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Beginning with the papers of Lande and
Arnold (1983) and Arnold and Wade
(1984a, 1984b), there has been an explosion
of interest in using statistical methods to
measure natural selection in the field. Re
cent issues of Evolution contain numerous
papers using these approaches (e.g., Camp
bell, 1989; Schemske and Horvitz, 1989;
Rauscher and Simms, 1989; Scheiner, 1989;
Jayne and Bennett, 1990; Smith, 1990; Weis
and Gorman, 1990), and papers debate the
relative merits of various statistical tech
niques (Arnold, 1986; Koening and Albano,
1987; Downhower et al., 1987; Hubbell and
Johnson, 1987; Mitchell-Olds and Shaw,
1987; Schluter, 1988; Crespi and Bookstein,
1989; Wade and Kalisz, 1989). Although
these statistical approaches are powerful
tools for measuring selection, they have lim
itations which must be kept in mind. Be
cause they deal with correlations of relative
fitness with phenotypic traits, it is often dif
ficult to determine what factor is actually
causing the changes in phenotypic distri
butions (Wade and Kalisz, 1990). A corol-
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Abstract. - In this study, I examine the effects of natural and experimentally induced variation in
life cycle timing on offspring fitness in Arphia sulphurea and Chortophaga viridifasciata, to un
derstand the selective pressures shaping phenology in these two species of nymph-overwintering
grasshoppers. Because these species lack embryonic diapause, hatching varies over a two month
range under natural conditions. I used a cold treatment to delay hatching of some egg pods and
extend the natural range of hatching dates. Due to the shorter time for growth and poorer growing
conditions late in the fall, late-hatching nymphs of both species grew to a smaller size before winter
and suffered higher overwinter mortality, compared to early nymphs. In addition, late nymphs
that did survive the winter became reproductive later in the following year's breeding season. Size
dependent mortality of offspring during the winter is a strong selective pressure favoring early
reproduction in these species. Female adult life history traits appear responsive to the seasonal
declines in offspring fitness, in that late-maturing females began reproducing sooner after adult
maturation and reproduced at a more rapid rate, even at the expense of having shorter adult
longevity and producing fewer total egg pods. Experimental manipulations were crucial in under
standing the fitness consequences of intrapopulation variation in the timing of specific life-cycle
events for these species.
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lary of this is that the measured selection
gradient may actually be due to selection
operating on other correlated phenotypic
traits, which may not have been measured
in the analysis. Second, the range of phe
notypic variation may be insufficient to de
termine the shape of the fitness function
(Schluter, 1988). Experimental manipula
tion of phenotypic distributions provides a
complimentary approach to investigating
selection that alleviates some of these lim
itations. Recent papers using experiments
to measure selection in the field include
Mallet and Barton (1989) and Sinervo
(1990).

Selection on life cycle timing illustrates
these points. The timing ofspecific life cycle
events is an important source ofadaptation
to seasonal variation in resource abundance
and in the favorability of the abiotic and
biotic environment (Taylor, 1980a, 1980b;
Roff, 1983; Tauber et al., 1986; Taylor and
Karban, 1986) and can constrain life-his
tory evolution (Giesel, 1976; Boyce, 1979;
Hastings, 1984). Offspring survival and/or
subsequent reproduction in numerous or
ganisms varies with date ofhatching or ger-
mination (e.g., Feeny, 1970; Baskin and
Baskin, 1972; Dixon, 1976; Cook, 1980;
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Marks and Prince, 1981; Lacey, 1982;
Ohgushi, 1986; Kalisz, 1986). These studies
have observed either stabilizing selection or
selection for early hatching/germination.
However, offspring quality can vary sea
sonally (e.g., Wellington, 1965; Pickford,
1976; Harvey, 1977; Cavers and Steel, 1984;
Forrest, 1986). It is not clear, therefore,
whether observed seasonal changes in off
spring fitness are due to the timing ofemer
gence or correlated seasonal changes in off
spring quality. In addition, the shape of the
fitness function will depend on the amount
of available variation in hatching date. If
stabilizing selection on hatching time has
been strong (a likely situation), then there
may be insufficient variation in hatching
time to observe an effect on offspring fitness.
Manipulation of hatching time can increase
the range of variation available, and un
couple any seasonal correlations between
hatching time and offspring quality. In this
paper I use experimental manipulations of
life cycle timing in two species ofgrasshop
pers, Arphia sulphurea (Fabricus) and Chor
tophaga viridifasciata (DeGeer) (Orthop
tera: Acrididae), to investigate how offspring
fitness varies with hatching date, and
whether females show any life history re
sponse to such seasonal changes in offspring
fitness.

A. sulphurea and C. viridifasciata have
interesting life cycles for the study of phe
nological adaptations to seasonal environ
ments. Unlike the majority of Nearctic
grasshoppers, which overwinter as eggs
(Otte, 1981, 1984), A. sulphurea and C. viri
difasciata pass the winter as late instar
nymphs, frozen beneath leaflitter (Cantrall,
1943; Alexander, 1967). In egg-overwinter
ing grasshoppers, eggs hatch during the
spring, nymphs develop during the spring
and summer and adults are active through
late summer and fall. In contrast, for A. sul
ph urea, C. viridifasciata and other nymph
overwintering grasshoppers, warming spring
temperatures thaw the overwintering
nymphs, which then undergo one or two
molts to become adults. Adults are present
early in the season and reproduce from late
spring into the summer. Eggshatch the same
summer they are laid and nymphs undergo
three to four molts before the onset of win
ter.

MATERIALS AND METHODS

A. sulphurea and C. viridifasciata used in
this study were from populations located at
the Edwin S. George Reserve, an enclosed
natural area in southeastern Michigan. In
order to follow the development and repro
duction ofknown individuals, grasshoppers
were collected from the field in spring, 1984,
and they and their progeny were maintained
in small field cages, exposed to ambient
temperature, sunlight and photoperiod
(Landa, 1989). The field cages were set up
at the University of Michigan's Matthaei
Botanical Gardens, in Ann Arbor, Michi
gan.

In addition to observing natural variation
in oviposition, hatching, survival and re
production, two experimental manipula
tions of life cycle timing were done. First,
the hatching of some egg pods was delayed
by refrigeration. This not only extended the
natural range in variation for hatching, but
also allowed separation offitness effects due
to date of hatching from potential effects
resulting from the seasonal increases in off
spring size displayed by these species (Lan
da, 1989). Second, a subset ofoverwintering
nymphs was brought into a heated green
house in late winter, to assess survival. I
examined adult life-history traits of these
individuals to see how they were affected
by the early initiation of spring growth. In
addition, egg pods from these early adults
were used to extend the analysis of the re
lationship between oviposition date and date
of hatching, and to examine phenotypic
plasticity for offspring size (Landa, 1989),
but offspring from these pods were not mon
itored during the following year to deter
mine fitness consequences ofearly hatching.

Oviposition Phenologies and Hatching

To determine the distribution of ovipo
sition dates exhibited under natural con
ditions by A. sulphurea and C. viridifasciata,
random samples of individuals were col
lected from field populations of these two
species between May 12 to May 22, 1984,
and maintained in an outdoor screenhouse.
As females matured, they were paired with
males in individual oviposition cages. Ap
proximately every three days, each adult fe
male was transferred to a new oviposition
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cage and the sand of the old cage was sifted
to check for the presence of egg pods. The
midpoint of the time interval between cage
changes was taken as the date ofoviposition
for any egg pods (usually only one or none)
that were found in a cage. Analysis ofvari
ance was used to test for differences in ovi
position phenologies between the two spe
cies.

Control, delayed, and early egg pods were
followed to determine seasonal changes in
the relationship between oviposition date
and hatching phenology. Control and early
egg pods were incubated in small window
screen enclosures under screenhouse con
ditions (Landa, 1989), immediately after
their collection from the oviposition cages.
Delayed egg pods had their development
suspended by keeping them in a 4°C cold
room for four weeks, prior to their incu
bation under screenhouse conditions. Ovi
position dates for delayed egg pods were
adjusted by adding 28 days to the recorded
oviposition date. Egg pod cages were ob
served at least daily to check for hatching.
Embryonic development time for a pod was
calculated as the difference between hatch
ing date and oviposition date. Mean tem
perature experienced between oviposition
and hatching was calculated separately for
each egg pod, using daily high/low temper
ature records.

Because the relationship between ovipo
sition date and hatching date was curvilin
ear, I used the GLM procedure of SAS to
fit second-order polynomial regressions to
the data, and then used Type I sums of
squares (SAS, 1985) to test whether egg pod
treatment explained any additional vari
ance in hatching date. As there were no dif
ferences in development time or hatching
phenology between control egg pods from
1984 and 1985, these pods were lumped
together in the analyses. To test whether the
refridgeration treatment had any effects on
embryonic development, I used analysis of
covariance to compare the number of
hatchlings and mean hatchling dry weight
between delayed and control egg pods from
1984, with oviposition date as the covari
ate.

Fall Growth and Overwinter Survival
The mean weight of nymphs from each

hatched pod was recorded every four to five
days, until early November. At that time
nymphs were placed into overwintering cag
es, which provided ground cover for the
quiescent nymphs and which were exposed
to ambient temperatures and snowfall (Lan
da, 1989). Surviving nymphs were recov
ered the following spring, weighed and
maintained in field cages until they molted
to adults. Thirty randomly selected over
wintering cages were brought into a green
house in mid-February, 1985, and surviv
ing nymphs recovered and weighed. These
nymphs were maintained in the greenhouse
until they molted, at which time they were
placed outside in oviposition cages.

Nymphal weight at the time ofplacement
into the overwintering cages was plotted
against date of hatching for control and de
layed nymphs of each species. Analysis of
covariance, with hatching date as covariate,
was used to test whether egg pod treatment
had any effect on prewinter weight, and
whether individuals of the two species dif
fered in prewinter weight, for a given hatch
ing date. Only control and delayed nymphs
that overlapped in hatching dates were used
in the analysis of treatment effects. As A.
sulphurea and C. viridifasciata had similar
ranges of hatching dates, all the data were
used in the analysis of species differences.

To display seasonal changes in growth,
cohorts ofnymphs were combined into five
groups for A. sulphurea and four groups for
C. viridifasciata, based on date ofhatching.
Means and standard deviations for weight
were calculated over 15 day intervals for
each group and plotted against age to show
each group's growth trajectory. Because in
sect growth is highly temperature depen
dent, weight data were also analyzed as a
function of the number of degree-days ac
cumulated. A baseline of 15°C was chosen
for degree-day calculations. This baseline is
similar to values used in other grasshopper
studies (Hilbert and Logan, 1983; Whit
man, 1986; Dingle et al., 1990) and resulted
in near linear relationships between weight
and accumulated degree-days.

Overwinter survival was analyzed in
terms ofnymphal prewinterweight. Nymphs
were divided into weight classes of 0-20,
20-40,40-80,80-120, and greater than 120
mg, and the number of surviving and dead



FIG. 1. Oviposition phenologies for A. sulphurea
and C. viridifasciata under natural conditions. Ovi
position dates were grouped into five day intervals.
Tick marks on the x axis indicate the first day of each
month. Mean oviposition date for A. sulphurea was
June 19, with a standard deviation of 12.5 days and
skewness of +0.68. Corresponding values for C. viri
difasciata were June 15, 10.8 days and +0.33.

Adult Life History Traits
During spring, 1985, field cages were

checked daily for newly molted adults. Adult
molting date was recorded for all individ
uals and pronotum length, which is highly
correlated with weight (Dean, 1982), was
measured as an index of adult body size.

nymphs tallied for each weight class. Chi
square analyses were done for each species
to test the effect of prewinter size on sur
vival. Cochran-Mantel-Haenszel (CMH)
statistics were used to test for differences in
survival between control and delayed
nymphs and for differences between species,
after adjusting for the effects of size on sur
vival (SAS, 1985). CMH statistics were also
used to compare survival ofnymphs at mid
winter with survival through to spring.
Postwinter weight was regressed against
prewinter weight to examine changes in body
size ofsurviving nymphs during the winter.

KEITH LANDA

REsULTS

Oviposition Phenologies and Hatching

Adults were set up in oviposition cages and
data were collected for each female on the
date ofoviposition ofall eggpods produced,
total number ofegg pods produced and date
of death. Two measures of female repro
ductive activity were analyzed: the duration
of the teneral period between adult molting
and the production of the first egg pod, and
the mean number of days between succes
sive egg pods. Nymphal hatching rate from
the 1985 pods was highly variable due to a
fungal infection in the egg pod cages, and
so data on total number of offspring were
not analyzed. Adult longevity was calculat
ed as the difference between date of death
and molting date.

I examined the effects of hatching date
and spring treatment (early initiation of
growth versus controls) on the timing of
adult maturation and adult body size. Fe
male reproduction and survival were ana
lyzed with respect to both spring treatment
and molting date, to determine whether ear
ly and late females differed in their life his
tory characteristics. For simplicity, data on
female reproduction and survival are pre
sented as comparisons between early and
control groups, but similar trends were seen
within groups as a function ofmolting date.
So few of the individuals for which adult
life history traits were measured came from
delayed hatching treatment, and delayed
nymphs differed so little from controls in
their juvenile growth and survival, that this
factor was not included in any of the anal
yses of adult life history traits.

Although oviposition phenologies were
broadly similar for the two species (Fig. 1),
C. viridifasciata females reproduced signif
icantly earlier than A. sulphurea females
(ANOVA, F1 408 = 6.49, P = 0.011). Ovi
position began in late May and rose to peak
levels during the first half of June. The dis
tribution ofoviposition dates was positively
skewed for both species, reflecting early
peaks ofoviposition. Oviposition by C. viri
difasciata peaked 10 days earlier than for
A. sulphurea, and terminated 15 days ear
lier. Ranges of oviposition dates under
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FIG. 2. Hatching phenologies for A. sulphurea and

C. viridifasciata. Major tick marks on the axes corre
spond to the first day of each month. Solid squares
represent control egg pods from 1984 and 1985, open
squares are delayed egg pods from 1984 and open tri
angles represent egg pods from early females in 1985.

screenhouse conditions correspond with
field phenologies for adults of these species
(Cantrall, 1943; Gangwere et aI., 1976).

Hatching date was highly correlated with
oviposition date for both species (Fig. 2),
while egg pod treatment had little or no ef
fect. Oviposition date explained 96.2% of
the variance in hatching date for A. sulphu
rea (FZ,163 = 2,176.7, P = 0.000 1)and 96.6%
for C. viridifasciata (FZ,151 = 2,153.3, P =
0.0001). Treatment only explained 0.2% of
the hatching date variance for A. sulphurea
(FZ 163 = 3.94, P = 0.02) and none of the
residual variance for C. viridifasciata. C. vi
ridifasciata egg pods hatched earlier, for a
given oviposition date, than those for A.
sulphurea (F1,3Z0 = 106.26, P = 0.0001).

The nonlinear relationship between ovi
position and hatching date resulted from
seasonal changes in embryonic develop
ment time. Pods laid in June and July took
41.5 ± 3.4 days to develop for A. sulphurea
and 37.7 ± 3.6 days for C. viridifasciata.
Both earlier and later pods had longer em
bryonic development times. The longer de-

Oviposition date
FIG. 3. Number of nymphs per pod, as a function

of oviposition date and treatment, for 1984 egg pods.
Major tick marks on the x axis correspond to the first
day ofeach month. Data for control eggpods are given
by the open squares, while delayed egg pods are rep
resented by the solid diamonds.

velopment times seen for embryos of early
and late pods, compared with midseason
pods, were associated with cooler average
temperatures during development. Devel
opment time increased 3.9 days per degree
Celcius temperature decrease for A. sulphu
rea (RZ = 63.4%, P = 0.0001) and 3.5 days
for C. viridifasciata (RZ = 55.0%, P =
0.0001). Most natural oviposition coincid
ed with this period of minimum develop
ment time (Figs. 1 and 2).

The number ofnymphs per pod declined
seasonally for both species (Fig. 3). Delayed
pods produced fewer nymphs than control
pods, but there was no difference in hatch
ling dry weight between delayed and control
pods (Table 1). A. sulphurea and C. viridi
fasciata produced similar numbers of
nymphs per pod, but C. viridifasciata hatch
lings were, on average, 36% smaller.

Fall Growth and Overwinter Survival

The size attained by nymphs before the
onset of winter declined precipitously with
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FiG. 4. Prewinter size as a function ofhatching date
and egg pod treatment. Mean weight of each cohort
was taken in early November, just before the nymphs
were placed outside in overwintering cages. Major tick
marks on the x axis correspond to the first day ofeach
month. Data for control egg pods are given by the open
squares, while delayed egg pods are represented by the
solid diamonds.

significantly more slowly, on a temperature
adjusted basis, than did late nymphs. As a
consequence ofthe seasonal changes in tem
perature response in C. viridifasciata and
the lack of such seasonal changes in A. sul
phurea, age-based growth trajectories dif
fered less among early and late cohorts for
C. viridifasciata than for A. sulphurea (Fig.
Sa) and the greatest divergence in prewinter
body sizes between the two species occurred
for early hatching nymphs (Fig. 4).

Larger nymphs had a greater probability
ofsurviving the winter than smaller nymphs
(Fig. 6). For A. sulphurea, no nymphs
weighing less than 40 mg survived the win
ter while those larger than 40 mg had a 25%
survival (X2 = 11.98, df= 4, P = 0.0001).
For C. viridifasciata, survival of nymphs
less than 40 mg was again near zero, while
larger nymphs had a 40% survival (x2 =
18.72, df = 3, P = 0.0001). Delayed and
control nymphs did not differ in their prob
ability of survival (A. sulphurea: P = 0.32;

Hatching date

TABLE 1. Analysis of variance for the effect ofrefrig-
eration treatment on hatchling dry weight in A. sul-
ph urea and C. viridifasciata.

,........
t:::n

A. sulphurea C. viridifasciata E
-..-

Control hatchlings
+-"

Mean weight (mg) 2.14 1.36 s:
Std deviation 0.27 0.13 t:::n
n 94 42 .r-

(l)

Delayed hatchlings 3:
Mean weight (mg) 2.14 1.31 c,
Std deviation 0.20 0.22 (l)
n 16 14 +-"

C
ANOYA .r-

F 0.00 0.87 3:
df 1, 108 1,54 (l)

p 0.99 0.36 '-c,

date of hatching (Fig. 4). A. sulphurea
nymphs which hatched in early July weighed
100-150 mg by November, while those
hatching in September or later weighed less
than 20 mg. C. viridifasciata nymphs showed
a similar response, although they grew to a
smaller prewinter weight than A. sulphurea
nymphs, for a given hatching date (F. 160 =
113.18, P = 0.0001). Control and deiayed
A. sulphurea nymphs did not differ in size,
beyond differences attributable to hatching
date (F 1•24 = 0.34, P = 0.56). Delayed C.
viridifasciata nymphs, however, were some
what smaller than control nymphs of the
same hatching date (F1 14 = 5.24,P= 0.038).

The smaller prewinter size of late hatch
ing nymphs resulted from a combination of
two factors. Late nymphs, by definition, had
less time to grow before the onset ofwinter,
and they had lower growth rates (Fig. Sa).
The declines in growth rates oflate hatching
nymphs were associated with lower tem
peratures later in the fall growing sea
son. For both species, weight was positively
correlated with accumulated degree-days
(Fig. 5b). A. sulphurea nymphs increased
weight with accumulated degree-days more
quickly than did C. viridifasciata nymphs,
which accounts for the smaller prewinter
weights as a function of hatching date for
C. viridifasciata nymphs (Fig. 4). Early and
late season cohorts ofA. sulphurea nymphs
showed no significant differences in their
growth responses to temperature. For C. vi
ridifasciata, however, early nymphs grew
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FIG. 5. Fall growth trajectories. Figure 5a plots weight against absolute age in days while Figure 5b plots

weight against accumulated degree-days above a baseline of 15°C. For A. sulphurea, group I includes all cohorts
that hatched before July 22, group 2 those between July 23 and July 31, group 3 those between August 2 and
August 10, group 4 those between August 12 and August 24 and group 5 those after August 26. For C.
viridifasciata, group I includes all cohorts that hatched before July 16, group 2 those between July 20 and July
31, group 3 those between August 2 and August 13 and group 4 those after August 16. Later groups have less
time to grow before winter and so their age-based trajectories end earlier. The initial slopes of the age-based
trajectories indicate how growing conditions decline during the season.

C. viridifasciata: P = 0.78). C. viridifasciata
survival at a given size was significantly
greater than for A. sulphurea (CMH statistic
= 13.55, df= 1, P = 0.0001).

Much of the overwinter mortality oc
curred late in the winter. A significantly
higher proportion of nymphs were alive
when brought into the greenhouse in Feb
ruary, compared with those left in field cag
es until spring (A. sulphurea: CMH statistic
= 68.73, P = 0.000 1; C. viridifasciata: CMH
statistic = 4.63, P = 0.031). Midwinter A.
sulphurea nymphs had a 68% survival, while
C. viridifasciata nymphs had an 89% sur
vival.

Body sizes of surviving nymphs de
creased only slightly over winter (Fig. 7).
Regressions of postwinter weight on pre
winter weight had slopes not significantly
different from 1 and intercepts not signifi
cantly different from O. A. sulphurea nymphs
lost 6 ± 18% of their weight over winter,

while C. viridifasciata nymphs lost 9 ± 16%.
Delayed and control nymphs did not differ
in their weight change over winter (A. sul
phurea: F 1,29 = 0.06, P = 0.81; C. viridifas
ciata: F 1,25 = 0.32; P = 0.58).

Adult Life History Traits

Control female nymphs which hatched
later during the 1984 season became adults
significantly later in 1985 than earlier
hatching females (Fig. 8). Each day of in
crease in hatching date resulted in a delay
in the timing of adult molting of 0.64 days
for A. sulphurea females (F( 15 = 14.36, P
= 0.00 18) and 0.34 days for C. viridifasciata
females (F1, 14 = 4.67, P = 0.048). For males
of both species, adult molting date was not
significantly correlated with hatching date,
although late-hatching A. sulphurea males
had a slight tendency to molt later than early
hatchingA. sulphurea males (F 1•9 = 3.14, P



maturation date (Fig. 10). Late maturingA.
sulphurea females began reproducing soon
er after becoming adult (F2,22 = 4.91, P =
0.0 17) and produced egg pods at a more
rapid rate (F2,22 = 3.66, P = 0.042), com
pared to early maturing females. Early A.
sulphurea females had a longer adult lon
gevity (F2,22 = 30.95, P = 0.0001), however,
and as a consequence, produced more egg
pods over their lifespan (F2,22 = 7.87, P =

0.0026). C. viridifasciata females showed the
same patterns for interpod interval (F2,15 =
6.11, P = 0.011), adult longevity (F2•15 =
29.46, P = 0.0001) and total number of egg
pods (F2 ,15 = 8.00, P = 0.0043). The onset
of reproduction after adult molting did not
differ between early and late maturing C.
viridifasciata females (F2 , 15 = 0.73, P = 0.50).

DISCUSSION

Seasonal Declines in Offspring
Fitness

Size-dependent overwinter mortality is
an important factor resulting in seasonal de
clines in offspring fitness for A. sulphurea

25 75 125

Prewinter weight (mg)
FIG. 7. Comparison of weight changes over the

winter. The squares plot early spring weight against
weight at the beginning of November. Open squares
are for control nymphs while closed squares are for
delayed nymphs. Open triangles give the weights of
early nymphs at the time they were brought into the
greenhouse in February.

= 0.11). For both sexes ofboth species, late
nymphs took a shorter absolute time to go
from hatching to adult than early nymphs.
Only for C. viridifasciata males, however,
was this decrease in juvenile development
time among later nymphs sufficient to over
come completely the original differences in
life cycle timing resulting from late hatch
ing. Early initiation ofspring growth by mid
February transfer to the heated greenhouse
resulted in the early nymphs molting about
a month earlier than controls.

Adult body size was unrelated to hatching
date for all combinations of male and fe
male A. sulphurea and C. viridifasciata (Fig.
9). Early initiation of spring growth in
creased body size marginally for A. sulphu
rea males (F 1•3 1 = 4.34, P = 0.046), but had
no effect on body size for any other group.
Early A. sulphurea males were 3.2% larger
than controls.

Female life history traits were affected by

FIG. 6. Size-dependent overwinter survival. Co
horts of nymphs were grouped into categories based
on their mean prewinter weight, and the proportion
surviving after the winter plotted for each size category.
Data for control nymphs are given by the solid bars,
while survival of delayed nymphs is given by the open
bars. The numbers over the bars give the number of
nymphs in each category. Size and treatment categories
which had no individuals have missing bars.
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FIG. 10. The effect of maturation time on female
life history characteristics. Teneral period is the num
ber of days after adult molting before the onset of re
production. Interpod interval for a female is the mean
number ofdays between successive egg pods, with low
er interpod intervals implying a more rapid rate of
reproduction. Data for control females are given by the
solid bars while the open bars are for early females.

and C. viridifasciata. Late hatching nymphs
lack time and adequate growing conditions
to reach body sizes necessary to overwinter
successfully. Similar size-dependent over
winter survival has been seen in other in
sects (e.g., Ohgushi, 1986). The mechanism
of size-dependent mortality in A. sulphurea
and C. viridifasciata remains to be studied.
Small size, per se, is no barrier to overwinter
survival, as first instar juveniles are com-

5

mon overwintering stages in many groups
of insects (e.g., Scott and Epstein, 1987;
Danks, 1987). ComparingA. sulphurea and
C. viridifasciata nymphs brought into the
greenhouse in February to those maintained
outside until spring shows that weight loss
had already occurred by midwinter (Fig. 7),
but most mortality occurred later. This ar
gues against overwinter mortality being a
simple function of loss of weight or fat re
serves. A possible reason for the late winter
mortality could involve repeated freezing
and thawing ofthe nymphs during the tran
sition from winter to spring.

Due to the limited range ofhatching dates
under normal conditions, most control
nymphs grew to a prewinter body size where
size-dependent effects on overwinter mor
tality were less apparent (Fig. 6). Because of
this, the delayed hatching treatment was
critical in providing evidence for the im
portance of size-dependent overwinter
mortality in the life cycles of A. sulphurea
and C. viridifasciata. It is important, there
fore, that the patterns of survival among
delayed nymphs not be an artifact of the
experimental treatment. Although the re
frigeration treatment used to delay hatching
resulted in somewhat fewer nymphs hatch
ing per pod, delayed nymphs were similar
to controls with respect to hatchling dry
weight, hatching phenology (once delay du
ration was accounted for), fall growth as a
function of hatching date and overwinter
survival. The only difference in the growth
and survival ofcontrol and delayed nymphs
was the smaller prewinter weight ofdelayed
C. viridifasciata nymphs as a function of
hatching date, which can be explained in
terms of seasonal increases in offspring size
produced by C. viridifasciata females (Lan
da, 1989). Because delayed nymphs ofa giv
en hatching date were produced earlier in
the season than controls hatching at the same
time, they would have had a smaller initial
weight and would be expected to grow more
slowly.

Seasonal declines in offspring fitness are
common in a number of groups, but the
underlying mechanisms are often different.
For A. sulphurea and C. viridifasciata, the
declines are primarily due to abiotic effects
on juvenile survival, with secondary effects
on the timing and amount of adult repro-
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duction. For Melanoplus sanguinipes, a
grasshopper which overwinters as eggs, ju
venile survival is little affected by hatching
date, but late hatching nymphs produce late
adults which have less time to reproduce
before killing frosts end the breeding season
in the fall (Pickford, 1960). Juvenile growth
and survival decline with hatching date in
the sycamore aphid, Drepanosiphum pla
tanoides, due to seasonal declines in food
quality (Dixon, 1976). Finally, offspring fit
ness declines with emergence date for many
plants, as early emerging individuals mo
nopolize resources and suppress later
emerging individuals (e.g., Cook, 1980).
Knowledge of these seasonal changes in in
dividual fitness is necessary for understand
ing the selective pressures shaping the phe
nologies ofspecies in seasonal environments.
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Selection for Early Reproduction
Due to the lack ofembryonic diapause in

A. sulphurea and C. viridifasciata, date of
hatching has a strong positive correlation
with oviposition date. Because of this re
lationship, and the seasonal declines in off
spring fitness, eggs produced late in the
breeding season contribute less to parental
fitness. This should select for early repro
duction by females of these two species, in
order to promote early hatching and greater
offspring survival. Due the curvilinear re
lationship between oviposition date and
hatching date, however, the advantage
gained by moving reproduction to earlier
dates varies seasonally. Late in the season,
reproducing one day earlier results in hatch
ing occurring more than one day earlier, be
cause of the decrease in embryonic devel
opment time at midseason compared to late
season. Embryonic development times are
longer early in the season compared to mid
season, however, lessening the hatching date
advantage to very early reproduction. It is
suggestive that the bulk of oviposition un
der natural conditions occurs during the pe
riod of minimum development time.

The strength of selection for early repro
duction will also vary from year to year. The
fall temperature regime is critical in deter
mining the amount of prewinter growth at
tained by nymphs, and therefore the prob
ability ofoverwinter survival, following any
given date of hatching. Between year vari-

Date
FiG. 11. Predicted last dates of oviposition for

nymphs to reach critical body sizes before winter. These
dates are based on historical weather data and the ob
served responses of embryonic development and
nymphal growth to temperature. Solid bars give the
ranges ofdates which would result in nymphs reaching
90 mg or more before winter, while the cross-hatched
bars give the cut-off dates for 40 mg nymphs.

ations in fall temperatures raise the possi
bility that late nymphs, which have little or
no chance of survival during normal years,
might be able to survive and reproduce in
years with warm falls. Conversely, years with
early winters would decrease more abruptly
the relative fitness of late nymphs. Using
historical weather records for the years 1978
through 1987, along with the relationships
of embryonic development and nymphal
growth to temperature, I calculated the last
oviposition dates that would allow nymphs
to attain prewinter weights of40 mg (below
which there is little chance of survival) or
90 mg (above which survival varies little
with body size). These oviposition dates
varied over a range of 3 to 4 weeks among
years in both species (Fig. 11). There was
no temporal correlation between successive
years for predicted last dates of oviposition
to reach either body size (P ~ 0.05 for both
species, Durbin-Watson test). This be
tween-year unpredictability of the end of
the breeding season may lead to genetic
variation or phenotypic plasticity in repro-
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ductive characters. C. viridifasciata was
slightly more variable in predicted cutoff
dates and, because of slower growth as a
function of degree-days, C. viridifasciata
cutoff dates were uniformly earlier than for
A. sulphurea. The stronger selection against
late hatching in C. viridifasciata may ex
plain the earlier oviposition phenology (Fig.
1) and the more rapid embryonic devel
opment (Fig. 2) in this species compared to
A. sulphurea.

Adult Life History Traits
The relationships between molting date

and hatching date for males and females of
both species show that late hatching indi
viduals tend to catch up to early hatchers;
the slopes of these regressions are all less
than 1. Male molting date is less delayed by
later hatching than female molting date, and
C. viridifasciata individuals catch up better
than A. sulphurea individuals. These rela
tionships can be understood in terms ofdif
ferential selection on the timing of matu
ration among these groups. Because of the
stronger selection for early reproduction in
C. viridifasciata, late maturing C. viridifas
ciata females would be at a greater disad
vantage compared to early C. viridifasciata
females, than would late A. sulphurea fe
males compared to early A. sulphurea fe
males, and should be under stronger selec
tion not to delay maturation. In both species,
males would be under stronger selection not
to delay maturation than females, because
male fitness is a function ofaccess to females
and late maturing males would find all the
females already mated.

Interestingly, the shorter development
times of late hatching individuals do not
come at the expense of smaller body sizes.
This may be because size-dependent over
winter mortality allows only the largest of
the late hatching nymphs to survive the
winter, or because late hatching individuals
have warmer spring growing conditions
during the final instar, when the bulk of in
sect growth occurs. Size-dependent matu
ration has been seen in some other insects
[e.g., Nijhout, 1975; Blakely and Goodner,
1978; Lounibos, 1979; but not in the grass
hopper Locusta migratoria (Clarke and
Langley, 1962)], and has been related to
highly variable juvenile growth rates and

the need for a critical level of resources for
adult dispersal and survival (Blakely, 1981).
These factors do not seem applicable to A.
sulphurea and C. viridifasciata and, given
the strong selection for early reproduction,
it is unclear why late hatching individuals
do not show more of a tradeoff between
adult body size and maturation time (Poli
cansky, 1983; Steams and Crandall, 1984).

For both species, late molting females re
produce at a more rapid rate and live for a
shorter time after molting. The effects of
molting date on female reproductive rate
and adult longevity are consistent with se
lection for early reproduction, in a situation
where there is a cost to reproduction
(Hirschfield and Tinkle, 1975; Calow, 1979;
Reznick, 1985). Selection for early repro
duction, due to the seasonal declines in off
spring fitness, should be more intense for
females that mature late in the season, com
pared with early maturing females. If there
is a physiological cost ofreproduction, then
a more rapid reproductive rate among late
females could directly decrease their lon
gevity. Rapid reproductive rates among late
females would still be favored, even though
the associated shorter longevity leads to
lower total fecundity, because late season
egg pods contribute little or nothing to pa
rental fitness. Early females could maximize
total fecundity by reproducing at a more
moderate rate and living longer, producing
more total offspring which would still have
sufficient time to grow large enough to over
winter.

There are alternative potential explana
tions, in addition to the seasonal declines
in offspring fitness, that may explain the
changes in female reproductive rate and
longevity with molting date. If mortality
rates due to extrinsic factors, such as pre
dation or heat and water stress, increase
during the summer, then late females would
have a lower life expectancy after molting
and may be expected to reproduce at a more
rapid rate. In addition, the higher temper
atures later in the season could directly in
crease reproductive rate and decrease life
span, as has been reported for other species
ofgrasshoppers (Uvarov, 1966, 1977). It is
uncertain, therefore, whether the seasonal
changes in reproduction and longevity rep
resent adaptive phenotypic plasticity for al-
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location to reproduction and survival, un
avoidable consequences of changing
environmental conditions or both.

CONCLUSIONS

This study highlights the role of seasonal
changes in abiotic conditions for the evo
lution of phenology in these nymph-over
wintering grasshoppers and, in particular,
the effects of size-dependent overwinter
mortality. Without experimental manipu
lation, the fitness consequences of hatching
date variation would have been less obvi
ous. Although other factors, such as sea
sonal partitioning among competitors (Sha
piro, 1975; Onsager, 1986) or avoidance of
natural enemies, may potentially affect life
cycle timing in these two species, the ob
served patterns ofphenology, as well as sea
sonal variation in adult female life-history
traits, are consistent with responses to sea
sonal changes in offspring growth and sur
vival imposed by abiotic conditions. Sea
sonal changes in growth, survival and
reproduction of individuals, in turn, have
population level consequences. Although
these species lack the synchronizing effect
of embryonic diapause, size-dependent
overwinter mortality, maturation at youn
ger ages by late-hatching individuals and the
shorter longevity oflate-maturing adults all
act to synchronize the populations ofA. sul
phurea and C. viridifasciata.
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