days with seemingly ideal tailwinds, 100 to 55°, 3 to 5 m·s-• strong, and clear skies at 

the western end of the dunes of Bogue Banks or at the shore line, the butterflies 
appeared to leave the island but in fact could be seen returning close to the surface. 
tracked monarchs that had taken off from the stands of golden rod (Solidago sp.) or 
sea-myrtle (Baccharis haUmifolitl) behind the dunes, heading in southerly directions, 
seemingly out to sea. However, I also ttacked monarchs that had turned around, 
dropped to the surface and were beating the wind back to the dunes as low as possible 
over the surface of the water or sand. Samples 40A/80 and 40B/80 (Fig 3) were taken 
simultaneously, looking up and down, respectively. A continuous, cyclic process of 
monarchs taking off downwind but coming back low against the wind (Fig 4) went on 

I 
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GLOUCESTER HARBOR 

Figures 
Migration at Eastern Point; MA, on 9 Sept 1980 in southeasterly winds and clear skies. Monarchs 

(dished lines) approached the shore line near tbe ground then followed the breakwala' (solid straight line 
poiDting northwest). 18 vanishing bearings (black dots not drawn to scale) of buUaflics beading out over 
lbc water wae recorded at the light bouse at tbe tip of the breakwater. Geograpbic north and sample 
identifiation number are given inside the cilcle. The centripetal arrows at the periphery indicate wind 
direction. Wind strength is given in m·s-I. 

from 5 Oct into 7 Oct 1980, with winds 10° to 55° and 3-5 m·s- 1
• A large 

proportion of monarchs turned around after having crossed the shore line on their way 
out to the sea. Some proportion was certainly blown out to sea. On 7 Oct 1980 I 
witnessed a calming of the 40° wind from around 5 m · s -I to 1 -2 m ·s -I. Monarchs 
continued to take off towards south-southwest but no longer dropped down to the 
surface after having crossed the shore line to head back to the dunes. Within a short 
time the population of several thousand to ten thousand monarchs that had 
accumulated over several days had left the island. Such sequences of meteorological 
events at certain locations qualify as "migration traps" and may explain how the 
sometimes spectacular "clouds" of butterflies originate. The phenomenon could be 
called "meteorological synchronization." 

On 9 Sept 1980 under clear skies, monarchs arrived at Eastern Point, MA, with 
southwesterly tracks low over sheltered land in southeasterly winds 1 - 3 m · s - 1 (Fig 
5). When encountering the shore line, they did not fly out to sea but changed 
headings by about 60° and flew under the shelter of a massive breakwater. At the 
end, however, they headed out over the water despite the prevailing crosswind of up 
to 3 m·s- 1 that noticeably shifted the bearings clockwise to almost 27fr from the 
standard south-southwest heading. In strong headwinds (205°-220° 6-11 m·s- 1) a 
day later, monarchs accumulated at Eastern Point-another example of 
"meteorological synchronization." They were able to approach the buildings at the 
tip of Eastern Point under lee, tried over and over again to move on, but were blown 
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back inevitably when leaving the wind shadow. 
The threshold at which monarchs consider wind conditions unmanageable must 

be a function of wind direction, wind strength, local conditions and possibly other 
variables. Many more data need to be collected before a fairly accurate assessment of 
that threshold can be made. 

Eleven of the 13 samples given in Figure 1 at Trenton-Pollocksville, Durham 
(two at Durham are from 1977), and Winston-Salem were collected during a different 
kind of special meteorological condition between 9 Oct and 13 Oct 1981. During this 
period, fairly strong north to northeasterly winds (to 7 m·s- 1) were blowing. While 
very few single monarchs could be seen near the ground, intense migration was going 
on at altitudes at least 300 to 400 m above the ground ( 11 high altitude 11 migration) at 
which monarchs could be detected and tracked only by field glasses and often only 
against white clouds. In order to estimate migration across a large area, I collected 
samples along a line from the coast to a point just northwest of Winston-Salem ( 11 NC 
transect 11 

) 9- 13 Oct 1981. High altitude migration in following winds does go on 
much beyond the power of field glasses. Figure 6 shows samples taken near 
Grandfather Mt., NC, above about 1600 m elevation. Samples 27/80 and 28/80 were 
recorded overhead with field glasses, 31/80 at the same location without field glasses 
a day later with opposing winds forcing the monarchs to fly within 5 m of the ground 
and to exploit the lee area of obstacles. In the Colorado Rocky Mountains and in the 
California White Mountains, I watched several monarchs migrating above 3600 m 
altitude, again high up in tailwinds or calm conditions and close to the ground in 
headwinds or crosswinds. 

DISCUSSION 

Monarchs are not powerful flyers (e.g., Gibo and Pallett 1979) and are subject 
to considerable drift. Large-scale cross-country drifts must occur. Accumulations of 
butterflies at the Atlantic coast are probably the result of westerly winds. My data are 
as yet insufficient to confmn corresponding observations made in 1980 and 1981 when 
considerable numbers of monarchs showed up at the coast only during and after days 
with westerly winds. Likewise, I cannot as yet quantify the degree of deviation 
tolerated by migrants from the exact migration direction either by passive drift or as 
the result of active exploitation of lee sides of shelters. The small angular range of 
mean vectors in Figure 1 suggests a fairly low tolerance limit, the monarchs 
apparently preferring windward deviation to downwind drift. In order to successfully 
pinpoint their wintering grounds, the butterflies need to be able to keep track of and to 
compensate for displacements forced upon them by wind. I can present one 
11 snapshot 11 out of a stream of migrating monarchs to support this notion. The 
samples shown in Figure 7 were taken on 7 Sept 1980 in fairly strong northwesterly 
winds at Tompkins County Airport, Ithaca, NY. Monarchs flying low in lee areas 
were more westerly directed after having crossed the airfield (6/80) and more southerly 
directed before having crossed it (7/80). They were certainly exposed to southeast 
drift while crossing the unsheltered airfield. 
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0 

Figure 6 
Three samples (symbols as in Fig 2) recorded near Grandfather Mountain, NC, above 1600 m 

elevation 26 and 27 Sept 1980, respectively. For more details see text. 

WINO 

' 

Figure 7 
Two samples (symbols as in Fig 2) possibly demonstrating immediate compensation of drift. For 

more details see text. 

A sun compass has been demonstrated in every animal, vertebrate or 
invertebrate, that has been tested. Standard experimental tests to demonstrate the use 
of the sun for compass orientation are those in which predictable shifts of direction 
can be obtained by using mirrors (e.g., Santschi 1911, Kramer 1951, von Frisch 
1968) or upon clockshifts (e.g., Schmidt-Koenig 1960). In using mirrors the 
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Figure 8 
Six samples rec:onled pmly UDder tbe IIDl (wbile symbols) plltly UDder overcast (black symbols; 

ocbenrise symbols IS in fi& 2) wilbout RDP•Ifanroos shift of wind direc:tioo. In sample 2MIO, directioas 
UDder IUD IDd wilbout IUD ~ significantly diffaall {JI < 0.01; WldSoll U2 test). There iJ DO significant 
differeoce (JI < O.OS; same tat) in any of tbe ada samples oor in tbe 5U1D111arY of all six samples. Sample 
24180 was recorded It Blact Mt. Gap, elevltioa 14SO m, oear Mt. Mitcbell, NC, partly in ligbl rain aod 
with clouds drifting acroa tbe pp in tbe opposi&e dira:tioa of monarch miption. 

deviation accomplished corresponds to tbe angle subtended by the minor. In 
clockshift experiments the deviation accomplished corresponds to the number of hours 
of time shift to which the animal and its internal clock, respectively, are subjected. 
The angular speed of the sun's azimuth being roughly 15° per h, a 6 h time shift 
produces roughly 9<r of shift in direction. The experiments by Kanz (1977), 
therefore, do not disprove the use of a sun compass by monarchs. Kanz (1977) 
recorded the position of monarchs in opaque or transparent orientation cages under 
various sun conditions, unfortunately without experimental interferences which might 
have given more conclusive results. 

If we extrapolate fiom findings on other insects (e.g., von Frisch 1968), as a 
first approximation we can assume that monarchs have a sun compass. Overcast 
skies, however, do not disorient migrating monarchs. Figure 8 shows 6 samples 
recorded under changing cloud conditions so that for one part of the sample the sun 
was visible (white symbols) but not for the other (black symbols). There was no 
obvious effect on the migrants. Likewise, 5 samples taken under complete overcast 
(Fig 9) give no indication of disorientation or other differences from samples recorded 
under sun. Thus if they have a sun compass, monarchs must have other means for 
orientation, possibly one based on the earth's magnetic field. Indeed, if one calculates 
(Table 1) the total mean vector for the two inland locations that may be considered 
fairly representative (because of large sample sizes and the absence of coast lines), the 
mean directions strikingly agree with the magnetoclinic headings calculated according 
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Figure 9 
Five samples recorded under complete overcast (black symbols; otherwise symbols as in Fig 2). A 

thunderstorm approached and light rain began while 9n7 was being recorded. Monarchs were possibly 
beading for shelter in nearby woods west of my position. Heavy rain prematurely ended 25n7 after tbe 
sixth butterfly. Samples 10/81 through 12/81 rqx-esent high altitude migration recorded during tbe NC 
transect. 

to Kiepenheuer' s ( 1984) model of the magnetic compass under the assumption of a 
broad-front monarch migration parallel to that documented by Urquhart and Urquhart 
(1978) for the central eastern United States. 

According to Kiepenheuer's (1984) model, magnetoclinic courses imply that the 
animal does not follow a specific course with respect to magnetic north ( ocm) but 
continuously maintains the same "subjective" angle of magnetic dip. This 
"subjective" angle of dip ('Y ') is the projection of the true dip (-y) on a plane vertical 
to the direction of the animal's long axis (direction of heading). Changing angles of 
true dip (e.g., when moving to southern latitudes) therefore result in changing course 
directions with respect to magnetic north. In the present case of the monarch 
butterfly, the mean direction of migration in the Ithaca area ( 'Y = 71<>JO', 8 = - 8°) 
and in the Blue Ridge Mountain area (-y = 67000', 8 = -4°) changes by about 10°30' 
to the south, but the same subjective angle of dip ('Y = 75°12') at both sites may be 
supposed to control this course. A course parallel to this with approximately the same 
'Y' may be calculated from the data given by Urquhart and Urquhart (1978) for 
monarchs tagged in the Toronto area and in the Mexican winter quarters, respectively. 

I tentatively conclude that monarchs use a magnetoclinic system similar to that 
suggested for birds by Kiepenheuer (1984). My tentative interpretation of the initial 
series of observations (Schmidt-Koenig 1979), that monarchs follow the great circle 
route, is no longer supported by the much more extensive data analyzed in the present 
paper. 
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Table 1 
Geographical and statistical data of the two multisample inland 

summaries Ithaca and Blue Ridge (Fig 1). n = total number of individual 
vanishing bearings; Cin = total mean vector of n vanishing bearings; ~ 
= 99% confidence interval of Cin; aM magnetoclinic heading according to 
Kiepenheuer ( 1984). 

n 

348 224003'Ithaca 

486Blue Ridge 

My observations fully confmn and support those made by Gibo and Pallett 
(1979) on flying strategies during migration. These authors report observations similar 
to mine as to the effect of wind direction and strength on initiation or discontinuation 
of migration, on altitude of flight, the use of wind shadow, and the flying techniques 
used in crossing obstacles. I can particularly confmn the observations on the use of 
thermals. Many times I observed monarchs soaring past at high speed in tailwinds 
immediately beginning to circle when they encountered thermal lift such as that 
originating from black surfaces of parking lots. In calm conditions or light winds with 
a tail component, I frequently observed, as did Gibo and Pallett (1979), monarchs 
circling out of sight in thermals overhead, sometimes together with hawks such as 
Buteo platypterus. I agree with Gibo and Pallett (1979) that monarch butterflies are 
highly adapted to exploit meteorological conditions to save energy. According to 
these authors, monarchs utilizing all strategies have more than enough resources to fly 
to their wintering grounds in Mexico. Without these adaptive strategies the monarchs 
would have to spend much more time migrating, possibly at the expense of one 
reproductive generation in late summer. Most amazing of all is, however, that the 

monarchs' highly flexible migration strategies mentioned above are accomplished each 
fall by a population of entirely naive animals. 

Our observations (Gibo and Pallett 1979, Schmidt-Koenig 1979 and herein) are 
relevant to the questions raised by Walker and Riordan ( 1981) who discuss 
contributions by Williams (1958), Johnson (1969) and Baker (1978). Monarch 
butterflies seem to determine their direction of migration directly-possibly using the 
geomagnetic field according to the Kiepenheuer (1984) model. However, they also 
rely on favorable wind as a major means of transport even at high altitudes, high 
velocities and presumably for long distances. 
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HORMONALLY MEDIATED EVENTS 
IN ADULT MONARCH BUTIERFLIES 
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ABSTRACf 

At least three hormones are indicated in adult monarch (Danaus plaippus) butterflies. 
The juvenile hormone clearly plays a critical role in the regulation of ovarian growth, male and 
female reproductive gland development and diapause; it also seems to be important in the 
regulation of aging, migration and male reproductive behavior. Hemolymph juvenile hormone 
levels are predictably variable during the adult annual cycle, with the highest and lowest values 
generally found in prediapause and postdiapause adults, respectively. Juvenile hormone titers 
may be diminished by the action of a specific esterase that is optimally active at thoracic 
temperatures generated during flight. Males are more sensitive to juvenile hormone than are 
females. Two additional hormones, both apparently peptides, also seem to play important roles 
during the annual adult cycle of this species. A diuretic hormone is principally responsible for 
the pronounced diuresis occurring immediately after eclosion. An adipokinetic hormone, 
biologically and chemically similar to hormones found in shrimp and locusts, appears to be the 
principal agent acting to mobilize stored lipid during flight. Both hormones are present in all 
stages of the adult cycle. Comparable endocrine mechanisms are indicated in the painted lady 
Vanessa cardui and in the mourning cloak Nymphlllis antiopa. 

INTRODUCI10N AND METHODS 

In the early 1970's I became interested in the neuroendocrinology of adult 
lepidopterans. My interest in this subject was stimulated by the absence, at that time, 
of any detailed information dealing with hormonal regulation in adults of that order, 
and by my opinion that the adult stage of such a large and important taxon should not 
be neglected by endocrine physiologists. My attempts to identify a suitable species for 
endocrine studies on adult lepidopterans soon focused on the monarch butterfly 
Da1UJus plexippus. There were several reasons for selecting this species: ( 1) monarchs 
are large enough for a variety of physiological manipulations to be rather easily 
performed; (2) the species is plentiful in our area from late May to early September, 
and it can be easily reared in large numbers during that period; (3) adult monarchs can 
be routinely obtained from the overwintering sites in California at regular intervals 
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throughout the winter, and ( 4) monarchs were known to be migratory and to exhibit 
reproductive cycles, suggesting the probable existence of hormonal systems. Against 
that background, my collaborators and I have examined adult monarchs of both sexes 
in an attempt to discover at least some of the specific endocrine events that might 
occur in this species. We have hoped that such studies would not only yield data on 
monarchs but also provide some basis for future generalizations concerning the 
neuroendocrinology of both adult lepidopterans and adults of other holometabolic 
insect orders. We have also proceeded under the assumption that data concerning the 
neuroendocrinology of monarchs might eventually contribute to the development of 
economically and ecologically sound insect control strategies based upon the artificial 
manipulation of vital endocrine mechanisms. 

During the past decade my collaborators and I have shown that juvenile 
hormone plays a very important role in a variety of monarch activities, and we have 
also obtained evidence for the existence of at least two additional hormones being 
used by adults of this species. In this report I will review our past and present studies 
with monarchs, and I will summarize our current understanding of the importance of 
hormones during the annual adult cycle of this species. I see this paper as dealing 
with the monarch cycle in four ways: (l) preparation for migration, (2) characteristics 
of migrants (3) changes after completion of migration and (4) differences between 
northbound and southbound migrants, as summarized in the fmal figure. 

Our research has been conducted on adult insects reared or captured in the 
Minneapolis, Minnesota area from late May to September, and also on adults shipped 
to us from California during October through March. Thus we are examining eastern 
monarchs in summer and western monarchs in winter. Additional research (now in 
progress) is required to determine what similarities and/or differences exist between 
these animals and western summer, and eastern winter adults of this species. The 
specific manipulations performed during our studies are adequately described in the 
references listed below. Unless otherwise indicated, all data in this report are 
presented as mean ± s.e.m. 

RESULTS 

Posteclosion Growth of the Reproductive Tract 

Several of our investigations have dealt with the regulation of reproductive tract 

growth after eclosion of summer resident males and females (Barker and Herman 
1973, 1976; Herman 1975, 1982; Herman, Lessman and Johnson 1981). These 
studies, summarized in Table 1, show that conspicuous growth normally occurs in 
most male and female reproductive organs during the frrst few days after eclosion. A 
variety of experiments, some· of which are presented in Table 1, indicate that juvenile 
hormone (JH) is responsible for stimulation of this rapid posteclosion growth in the 
female ovaries, colleterial glands, receptacle glands and bursae copulatrix and in the 
male accessory glands, tubular glands and ejaculatory ducts. (For convenience, only 
our ovarian and ejaculatory duct data are presented in Table 1 and elsewhere in this 
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Table 1 
Effect of juvenile hormone on monarch reproductive organs. 

Wet Weight (mg) 
Ovary Ejaculatory Duct 

Intact adults 
At eclosion 
5 days posteclosion 

Allatectomy 
Allatectomy only 
Allalectomy + Solvent 
Allalectomy + 1O.OJJ.gJH I 
Sham-operated 

Neck ligation 
Ligation only 
Ligation + solvent 
Ligation + 0.1JJ.g JH II 
Ligation + l.OJJ.g JH II 
Ligation + 10.0JJ.g JH II 
Ligation + 100.0JJ.gJH II 

1.9 ± 0.1 
34.0 ± 2.4 

1.8 ± 0.3 
2.1 ± 0.2 

17.6 ± 1.3 
26.4 ± 3.2 

2.0 ± 0.2 
2.2 ± 0.2 
2.1 ± 0.2 
2.6 ± 0.3 
9.3 ± 0.6 

18.2 ± 1.5 

2.1 ± 0.1 
14.3 ± 0.5 

1.9 ± 0.3 
2.3 ± 0.2 

10.4 ± 0.8 
11.9±1.2 

2.1 ± 0.2 
2.0 ± 0.2 
5.2 ± 0.7 
7.7 ± 0.7 

12.0 ± 0.7 
16.4 ± 0.5 

Mean n = 12.4; all animals reared in June-July in MN; all 
posteclosion animals held 5 days in summer conditions (25°C 
and 16 hour photophase). 

report, but such data are representative of the events occurring in other JH-sensitive 
male and female organs.) In our experiments, allatectomy or neck ligation prevents 
growth of the above organs, while injections of JH into animals so treated result in 
pronounced, dose-related growth. These kinds of experiments have also shown that 
both JH I and JH II are effective in each monarch sex, but that JH m has little effect 
in either sex (Lessman, Rollins and Herman 1982). As indicated in Table 1, male 
monarchs may be more sensitive to JH, since doses of 0.1 and 1.0 JJ.g JH II, that are 
ineffective in ligated females, result in significant enlargement of male JH-sensitive 
organs, e.g., the ejaculatory duct. 

In addition to the studies outlined above, we have also used the Galleria 
bioassay to determine the amount of JH activity present in adult monarch hemolymph 
during the posteclosion period (Herman et al. 1981). Our assays showed high levels of 
JH activity during the first few days of posteclosion life in insects of both sexes, when 
reproductive tract growth is generally accelerated, and low levels of such activity from 
8-30 days posteclosion when tract growth is very much reduced (see Table 2). Our 
data on JH titers also indicate sexual differences in JH production in posteclosion 
monarchs; i.e., females exhibit a peak of JH activity averaging over 1Q6 Galleria 
units·ml- 1 hemolymph on the third day after emergence, but no such peak occurs in 
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Hemolymph 
butterflies. 

titers of 
Table l 

juvenile hormone in adult monarch 

Galleria Units/ml Hemolymph 

Male Female Both Sexes 

Postedosion 
Day 0-6 2.8 X lOS 3.9 X lOS 

(23) (23) 
Day 8-30 3.8 X tal 1.4 X tal 

(18) (22) 

Wlld-Caught 
June-July 1.4 X lOS 

(15) 
August-October 3.3 X IW 

(29) 
November- January 2.1 X }()2 

(27) 
February 1.3 X }(1 1.3 X }()2 

(5) (5) 

n in ( ) is number of assays of pooled hemolymph samples; data 
from Herman et al. (1981) and Lessman and Herman (1983). 

males (Herman et al. 1981). 
To date we know little about the molecular or biochemical events associated 

with JH action in the post eclosion monarch. However, Pan and Wyatt (1971, 1976) 
have demonstrated that JH regulates vitellogenin production in this species, and 
Herman and Peng ( 1976) have reported JH stimulation of an apparent peptide from the 
ejaculatory duct that acts as a sperm activator. In addition, monarchs apparently 
possess both a JH binding protein an a JH-specific esterase (Lessman and Herman 
1984 ). Since the esterase is maximally active at temperatures approximating those 
found internally in flying monarchs, it is possible that flight activity may act indirectly 
to lower hemolymph titers of JH (Lessman and Herman 1981). 

Reproductive Tract Development During the Annual Adult Cycle 

We have also examined the condition of the male and female reproductive tracts 

at intervals throughout the year. This research is summarized in Figure 1, which again 
presents only our data for ovarian and ejaculatory duct wet weights. 
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Figure 1 

Developmental changes in female and male JH-sensitive organs during tbe annual adult cycle, as 
indicated by changes in the ovary (OV) and ejaculatory duct (ED), respectively. Dashed vertical lines 
indicate tbe diapause period (see text); E = organ wet weight at eclosion; R = range of weights observed; n 
in ( ); broken line separates Minnesota and California monarchs; methods described in Herman ( 1975) and 
Herman et al. (1981). 

As shown in Figure 1, the JH-sensitive organs of wild-caught males and females 
were most well-developed from late May to early August. In late August collections of 
premigratory adults, however, there was an abrupt decline in the size of such organs. 
In late August females the relevant organs generally showed no development past the 
eclosion condition, and they remained in that state until late February or early March. 
By contrast, the male ejaculatory duct did grow in late August through December, to 
about twice its eclosion value, and it also exhibited pronounced growth from January 
through March, a period in which the mean value for ejaculatory duct weight was 
comparable to that found in May through August. Thus although both tracts exhibited 
reduced growth during the post-August period, the male tract was generally more well 
developed (relative to the eclosion value), and renewed growth of the male tract 
occurred sooner than in females. Injection of JH into either sex from late August to 
March resulted in prompt and conspicuous growth of the JH-sensitive male and female 
organs (Herman 1973, 1975). 
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We have also determined total body wet weights and maximum length of rear 
wings of male and female monarchs captured at intervals during the annual adult 
cycle. These data are summarized in Figure 2, which presents our mean values and 
the mean body weight/rear wing length ratios at selected intervals dming the year. 
Immigrants to Minnesota in late May and early June were cbaracteri.zed by relatively 
high values, but these ratios dropped precipitously as the aging immigrant population 
lost body weight, while wing dimensions remained constant, in late June and early 
July. Ratios rose sharply in late July and early August, when the majority of the 
resident population consisted of young adults, with high body weights and 
significantly larger wings, that had emerged in Minnesota. The highest mean ratios 
were observed from late August to December in both Minnesota and California 
populations, when both body weights and wing lengths were high. Declining body 
weight during the remainder of the overwintering period was the major cause of the 
decreased ratios seen in January through March. 

Table 2 also summarizes our assays of JH activity in pooled hemolymph 
samples from monarchs collected at specific times of the annual cycle (Lessman and 
Herman 1983). During the period of peak reproductive activity (i.e., June and July) 
the monarchs of Minnesota had hemolymph JH titers comparable to those seen in 
young posteclosion insects. The reduced development of the male and female JH
sensitive organs seen in wild-caught individuals (i.e., migratory adults) from lale 
August to October was accompanied by a decline in JH activity of about two orders of 
magnitude. In subsequent months, JH levels remained low in both sexes, with tbe 
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exception of a striking increase of JH activity in hemolymph from males sampled in 
February. When the JH titer data are considered along with the reproductive organ wet 
weights in Figure 1, it appears that the low levels of JH activity present in migratory 
adults from late August through October are sufficient to stimulate some development 
of sensitive male organs but not sufficient to cause noticeable growth in comparable 
female organs. In addition, the enhanced reduction of JH seen in February males 
seems to be at least partially responsible for the pronounced enlargement of the JH
sensitive male organs seen at that time. 
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Figwe3 
Demonstration of adult diapause in monarch butterflies. OV and ED as in Figure l; n in ();data from 

Herman (1981). 

Adult Reproductive Diapause 

Other investigations in my laboratory have dealt with the phenomenon of 
diapause in this species (Herman 1981). For these studies we have placed monarchs on 
the day of eclosion in June-early August, or at the time of capture in September
March, in incubators programmed for summer conditions, and determined the growth 
of the pertinent organs in response to this treatment. As shown in Figure 3, both male 
and female tracts exhibited a period of reduced response, i.e., diapause, lasting from 
September to December (males) or January (females). During diapause JH-sensitive 
organs did not grow as rapidly as they did from June-August or from the end of 
diapause until the colonies dispersed. H diapause animals were injected with 10 J.Lg JH 
I, they exhibited reproductive growth comparable to that found in nondiapause animals 
(see Fig 3). These studies allowed us to define three major stages in the adult monarch 
annual cycle, i.e., prediapause, diapause and postdiapause. Only in the former and 
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Table 3 
Effects of juvenile hormone on monarch longevity. 

Survival in Summer Conditions 
Males n Females n 

Life cycle stage 
Prediapause 41.8 ± 2.0 38 41.3 ± 2.5 43 
Diapause 44.4 ± 3.1 39 64.1 ± 2.9 56 
Postdiapause 28.1 ± 1.8 109 39.4 ± 2.0 86 

Allatectomy 

Sham controls 43.7 ± 4.2 12 42.5 ± 2.6 21 
Allatectomized 63.4 ± 7.4 8 63.9 ± 6.4 17 

JH injections 

Controls 30.8 ± 3.0 45 43.0 ± 3.0 41 
Five AJH injections 19.4 ± 2.0 35 24.4 ± 1.5 70 

30-300 J.Lg AJH injected on alternate days for 10 days; controls 
injected with JH vehicle; summer conditions are 25°C on a 16 hour 
photophase; all animals fed 30% honey on alternate days; allatectomies 
performed on prediapause adults, and JH injections performed on post
diapause adults. 

later stages are monarch adults capable of responding to summer conditions with rapid 
growth of JH-sensitive reproductive organs. There does appear to be a sexual 
difference with regard to diapause in that female tract development is more restricted 
and female diapause lasts longer than that of males (see Fig 3). In addition, 
postdiapause females, which were frequently mated, exhibited a higher level of JH
sensitive organ development than did our prediapause females which were all virgin. 
This difference is apparently due to the stimulatory effects of mating in females of this 
species (Herman and Barker 1977). 

Adult Senescence 

We have also examined the role of JH in aging in adult monarchs. These 
studies were prompted by our observations of relatively large numbers of old 
monarchs, i.e., those with low body weights and badly faded and battered wings, in 
summer populations, but few such animals were found in collections from the 
overwintering colonies. Since senescent monarchs were most common in summer 
when JH levels were high, and least common when JH levels were known to be 
diminished (diapause and postdiapause), we examined the possible role of JH in 
monarch aging. 
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Figure 4 
Effects of bead extracts on hemolymph lipid levels in adult monarch butterflies. Left. relationship of 

dose injected to response obtained; right. changes in hemolymph lipid with time after injection; data from 
Dallmann and Herman (1978). 

Indirect evidence for JH involvement in aging of this species came from 
experiments dealing with the longevity of monarchs from different stages of the annual 
cycle. In these studies males and females were held in summer conditions from the 
day of emergence (prediapause) or capture ( diapause and postdiapause) until the day of 
death. Both pre- and post-diapause females survived for about 6 weeks in such 
conditions, but diapause females lived for about 10 weeks (see Table 3). Thus female 
longevity was shortest when JH levels were known to be high, as indicated by JH 
titers and/or growth of JH-sensitive organs. Again, males exhibited a different pattern. 
Males in diapause showed no significant increase in longevity over prediapause males, 
and males in postdiapause only lived for about 4 weeks. These male differences could 
be due to enhanced male sensitivity to JH (see Table 1 and Fig I) and increased JH 
production by postdiapause males (see Table 2). Direct evidence for a role of JH in 
monarch senescence came from ablation/replacement experiments such as those 
summarized in Table 3. Allatectomy of prediapause males and females resulted in 
enhanced survival of both sexes, while sham-operated control insects lived for the 
same time as intact prediapause controls. In addition, injections of multiple doses of 
material with high JH activity (the Ayerst mixture of JH I isomers or AJH) decreased 
survival time in both sexes. Therefore we possess both indirect and direct evidence 
that monarch longevity is at least partially determined by the effective titer of JH; high 
JH titers seem to stimulate both reproduction and rapid aging, while low titers of JH 
result in low levels of both processes. 
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Monarch Adipokinetic Hormone 

Our collaborations in Denmark led to the demonstration of shrimp red pigment
concentrating hormone (RPCH) activity in the heads of monarch butterflies (Herman, 
Carlsen, Christiansen and Josefsson 1977). Subsequently, it became apparent that 
comparable activity in the locust corpora cardiaca was due to the similarity of locust 
adipokinetic hormone (AKH) to shrimp RPCH (Mordue and Stone 1976). The 
existence of RPCH-like activity in monarch heads suggested that monarchs might use 
the active substance to regulate lipid levels in the hemolymph. Experiments designed 
to examine this possibility are illustrated in Figure 4, where some of our data 
supporting the existence of a monarch AKH are presented. 

In our studies the monarch AKH appears to be a peptide acting to mobilize 
diglycerides from the fat body during periods of flight (Dallmann and Herman 1978). 
The active substance in monarchs may be similar to, or identical with, either locust 
AKH or shrimp RPCH (Dallmann, Herman, Carlsen and Josefsson 1981), since bolh 
substances are very effective in mobilizing lipids in this species (see Fig 5). The 
effects of these two pure hormones in monarchs are most pronounced in diapause 
animals, where stored lipid levels are known to be high. 
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Figure 6 
Some experiments indicating the existence of diuretic hormone in posteclosion mooarcbs. I = weight 

loss in intact control insects. In animals ligatwed at the time of eclosion (f = 0) and injected with extracts 
containing 0 to 2 brain equivalents; a dose-response relationship is apparent. In animals ligatured to 15-60 
minutes after eclosion (f > 0) progressively greater diuretic responses occur, indicating rapid posteclosion 
~lease of the active material. Mean n = 13.1; data from Dores et al. and Dares and Haman (1981). 

Monarch Diuretic Ho.rmone 

A second neuropeptide appears to function as a diuretic hormone (DH) in adult 
monarchs. At eclosion the body weight rapidly diminished from over l gm to about 
500 mg and our experiments have shown that this weight loss is principally due to 
water loss (Dores, Dallmann and Herman 1979; Dores and Herman 1981). Apparently 
a DH is released from the cephalic neuro-endocrine system within 15-30 min after 
eclosion, as illustrated in Figure 6. It is of interest that even though this DH activity 
can be extracted from heads of all stages of the adult cycle, it can only be shown to 
function as a DH at the time of eclosion, and not during the pronounced postfeeding 
diuresis which is characteristic of adults of this s~ies. 

Are the monarch AKH and the monarch DH the same molecule? Apparently 
not, since DH activity (unlike that of AKH) cannot be extracted in methanol and/or 
butanol, does not reside in molecules or gel filtration fractions with AKH activity, and 
is associated with fractions of apparently higher molecular weight (see Table 4). 
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Table 4 
Comparison of Monarch AKH and Monarch DH 

Stable After: 
Boiling 
H202 treabnent 
Storage at 25°C 

Inactivated by: 
Trypsin 
Protease 

Soluble in: 
Distilled H20 
Methanol 
Butanol 

Mimicked by: 
Synthetic AKH 
Synthetic RPCH 
Monarch AKH fractions 
Monarch DH fractions 

Estimated Molecular Weight: 

AKH 

+ 
+ 
+ 

+ 
+ 

+ 
+ 
+ 

+ 
+ 
+ 

I 000 

DB 

+ 
+ 
+ 

+ 
+ 

+ 

+ 
3000 

Data from Dallmann and Hennan 1978; Dores, et al. 1979; 
Herman, unpublished. 

Monarch DH appears to be a stable peptide with a molecular weight of about 3000 
daltons; the apparent stability and relatively small size of this substance suggest that 
efforts to characterize the material may be rewarding. 

Role of Hormones in Other Adult Lepidoptera 

A limited number of other adult Lepidoptera have been examined to date, but 
the available data suggest that species other than monarchs also use a variety of 
honnones as regulatory agents. We have shown that the mourning cloak butterfly 
(Nympha/is antiopa) uses JH to regulate certain aspects of both male and female 
reproduction (Herman and Bennett 1975). We have also reported that the painted lady 
butterfly, Vanessa cardui, responds to JH, RPCH, locust AKH, and DH-containing 
extracts in a manner comparable to that found in monarchs (Herman and Dallmann 
1981). In addition, Truman and coworkers have described in detail an eclosion 
honnone in adult Lepidoptera (Reynolds and Truman 1983), Nicolson (1980) has 
demonstrated the existence of DH in the cabbage white butterfly Pieris brassicae, 
Shapiro and Law (1983) have reported an effect of locust AKH in ManductJ sata, 
and several authors have presented evidence for JH regulation of some aspect of 
lepidopteran reproduction (Nijhout and Riddiford 1979; Engelmann 1983). Thus the 
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Summary of hormonally mediated events occurring during the annual adult cycle of the monarch 

butterfly. JH = juvenile hormone hemolymph titers in Galleria units; OV = ovarian wet weight in mg for 
both sexes; ED = ejaculatory duct wet weight in mg; M = percentage of mated females; A = longevity in 
weeks wben held in summer conditions (only female data indicated); W = rear wing length in mm for both 
sexes; BW = whole body wet weight in mg for both sexes; DH = diuretic hormone activity; 
AKH = adipokinetic hormone activity. The graphs present approximate mean values, and indicate 
approximate percentage of maximal mean value observed during the year. for each of tbe four major stages 
in the life cycle. 

available data from several laboratories indicate the existence of a variety of hormonal 
systems in at least several species of adults of this order. 

DISCUSSION 

Figure 7 summarizes our current understanding of the annual adult cycle of the 
monarch butterfly and of the hormonally mediated events known to occur in adults 
during this cycle. For convenience the figure implies that our data relate to both the 
eastern and the western monarch populations, but this relationship has yet to be 
documented. The cycle can be considered as beginning in Minnesota about July I, 
when the frrst resident (prediapause) generation of the year typically emerges. From 
July 1 to August 15 this resident generation is characterized by high hemolymph JH 
titers, well-developed reproductive tracts in both sexes, a high level of mating, rapid 
aging, large wing size, and intermediate body weights . This generation is a highly 
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variable population in that all ages, including young, newly emerged, unmated 
individuals, and old monarchs nearing death, are present. It is the existence of these 
young and old animals in the population that results in less than maximal mean value 
for reproductive tract and body weights and for percentage of monarchs mated. The 
frrst generation requires the DH at emergence and it probably uses AKH (at least to 
some extent) to mobilize stored lipids. Both aging data and field studies indicate that 
at least one generation, and sometimes two (if the summer is long) form this resident 
prediapause population. 

Most, if not all, of the adult monarchs emerging after August 15 in Minnesota 
are of the migratory diapause generation. These migratory animals have substantially 
reduced JH titers, a reduced level of reproductive tract development, and they are 
(prior to migration) infrequently mated. They possess large wings and high body 
weights, and our aging data indicate that at least the females ruive a reduced rate of 
senescence when placed in summer conditions. After feeding intensively for a few 
weeks, this population emigrates from Minnesota with small reproductive ttacts, large 
amounts of stored lipid_, large wings, and high body weights; they are presumably 
admirably equipped for long migratory flights. In addition, the existence of the 
diapause condition in these monarchs prevents an inappropriate response to short-term 
suitable environments and thus reduces the likelihood of futile reproductive activity, 
with its associated depletion of stored reserves, in monarchs bound for the 
overwintering colonies. This generation also requires the DH at emergence, and these 
animals use the AKH to mobilize stored lipid reserves during migratory flight. 

Adult monarchs reach the overwintering sites in diapause, typically in October 
or November. At this time, mating levels increase from the low levels of September to 
about 50%, giving a mean value for the entire diapause period of about 30%. The 
reason for this early enhancement of mating activity in the newly formed colony is not 
clear, but it may provide a mechanism of nutrient transfer (Boggs and Gilbert 1981) 
designed to enhance female survival during the overwintering period. 

After colony formation, diapause is broken in December (males) or January 
(females), and both sexes enter the postdiapause period. At this time the monarchs are 
poised to respond to suitable environments, but such environments do not normally 
occur until late February or early March. In the postdiapause period female 
hemolymph JH titers and reproductive tract development remain low, and female 
longevity in summer conditions is comparable to that of prediapause animals. Male 
and female body weights decline noticeably as reserves are utilized. Unlike females, 
postdiapause males produce large amounts of JH during at least part (February) of the 
postdiapause period, and this event is reflected in the high rate of male reproductive 
gland growth, the enhanced level of mating, and declining male longevity. It would 
appear that the reduced sensitivity of females to JH and the low level of production of 
JH in postdiapause females may be adaptations which allow the majority of the 
females of leave the overwintering site in a condition comparable to that of a newly 
emerged summer prediapause resident in Minnesota. By contrast the postdiapause male 
apparently expends his energy and may shorten his life in an effort to ensure 
successful mating and, perhaps, also to enhance survivability of the female. 
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Colony dispersal by postdiapause adults is presumably followed by a high level 
of oviposition in the southern portions of the breeding range, since clear indications of 
reproductive tract development are seen in both males and females at or near the time 
of leaving the colonies. Assuming developmental rates of egg, larvae, and pupae 
comparable to those observed in the north, and colony dispersal around the first of 
March, it seems reasonable to estimate that the frrst new generation of the annual 
cycle probably emerges in early April in the southern portion of the breeding range. 
This generation apparently migrates north and provides most of the immigrants 
arriving in Minnesota in late May or early June. Unlike southward migrants of the 
previous fall, this immigrant generation has high levels of hemolymph JH, very well
developed reproductive tracts, no virgins, and smaller wings than other stages of the 
cycle. As indicated by mean body weights, most of these animals are relatively young, 
too young to have been reproductively active from about the frrst of March until late 
May or early June (i.e., 10-14 weeks). This immigrant generation, like all others, 
requires DH at emergence and presumably uses AKH to mobilize reserves during the 
northward migration. 
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ENDOCRINE INFLUENCE ON FLIGHT BEHAVIOR 
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ABSTRACT 

Migratory behavior and/or flight muscle metabolism have been shown to be influenced by 
a number of neuroendocrine factors . Juvenile hormone stimulates migratory behavior in 
Oncopeltus fascilltus, Hippodamill convergens, Eurygaster integriceps, and Danaus plexippus. 
However, the same hormone has no effect or stimulates flight muscle degeneration in other 
species. In those species in which JH has been shown to have an effect on flight behavior, it is 
also necessary for oogenesis. It may serve to coordinate oogenesis, adult diapause and 
migration, particularly in colonizing species. Other neuroendocrine products that have been 
implicated in control of flight behavior or flight metabolism are (1) ecdysone, (2) adipokinetic 
hormones produced in the corpora cardiaca, and (3) octopamine. Octopamine may well prove 
to be a primary link between the endocrine system and the flight motor itself since injections of 
this biogenic amine directly into the metathoracic ganglion of locusts induces rhythmic stepping 
behavior or flight behavior (Sombati and Hoyle 1985). 

INTRODUCfiON 

Migratory flight behavior in insects has been characterized as persistent, 
straightened-out movement accompanied by and dependent upon an inhibition of 
response to 11 vegetative 11 stimuli that will eventually arrest movement (Kennedy 
1961). This definition, which was the result of Kennedy's elegant and painstaking 
analysis of aphid flight behavior, has been revised (expanded) by Kennedy in the first 
chapter of this book. The original definition has been used, however, in a number of 
laboratory analyses of migratory behavior to distinguish migratory from trivial flight. 
The criteria that Kennedy put forwar~, i.e., the long duration and the undistractedness 
of migratory flight, have been used in a number of systems to identify migrants (see 
Rankin and Singer 1984 for review) . In insects in which routine or trivial movement 
is accomplished by walking, hopping, or short bursts of flight rather than by sustained 
continuous flight, duration of tethered flight has proved to be a good indicator of 
migratory tendency (Dingle 1965, Rose 1972, Rankin and Rankin 1980, Davis 1980). 
Results of flight tests of known H. convergens migrants from the field (Rankin and 
Rankin 1980a and b), the observation that milkweed beetles actually caught in flight 
make longer tethered flights than beetles randomly collected on the substrate (Davis 
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1980), and data outlined by McAnelly (this volume) and McAnelly and Rankin (in 
press) forM. sanguinipes, strongly support the assumption that long-duration tethered 
laboratory flights are performed by insects that would migrate in the field and vice 
versa. Analysis of flight behavior on the basis of duration of tethered flight has been 
most useful where flight tendency of individuals in a population fall into two 
reasonably distinct categories: long-duration sustained flight and brief flights of 
several minutes or less, the former representing migratory behavior, the latter, trivial 
flight. For example, Oncopeltus fascilltus that will not make a migratory flight 
typically refuse to re-open their wings after 2 min or less of tethered flight; a few 
continue to fly for 5-10 min. However, if an insect flies for 30 min, it will almost 
always continue much longer. A flight duration longer than that of trivial flights but 
considerably less than flight to exhaustion can thus be established as a criterion for 
migratory behavior. 

Juvenile hormone (JH), the secretory product of the corpora allata (CA), has 
been shown to induce such long-duration tethered flight behavior in three species of 
insect migrants, Oncopeltus fasciotus (Caldwell and Rankin 1972), Hippodamia 
convergens (Rankin and Rankin 1980) and Danaus plexippus (Rankin, McAnelly and 
Bodenhamer in press). Polivanova and Triseleva (1984) have shown a role for JH in 
the control of migratory behavior of the wheat pest, Eurygaster integriceps as well. 
Some authors (Cassier 1963, 1964; Odhiambo 1966; Wajc and Pener 1971) have also 
implicated the corpora al1ata, and therefore JH, in locust flight behavior and/or 
locomotor activity, but the flight test protocol is somewhat ambiguous and for other 
reasons this work is controversial. 

In addition to JH, a number of other hormones have been implicated in the 
control of flight behavior or metabolism, including secretory products of the corpora 
cardiaca, the biogenic amine, octopamine, and ecdysteroids. Although the particular 
distinction between migratory and trivial flight behavior has not always been made 
directly in experiments involving these other neuroendocrine products, an effect 
specifically on migratory behavior can often be inferred. 

This paper will review endocrine involvement in presumed migratory flight in 
insects with some attention given to the honnonal control of flight metabolism as well. 
(See Herman, this volume, for a discussion of this issue in the monarch butterfly.) 

JUVENILE HORMONE EFFECfS ON MIGRATORY BEHAVIOR 

Juvenile hormone may have different effects on flight behavior or the flight 
apparatus itself in different species. For example, juvenile hormone has been 
implicated in the control of wing development in wing-polymorphic insects. 

Southwood ( 1961) suggested that brachypterous European gerrids are either 
juvenilized adults (metathetely) or neotenous, a larval form with adult characters 
(prothetely). Wing muscles are absent in brachypters; some though not all macropters 
are migrants. The flight muscles of macropters are resorbed as the ovaries mature. 
Wing buds of both morphs appear identical in 5th instars but there seems to be no 
growth of wing tissue between the penultimate and imaginal molts in brachypters 
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(Brinkhurst 1963). Southwood suggested that brachyptery is due to either an excess 
of JH, if metathetely, or a reduced effect of this hormone, allowing premature 
metamorphosis, if prothetely. Since brachyptery is often associated with colder 
climates and higher altitudes, he concluded that low temperatures prolong the larval 
state and thus exposure to JH. He therefore proposed that brachypters are 
metathetelous adults. Indeed, short-winged adults can be produced in Rhodnius by JH 
application to 5th instar nymphs, but treatment effects are not confined to wing 
morphology; suppression of other adult characters in the cuticle, genitalia and sense 
organs also occurs (Wigglesworth 1961). In spite of the abundant speculation about 
the physiological basis of wing polymorphism in gerrids, very little actual 
experimental work has been done to address this question. 

Lees (1967) suggested that activity of the maternal corpus allatum (CA) 
influences production of alate and apterous aphids. Since apterous aphids appear to 
retain many larval characters (e.g. underdeveloped wings), high maternal hemolymph 
titers of JH were thought to stimulate aptery in the offspring. However, since Lees 
originally put forth this idea, a large body of somewhat conflicting data has 
accumulated and Lees himself showed (Lees 1980) that high concentrations of JH or 
JH mimics applied to M. viciae were ineffective in causing alate producers to switch 
to exclusive production of apterae. He concluded that JH is not involved in the switch 
mechanism. Hardie (1980, 198lb) similarly concludes that JH is not involved in the 
alate/apterous polymorphism in virginoparous generations of A. fabae. Mackauer, 
Nair and Unnithan (1979) reported that applications of the anti-allatotropin, precocene 
II, to virginoparous Acyrthosiphon pisum caused a switch in production from apterae 
to alatae and this could be partially reversed by high doses of JH I. Precocene did 
not, however, have other antiallatotropic effects. The conclusion by Mackauer et al. 
(1979) that JH is involved in wing development of virginoparae directly conflicts with 
that of Lees ( 1980) and Hardie ( 1981b) though all three studies were done with 
different species. 

Control of wing development may also be post-natal in aphids. Several studies 
have involved hormone treatment of early instar nymphs, conducted to gain an 
understanding of the mechanisms of apterous development, as well as the observed 
post-natal induction of alates. Lees (1980) found that treatment of any instar of 
Megoura viciae before the early 4th with JH or JH mimic induces wing deformities 
and/or supemumery molts. Production of malformed wings is not, however, equivalent 
to induction of neoteny (Lees 1980). As in the Heteroptera (see below), Lees found 
many other aphid characters to be affected by exogenous JH treatment of nymphs, 
particularly the genitalia. He again concluded that JH is probably not the key to post
natal induction of aptery (Lees 1980). Post-natal JH treatment to A. fabae presumptive 
gynoparae, however, did induce aptery without juvenilization if administered before 
the 2nd day of the 2nd instar (Hardie 1980). Thus, exogenously applied JH may affect 
adult morphology and reproductive fonn in aphids but whether or not JH is a major 
determining factor of wing development under natural circumstances is not clear, nor 
is the timing of its putative action, whether pre- or post-natal. Indeed, there may be 
substantial species differences in the role of JH and/or the timing of its action in the 
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control of aphid alary polymorphism. 
In several insects, JH has been shown to affect flight muscle development or 

histolysis in the adult stage. In Ips conjusus (Borden and Slater 1968) and Dysdercus 
fulvoniger (Davis 1975), for example, high juvenile hormone levels, presumably 
associated with the onset of oogenesis, induce flight muscle degeneration. In contrast, 
in the Colorado potato beetle, LeptinotlJrso decemlineatQ (de Wilde and de Boer 
1961, 1969; de Wilde, Staal, de Kort, DeLoof and Baard 1968), juvenile hormone 
seems to be necessary for flight muscle regeneration after diapause. It may also be 
involved in migratory behavior, but that question has not been specifically addressed 
for Ips, Dysdercus, or Leptinotarsa .. In the cockchafer, MelolontluJ melolontluJ the 
state of activity of the corpus allatum (CA) affects the orientation of flight (Stengel 
1974) either towards or away from oviposition and feeding sites. 

The apparent relationship of diapause and migration, and Johnson's (1966) 
suggestion that migration was prereproductive because migratory behavior was induced 
by a lack of JH, led to an investigation of the effect of JH on flight behavior in a 
typical insect migrant, Oncopeltus fasciatus (Caldwell and Rankin 1972). These 
studies have since been extended in my laboratory to two other migrants, H. 
convergens (Rankin and Rankin 1980), and Danaus plexippus (Rankin, et al. in 
press), and in Russia, Polivanova and Triseleva (1984) have done similar studies on 
Eurygaster integriceps. 

Oncopeltus fasciatus 

The summer range of Oncopeltus jasciatus extends from Canada to Central 
America but it does not survive winter conditions in temperate areas. Dingle (1966, 
1968) has shown, on the basis of laboratory flight tests and some highly suggestive 
field evidence, that a portion of the resident southern population migrates north in the 
spring and colonizes the very abundant milkweed fields in the north. It appears in 
Iowa milkweed patches in late June or early July and the population rapidly expands, 
reaching a peak in early September. By October, 0. fascilltus has nearly disappeared 
from this area, apparently due to southward flights of much of the population. 

Long-duration tethered flight behavior has been used as a criterion for migratory 
behavior in this species (Dingle, 1965, et seq.; Rankin 1974, et seq.; Palmer, this 
volume; Slansky 1980), this type of flight behavior being largely restricted to the 
post-teneral, prereproductive period. In response to short photoperiods, Oncopeltus 
undergoes an adult reproductive diapause that provides a considerably longer period of 
time prior to egg maturation during which females will make long flights and also 
increases the percentage of individuals of both sexes in laboratory populations that 
make a long flight at some time during that period (Caldwell and Rankin 1972). The 
combination of short photoperiod and low temperatures in the fall probably induces 
migratory behavior in most of the northern population. Although Oncopeltus displays 
a classical oogenesis flight syndrome, performance of long-duration flight does not 
elicit a reduction in total reproductive output or longevity, nor does it induce a delay 
in first reproduction (Slansky 1980). Furthermore, Palmer (this volume) has shown 
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that selection for long wings results not only in increased frequency of long-duration 
flight in the population but also in a correlated increase in reproductive output. 

Food quality or availability can also greatly affect flight and reproduction. 
When fed on sub-optimal food, green pods or flowers, female Oncopeltus delay 
reproduction and will make long flights even in long-day and relatively high
temperature conditions that would normally induce reproduction. Since the first 
northern colonizers typically arrive in Iowa in late June or early July when 
temperatures are high and photoperiods are approaching the longest of the year, it is 
likely that food quality (flowers and green pods at this time) is an important factor in 
stimulating northward flights in the spring. By this same mechanism, flight can also 
be stimulated among reproductively mature residents by a food shortage, thus greatly 
increasing the probability of finding new food sources. 

Experiments involving gland extirpations and implantations showed that juvenile 
hormone (JH) has a dual role in adult development of this species. The hormone 
stimulates migratory behavior in both sexes and ovarian development in the female 
(Caldwell and Rankin 1972; Rankin 1974 et seq.; see Fig 1). 

As the ovaries attain their full development in the female, further migratory 
flight is inhibited, although short appetitive flights still occur. JH titer determinations 
on pooled hemolymph samples from adult Oncopeltus exposed to different 
photoperiod regimens indicated that long photoperiods result in immediate increase in 
hemolymph titers of the hormone (associated with rapid onset of oviposition 
behavior), while short photoperiods bring on a more gradual increase in JH levels 
following adult emergence. Short photoperiods enhance migratory flight and delay 
onset of reproduction (Rankin and Riddiford 1978). In any photoperiod regime, 
migratory flight typically occurs during periods of intermediate hormone titers. It 
would appear that lower titers of JH or shorter exposure times are necessary to 
stimulate flight before reproductive development, which ultimately inhibits long 
flights. Selection for 4 generations for late onset of migratory flight behavior resulted 
in a correlated delay in onset of reproduction and a delay in the associated rise in JH 
titers (Rankin 1978). When Oncopeltus are starved, JH titers decline and oogenesis 
ceases (Rankin and Riddiford 1977). Flight activity first increases and then decreases 
to very low levels. JH replacement therapy to starved animals stimulates migratory 
flight behavior and oogenesis. 

Treatment with the chemical allatectomizing agents Precocene I and II (Bowers 
1976; Bowers, Ohta, Cleere and Marsella 1976) not only caused cessation of 
oviposition and resorption of oocytes but also produced a decrease in long-duration 
flight behavior in the population. Flight could be restored to high levels by JH 
replacement therapy (Rankin 1980; Fig 2). Like starvation, precocene treatment 
stimulates a transient increase in frequency of migratory behavior and in the duration 
of shorter flights. This increased flight behavior after precocene treatment can be 
quite prolonged under some circumstances and seems to be associated with an 
incomplete inhibition of JH production (as determined by CA size and state of ovarian 
development, Rankin, unpublished results). The precocene experiments indicate that 
JH is necessary for both long-duration flight behavior and reproduction in Oncopeltus 
fasciatus. 
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Figure I 
The effect of juvenile bormone mimic applicatioos on flight behavior of intact male and female and 

ovariectomized female Ortcopdtus jasckJtus (open symbols = ovariectomized females; solid symbols = 
males; circles = JHM treated; squares = acetone-treated controls). Animals were reared UDder 12:12 L:D 
pbotoperiod. at 22°C. Ovariedomies were performed on ftftb instar nymphs. (Redrawn from Rankin 1974). 

Hippodamia convergens 

Another insect in which the role of JH in migratory flight has been examined . is 
the ladybeetle, Hippodamia convergens (Rankin and Rankin 1980). This insect is one 
of the most widespread of the American coccinellids, occurring throughout the 
western, central and southern United States. It is an economically important predator 
of aphid and mite pests on cultivated crops and in fact is commercially available as a 
natural control agent for such pests. 

Adults emerge from "hibernation" sites in the spring and migrate up to 
hundreds of kilometers to areas of aphid infestation (Hagen 1962) where they may 
develop high densities (Dickson, Laird and Pesho 1955). As aphid populations 

decrease, the coccinellids move to neighboring habitats. Such movements may occur 
several times in a season and,, depending on food abundance, the species may be uni
or multivoltine. If prey are unavailable or scarce, young adults enter reproductive 
diapause and an extended migratory phase during which they move to mountaintop 
aggregation sites. Diapausing beetles may remain at the hibernation sites from 6 to 9 
months until they migrate back to lower altitudes (Hagen 1962, Rankin and Rankin 
1980b). Some type of diapause development seems to be involved in the return of the 
migratory response at this time (Rankin and Rankin 1980a, b). 
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Figure 2 
The effect of precocene I and II and juvenile hormone replacement therapy on flight behavior of 

Oncopeltus fasciatus (open circles = precocene and JHM-treated animals; solid circles = acetone-treated 
controls). 

Laboratory tethered-flight tests can be used as an assay for migratory behavior. 
Beetles that fly 30 minutes on a tether will nearly always fly much longer. It appears 
that migration to the aestivo-hibemation sites is accomplished primarily by newly 
emerged (prereproductive female) beetles. As is true for many insect migrants, long 
duration tethered flights tend to occur most frequently among prereproductive H. 
convergens females. Long day length and high quality food result in a sharp decline 
in flight after 1 week, by which time oviposition has begun. Under short photoperiod 
and/or poor food quality (frozen aphids) long flights continue for some time in the 
population. Photoperiod seems only to influence the duration of the long-flight phase 
when food quality is optimal. When this is the case, short photoperiod greatly 
lengthens the period of time in which beetles will make long flights, although the 
percentage of long fliers in the population is lower when food is optimal than when it 
is not. When food quality is poor, flight activity is enhanced under either photoperiod 
regime to quite high levels. Thus the beetles do respond to photoperiod under some 
conditions, but food quality seems to be the primary cue which triggers migratory 
behavior. Similarly, ovarian development is dependent upon food quality, 
photoperiod having little, if any, effect; H. convergens can be reproductive under both 
long and short-day conditions (Rankin and Rankin 1980b). 

Under long days there seems to be a clear oogenesis-flight syndrome in this 
species, i.e., ovarian development is inversely correlated with flight activity (Fig 3a). 
Under short photoperiods, peak flight activity occurs in females with partially 
developed, rather than completely undeveloped ovaries. Furthermore, some flight 
activity continues in the short-day population until ovarian development is complete 
(3.0 mg; Fig 3a), while it virtually ceases in the long-day animals by the time the 
reproductive tract has attained 1.5-2.0 mg fixed wet weight. Thus the oogenesis
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Figure 3 
Relationship of reproductive tract development to long-duration tethered flight behavior in HippodmnitJ 

con~. Aight activity of females collected in March (short-day photoperiod; dark shaded bars; n = 38) 
and in mid-summer (long-day pbocoperiod; striped bars; n = 50) around Austin, Texas, with respect to 
weight of the fued reproductive tract. Aight activity of males collected in mid-summer (light, shaded bars) 
(long-day photoperiod; n = 35), with respect to testes weight. (From Rankin and Rankin 1980b) 

flight syndrome is less pronounced and flight continues longer in the population under 
short photoperiods (Rankin and Rankin 1980b). 

Juvenile hormone is necessary for ovarian development in this species (Fig 4) 
although, as with many beetles, a brain factor is also necessary for completion of 
oogenesis (S.M. Rankin 1982). Topical application of a m mimic (JHM) to H. 
convergens stimulated ovarian development in females and a significant increase in 
long-duration flight behavior in both sexes (Fig 5). Topical application of precocene 
II to H. convergens inhibited flight activity and oogenesis for about 10 days; JHM 
(altosid) treatment to precocene treated beetles significantly increased their migratory 
behavior over that of precocene-treated or acetone-treated controls and also stimulated 
oogenesis (Fig 6). These results indicate that JH stimulates migratory flight behavior 
in this species along with reproductive development. It is likely that the hormone 
serves to coordinate migration with reproduction in the young adult. Higher doses of 
JHM (10 ..-,glanimal) seemed to have a dual effect in females, increasing flight, but 
stimulating ovarian development so rapidly that long-duration flight behavior is 
inhibited within a few days. The sharp decline in flight on day 8 among females 
given 10 ..-,g JHM may have been due to such an ovarian-based inhibitory effect (Fig 
5; Rankin and Rankin 1980a). 
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Effects of I 0 J.Lg applications of precocene ll and JHM on weight of the entire fixed reproductive tract 

of female H. convergens. Closed circles indicate JHM-treated animals; open circles, acetone-treated 
controls; open triangles, precocene-treated animals; the solid triangle connected to the precocene treatment 
group indicates precocene-treated animals given JHM repacement therapy on day 4 . Bars, SEM. (From 
Rankin and Rankin 1980a). 

In one group of females collected shortly after their arrival at the hibemacula 
and treated immediately and repeatedly with JHM, the flight response to JH treatment 
was sustained and did not involve cessation of flight after several days (Fig 5c), nor 
was there substantial ovarian development (Table 1; Rankin and Rankin 1980a). In 
contrast, all other animals used had been stored at low temperatures in diapause for 
several months prior to testing, and the two groups were significantly different in their 
flight activities (p < 0. 001 , Mann-Whitney U). We have found that among animals 
collected from aggregation sites in Texas, flight activity is very low when beetles are 
newly arrived at the aggregation sites. There seems to be a gradual increase of the 
migratory response during diapause. The increase in responsiveness to migratory 
stimuli may be due to a gradual rise in JH titers or a change in sensitivity to the 
hormone similar to that observed in diapausing monarch butterflies (Herman 1981). 
The relatively moderate increase in ovarian weight among newly aggregated females in 
response to high and repeated applications of JHM (Table 1) tends to support this 
suggestion. 
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FigureS 
Effect of JHM on fligbl behavior of H. con~. 

a. females (open squares, solid line = acetone-trealed, n = 15; triangles, broken line = 5 J.Lg JHM day 2, 
D = 15; diamonds, solid line = 10 JLg JHM day 2, D = 15) 
b. males (open squares = acetone-trealed, n = 30; solid triangles = 10 JLg JHM on day 2, n = 30). 
c. females collected in June from the hibemacula, given repeated applications of JHM (open 
squares = acetone treaiCd days 2,4,6, and 8, n = 30; solid triangles = 10 JLg JHM oo days 2,4,6 and 8, 
n = 30). (From Rankin and Rankin 1980a) 

The increased flight behavior of JHM-treated males occurred without a 
subsequent depression in flight activity (Fig 5b), suggesting that in the absence of 
ovaries, flight stimulation by JH may be more prolonged (Rankin and Rankin 1980a). 
This is similar to the effect of JH in male and ovariectomized female Oncopeltus 
fasciatus (Rankin 1974). As with 0. fasdatus, precocene treatment inhibited both 
oogenesis and flight behavior in H. conrergens, and JH replacement therapy restored 
both (Fig 6). Like Oncopeltus fasciotus, there is clearly a coordinated stimulation of 
both long flight behavior and reproductive development in this species. This, in 
combination with the "relaxation" of the oogenesis flight syndrome in short 
photoperiods suggests that selection has acted to maximize both flight and 
reproduction in the migrant colonizer and has done so through the neuroendocrine 
system. 

ECDYSONE 

Another hormone that has been implicated in the control of migratory behavior 
in locusts is ecdysone. Implanting active prothoracic glands seems to depress 
locomotor activity, both marching in nymphs (Carlisle and Ellis 1963) and tethered 
flight in adults (Michel 1972), suggesting that ecdysone may inhibit migratory 
behavior. However, in the latter experiments the differences were not striking and no 
sham implants of other tissues were done. Since such a decrease in activity could be 
caused by many factors including injury, these results are somewhat inconclusive. 
Evidence of a direct effect of ecdysone on the nervous system was reported by Haskell 
and Moorehouse ( 1963), however, who found that hemolymph with presumed high 

ecdysone activity caused a marked increase in ventral ganglion interneuron firing and a 
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Table 1 
Effects of JHM treatment on the mean weight of tlie 
reproductive tract in H. convergens (from Rankin and 
Rankin I980). 

Treatment Weight of tract 
mg ± SD 

Tested in March 
Treated on day 2 only 
I 0 tJ.g JHM/female 2.40 ± O.I8 
I acetone/female 0.82 ± 0.09 

Tested in July 
Treated on days 2,4,6 & 8 
10 tJ.g JHM!female 1.25 ± 0.24 
1 acetone/female 0.65 ± 0.01 

marked decrease in motor output to the extensor tibialis muscle of the locust 
metathoracic leg. This would have had the overall effect in the intact animal of 
decreasing locomotor activity-a very commonly observed correlate of onset of 
ecdysis in arthropods generally. Since ecdysone has been shown to be present in the 
adult form of many insect species and associated in one or more ways with 
reproduction (See Downer and Laufer 1985 for extensive reviews), it is not 
inconceivable that ecdysone could be involved in the inhibition of flight by the mature 
ovaries. Such· an effect of ecdysteroids in adult insects has never been demonstrated, 
however. Indeed, in Oncopeltus fasciatus, injections of from O.OI tJ.g to 5 J.tg 
ecdysone or up to 20 tJ.g 20-hydroxyecdysone had no effect on flight behavior of 
either sex (Rankin, unpublished results) . This possibility should, however, be re
examined in acridids. 

ADIPOKINETIC HORMONES 

Besides juvenile hormone and ecdysone, two other neuroendocrine factors have 
been reported to directly or indirectly influence flight behavior in insects: (I) the 
adipokinetic hormone first described in locusts and (2) most recently, the indole amine 
octopamine. The Effect of the Locust Adipokinetic Hormone is probably not directly 
on flight behavior per se but rather on flight metabolism, although the presence of the 
corpora cardiaca (CC) is said to be necessary for long-duration flight in locusts 
(Goldsworthy, Johnson and Mordue I972). AKH controls lipid mobilization from the 
fat body, formation of the primary lipid transport protein in the hemolymph and 
probably uptake and utilization of lipid by the flight muscle. It is produced in the 
corpus cardiacum (CC) and its release is under control of the NCCI and II, probably 
via octopaminergic synapses (Goldsworthy I985). Removal of the CC decreases flight 
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performance (speed on a round-about) of locusts (Goldsworthy et al. 1972). 
In locusts the primary fuel for long-duration flight is lipid, specifically 

diacylglycerols. Carbohydrate is metabolized in short flights and the initial stages of 
long flight, but long, presumed migratory flight involves a switch to lipid fuel (Mayer 
and Candy 1969a; Jutsum and Goldsworthy 1976; Houben 1976; Van der Horst, 
Baljet, Beenakkers and Van Handel 1978; Vander Horst, Van Doom and Beenakkers 
1978) that appears to be controlled by AKH (Mayer and Candy 1969b, Beenakkers 
1969) and possibly octopamine (Orchard and Loughton 1981). 

Goldsworthy (1985) points out that to compensate for the rather long diffusion 
distances and low pressure inherent in the insect open circulatory system, a steep 
concentration gradient of flight fuel between the hemolymph and flight muscles is 
necessary. High hemolymph concentrations of diacylglycerols, which are virtually 
insoluble in aqueous solutions, is achieved by the formation of lipoprotein complexes 
in the hemolymph. AKH is involved in release of diacylglycerols from the 
hemolymph, formation of a specific lipid transport protein, and possibly in promoting 
lipid metabolism in the flight muscle. 

AKH is released shortly after flight begins; a flight of only 2 min is sufficient to 
elevate hemolymph levels of the hormone and diacylglycerol (Jutsum and Goldsworthy 
1977). The NCCII carries axons that synapse in the glandular lobe of the CC and 
have cell bodies in the protocerebrum (Rademakers 1977 a, b). Although only the 
NCCII has been shown to stimulate AKH release in vitro, both the NCCI and II must 
be cut in order to prevent release (Goldsworthy, Johnson and Mordue 1972). 
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AKH is a blocked decapeptide, one of a family of structurally related 
compounds that have been isolated from the CC of other insects and from some 
crustaceans. AKH activity has been reported in the beetle Tenebrio molitor 
(Goldsworthy, Mordue and Guthkelch 1972), the monarch butterfly Danaus plexippus 
(Dallmann and Herman 1978, see also Herman, this volume) and the tobacco 
homworm moth Manduca sexta (Beenakkers, Van der Horst and Van Marrewijk 
1978). Extracts of Periplaneta CC cause AKH effects in locusts but they decrease 
hemolymph lipid in the roach itself (as does locust AKH) (Downer 1972, Downer and 
Steele 1975). Carausius morosus CC extracts have no effect on lipid or carbohydrate 
levels in that insect but have AKH effects in locusts and a hypolipemic effect in 
roaches (Gade 1979). Thus a small family of similar peptides seem to elicit a variety 
of effects in different insects. A second lipid mobilizing peptide, sometimes called 
compound II (CII) or AKHII has been found in the glandular lobes of Schistocerca 
(Carlsen, Herman, Christensen and Josefsson 1979) and Locusta (Giide 1981) CC. 
Cll is a blocked octapeptide that seems to have an action on flight fuel metabolism 
similar to AKH. 

Exogenous dibutyryl cyclic AMP mimics AKH action in vivo (Giide and 
Holwerda 1976) and in vitro (Spencer and Candy 1976); levels of cyclic AMP increase 
in fat body after AKH injection (Spencer and Candy 1976, Giide and Beenakkers 
1977) and during flight, and this effect appears to be calcium dependent (Spencer and 
Candy 1976). However, direct demonstration of an effect of AKH in activating 
triacylglycerol lipase has not been done. 

In a resting locust the primary lipid transport protein is complexed with a 
carotenoid and has been called A yellow. During flight or starvation, a new 
lipoprotein complex, A+, appears in the hemolymph. Injection of AKH results, after 
a delay of 10-15 min, in the formation of A+ from diacylglycerol from the fat body 
and non-lipid-carrying proteins already present in the hemolymph (Mwangi and 
Goldsworthy 1976, 1977). Mwangi and Goldsworthy (1977) suggest that the action of 
AKH in A+ formation is indirect via lipid loading of A yellow. However, Van der 
Horst, Van Doom and Beenakkers (1979) prefer the view that AKH plays a primary 
role in causing the hemolymph proteins to associate to form A+. This question has 
not been resolved. 

AKH can apparently directly affect the flight muscles, favoring lipid metabolism 
over that of carbohydrate. The exact mechanism and site of action for AKH on flight 
muscle is not known. In Locusta, injections of CC extract even in high doses do not 
have any effect on levels of either cAMP (Gade and Holwerda 1976) or cGMP (Worm 
1980) in flight muscles. Nor do these nucleotides increase during flight. However, 
uptake of diacylglycerol by working flight muscle can be stimulated by CC extracts. 
Robinson and Goldsworthy ( 1977) suggest that hormone extracts stimulate entry of 
diacylglycero1s indirectly by increasing the flux of fatty acids into mitochondria. 

AKH also appears to inhibit protein synthesis in vivo and in vitro (Carlisle and 
Loughton 1979). This effect is not restricted to specific proteins such as vitellogenins 
but rather is a general effect. 
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The Effect of JH and AKH on Migratory Behavior of DaJUJus plexippus 

Populations of monarch butterflies in North America undergo dramatic 
migrations to overwintering areas each fall. These butterflies travel from Canada and 
northern United States to overwintering sites in southern California, Florida and 

Mexico and migrate back again to the north the following spring. In the fall, 
decreasing day lengths and lower temperatures appear to affect the neuroendocrine 

system in such a way that the activity of the CA and possibly the brain neurosecretory 
cells is altered (Herman 1973, Barker and Herman 1976, Herman this volume). It is 
clear that monarchs of the fall generation are physiologically and behaviorally different 
from those of the summer generations. Herman (1973, this volume) has shown that 

winter animals from the California populations are reproductively inactive owing at 

least in part to inactive CA. Juvenile hormone titer determinations done on field
collected animals (Lessman and Herman 1983) indicate a decrease in JH titers 
associated with the southward flight of the monarch and an increase associated with 
northward journeys. If lower titers of JH stimulate migratory flight while higher titers 
or longer exposure to the hormone are necessary for ovarian development, it is 
possible that changing titers of JH during the migratory and reproductive periods 
govern which activity will predominate as is the case with Oncopeltus fasciatus. 

Dallmann and Herman ( 1978) found evidence of an adipokinetic hormone in 
monarch CC extracts which appears to elevate hemolymph diacylglycerols during 
flight and may act in much the same way the locust AKH does. Rankin, McAnelly 
and Bodenhamer examined flight behavior in D. plexippus to determine ( 1) whether 
an oogenesis flight syndrome exists in this species, (2) the effect of retrocerebral gland 
removal and JH replacement therapy on flight, and (3) the effect of AKH and JH on 

flight behavior of intact animals. 
In the first experiment, animals were lab-reared under 16L:8D photoperiod as 

caterpillars and switched to I2°C, 11.5:12.5 L:D as adults; in a second experiment 
animals were field collected as spring migrants. Flight activity decreased with ovarian 
development in both groups. The decrease was much more striking in lab-reared 
animals (Fig 7 A) than in spring migrants (Fig 7B)(Rankin et al., in press). Possibly 
spring migrants, which are emerging from the winter diapause, tolerate more ovarian 
development as an adaptation for rapid exploitation of the northern breeding grounds. 

In contrast, in males, greater reproductive development is correlated with 
increased flight activity (Fig 7C). Since reproductive tract development in males is 
stimulated by JH, this correlation, along with the results outlined below, may indicate 
that longer exposure or higher titers of JH result in both enhanced flight activity and 

development of the reproductive tract. 
The influence of juvenile hormone (JH) and adipokinetic hormone (AKH) 

treatment on flight of intact animals was examined using animals that were either 
field-collected during their migration or collected from diapause aggregation sites in 
Mexico. In the frrst experiment, animals were collected as migrants in late October, 
1982, held at IO-I2°C, 11.5:12.5 L:D for about I month. All butterflies were flight 
tested once before treatment to determine flight proclivity and then divided into 4 
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Oogenesis flight syndrome in monarch buuaflies a. Percent of a laiHan:d population making a 

continuous flight longer than 20 min with respect to ovarian development as measun:d by number of mature 

(cboriooared) eggs in the reproductive tract. 
b. Percent of a population of field-collected spring migrants making at least one continuous flight during a 
single flight test, with respect to ovarian development as measured by number of cborionated eggs in tbe 
reproductive tract. 
c. Percent of field-collected and lab-reared males making 20 min flights, with respect to testis development. 
(From Rankin et al.' in press.) 

groups, each of which received an equal number of fliers and non-fliers as determined 
by the initial flight test. Five to seven days after the initial flight test, animals 
received hormone or carrier injections and were flight tested. A second tteatment and 
flight test were given two days later. 

Animals in a second experiment were collected in late January from Mexican 
aggregation sites, returned to Austin by airplane and maintained for two weeks as 
above. The treatment-flight test protocol was the same as in Experiment 1, as were 
the results; data for the two experiments were pooled and are shown in Figure 8. 

AKH alone had a significant stimulatory effect on flight in both post-treatment 
flight tests while JH injections caused a significant increase in flight behavior but only 
in the second flight test of each experiment (Fig 8). It seems that the effect of AKH 
on flight behavior is immediate, whiJe the JH effect requires some time (at least more 
than 2 hours) to develop. Both hormone tteatments stimulate flight activity to an 
apparently equal degree and their effects were not additive (Rankin et al. in press). 
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Figure 8 
Effect of AKH and JH on flight behavior of intact Danaus plexippus tested on a stationary swivel 

tether (from Rankin et al .• in press) (n = 50, acetone; 54, AKH; 55, AKH+JH; 54, JH). 

In order to investigate the effect of JH on flight behavior, monarchs were 
allatectomized and given JH replacement therapy, and flight behavior was monitored. 
Animals were maintained at IO-l2°C in short day photoperiods and were flight tested 
7 days after surgery and every three days thereafter. Hormone or carrier treatments 
began on day 19 and continued at 3 day intervals until the termination of the 
experiment. The CC-CA-X group was divided into three groups on day 19, one of 
which received 20 J.Lg JH I in hexane, the second 0.5 J.Ll of hexane, and the third 
remained untreated. 

Allatectomy was seen to significantly decrease and JH replacement therapy to 
restore flight activity in these populations (Fig 9). Animals were dissected at the 
termination of the experiment and examined for amount of reproductive tract 
development and for possible regeneration of the retrocerebral complex. No evidence 
of regeneration was observed. Number of mature eggs in sham-operated animals 
ranged from 0-118 with a mean of 23.6, and ranged in unoperated controls from 
0-75 with a mean of 34.6. None of the allatectomized, untreated animals had mature 
oocytes, while 2 of the 6 hexane-treated females did, with a mean of 3.5 eggs. 
Allatectomized, JH -treated animals had from 3-59 mature eggs with a mean of 21.3. 
Why hexane treatment stimulated oogenesis (and flight) to a slight degree is not clear. 
Many precautions were taken against solvent contamination, but the data suggest that 
we may have had some JH contamination of the hexane. Alternatively, hexane may 
act as a weak JH mimic in this species (Rankin et al. (in press). 
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Figure 9 
Effect of Allatectomy and JH replacement therapy on flight in Danaus plexippus. JH was applied in 

0.5 JL\ of acetone or hexane to CC-CA-ectomized animals on day 19 and every three days thereafter prior to 
flight-testing. Animals were flight tested for 1 hour at three day or 1 week intervals in front of a low speed 
fan, with or without a spotlight for added heat. During the 1 hour test, animals were monitored at 2 minute 
intervals; notation was made as to whether the animal was flapping its wings. quivering the wings, or 
stopped. Minutes of continuous flight and % flying longer than 20 min were noted. (n = 14, CA-CCX + 
hexane or nothing, black bars; n = 21, sham-operated; n = 23 unoperated controls-graphed together as 
diagonally striped bar; n = 15 CA-CCX + JH, shaded bar) (from Rankin et al. in press). 

These experiments suggest that the monarch butterfly. like Oncopeltus 
fasciatus, increases flight activity in direct response to JH. We should add, however, 
that because of difficulties in identifying migratory as opposed to trivial flight in a 
tethered flight assay with these butterflies, these results must be considered 
preliminary. Further, because of the length of time animals were held in the cold, all 
experiments were done on the equivalent of diapausing winter or early spring animals, 
i.e., all had experienced short day length as young adults and a prolonged period at 
10-l2°C before flight testing. The question of JH stimulation of the southward flight 
when JH titers are low or decreasing and the ovaries are undeveloped has not been 
addressed by these experiments. Other factors such as AKH may be involved in flight 
stimulation, at least in the fall, and JH may simply add to that effect during the spring 
migration. 
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OC'TOPAMINE 

The biogenic amine, octopamine, is the substance most recently implicated in 
the neuroendocrine control of flight behavior. It seems to play a pivotal role in at 
least some species in stimulating the neuromuscular flight motor. It also seems to be 
involved in flight fuel metabolism directly and possibly indirectly as well through 
stimulating release of AKH. 

In Schistocerca, octopamine titers rise dramatically during the fmt 10 min of 
flight and then decline rapidly (Goosey and Candy 1980). Sites of release may be 
nerves emanating from the thoracic ganglia (Goosey and Candy 1982). Octopamine 
may affect both flight muscles and fat body. In Locusta fat body in vitro, octopamine 

stimulates production of cAMP which suggests that the biogenic amine may facilitate 
rapid mobilization of diacylglycerol or other fuel during the first minutes of flight. 
Octopamine also stimulates the oxidation of glucose and diacylglycerol in working 
flight muscle, though its effect on glucose is more pronounced (Candy 1978). 
Octopamine may be involved in early metabolism of carbohydrate and the switch from 
carbohydrate to lipid in later stages of flight. 

Octopamine has also been shown to elicit flight behavior in vivo and activity of 
the flight motor in vitro. Injections of octopamine or its agonist chlordimeform, into 
the hemolymph of adult Manduca serta elicited bouts of wing flapping in a dose

related fashion and increased the sensitivity of moths to mechanical stimulation 
(Kinnamon, Klaassen, Kammer and Claassen 1985). Comparable results were 
obtained when pharate adults were similarly injected. Treatment with chlordimeform 
or octopamine on day 15 of the 19 day pupal period resulted in almost continuous 
production of the flight motor pattern until a few hours before eclosion. The response 
was dose and age dependent (Kinnamon et al 1985). 

When these compounds were superfused over or injected directly into the 
mesothoracic ganglion, similar enhancement of flight motor activity and increased 
sensitivity to mechanical stimuli were observed. 

Octopamine also appears to enhance neuromuscular transmission and the rate of 
contraction in developing M. sexta flight muscle (Klaassen and Kammer 1985). 

In contrast to the observations of Kinnamon et al. (1985), injection of 
octopamine or other related compounds into other insects has generally shown no 
effect on flight beluJvior. For example, injection of various doses of octopamine into 
Oncopeltus fascilltus did not affect flight behavior either immediately or after 2 days 
(Rankin, unpublished results). Similarly, injection of octopamine into the hemolymph 
of locusts did not elicit flight or any other behavior (Sombati and Hoyle 1985). 
However, when physiological doses of octopamine were iontophoresed into specific 
regions of the metathoracic ganglion, bouts of rhythmic stepping behavior or flight 
behavior were elicited, depending on the location of the electrode. The flight motor 
output was always bilateral and proportional to the amount of amine delivered to the 
preparation. Interestingly, octopamine iontophoresed into the terminal abdominal 
ganglion inhibited digging or oviposition motor patterns from that ganglion (Sombati 
and Hoyle 1985). 
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DISCUSSION 

In at least three species of highly migratory insects, JH has been shown to 
stimulate both flight and oogenesis. This apparently dual action of the hormone is by 
no means universal; as noted above, in some insects, JH can cause flight muscle 
histolysis or have no obvious effect on flight behavior (Rankin, unpublished). H JH 
evolved originally as a hormone controlling metamorphosis, its effect on reproductive 
development in the adult probably evolved secondarily. Tertiary effects of the 
hormone such as control of caste determination, aggressive behavior or flight behavior 
seem to have evolved separately in many insect groups. JH control of migratory 
behavior may have developed as a response to selection associated with a colonizing 
life style in which, ideally, both flight and reproductive parameters would be 
maximized. The stimulation of both flight and oogenesis by the same hormone would 
be an efficient mechanism for production of a migrant in which at least early 
reproductive output would be maximized in the newly colonized habitat. The 
argument gets more complex, however, when a period of diapause, involving low JH 
and cessation of oogenesis is involved. In this case one must propose that either ( l) a 
second factor is necessary for oogenesis, and in its absence JH only stimulates flight 
(this may well be the situation for H. convergens) and/or (2) that higher titers of (or 
perhaps different periods of exposure to) the hormone are necessary to stimulate 
reproduction than are necessary to induce migratory flight. This may be the case for 
Oncopeltus fasciatus in, for example, its response to starvation. (3) A third 
possibility is that migratory behavior can be stimulated by another hormone, such as 
AKH, as well as by JH, as may perhaps be true for the monarch butterfly in its 
southward flight. However, more precise information regarding effects of endocrine 
manipulation on clearly identified migratory behavior in the monarch is necessary 
before the actual role of JH in long distance movement in this species can be precisely 
determined. 

Octopamine may be a key element in the neuroendocrine control of flight 
behavior and metabolism, at least in locusts. It appears to simultaneously act as (1) a 
neurotransmitter or neural modulator stimulating the flight motor, (2) as a 
neurohormone eliciting flight fuel release and metabolism and (3) perhaps as a 
neurotransmitter stimulating AKH release. A fruitful area for future research in this 
area would seem to be to investigate the interaction of octopamine and JH in 
controlling flight behavior and reproduction in those species in which JH seems to 
play a role in both. 
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