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ABSTRACT The effect of photoperiod on preimaginal development and diapause induction (for
reproductive diapause) was evaluated for two geographic populations of the predator Geocoris
punctipes (Say). One population was from Lexington, KY (N388 049, W848 299), and the other from
Tifton, GA (N318 289, W838 319). Six photoperiods were used in the experiment (all at 24 6 18C):
10:14, 11:13, 12:12, 13:11, 14:10, and 15:9 (L:D) h. Photoperiod and population had signiÞcant effects
on the developmental times of embryos and nymphs. However, the developmental differences had
no apparent relationship with photoperiod, and those between populations were slight (,1 d). The
incidence of diapause increased for both populations as photoperiod decreased, but at daylengths
shorter than 14:10 (L:D) h, the frequency of diapause increased much more steeply in the Kentucky
population than in the Georgia one. At its peak, the incidence of diapause in the Georgia population
(40.9%; 10:14 [L:D] h) was about half that of the peak of the Kentucky population (81.8%; 12:12
[L:D] h). Also, the critical photoperiod for diapause induction was '1 h longer in the Kentucky
population than in the Georgia population. The preoviposition period was notably affected by
photoperiod, and this effect differed between populations. Short daylengths prolonged the preovi-
position period in both populations, but the contraction of the preoviposition period in response to
longer daylength was more pronounced in the Georgia population. The considerable difference in
diapause incidence between the two populations may reßect the relative predictability of inclement
conditions in the respective locations.
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THE BIGEYED BUG Geocoris punctipes (Say) is an abun-
dant predator in several prominent cropping systems
in the United States (e.g., Whitcomb and Bell 1964,
Pfannenstiel and Yeargan 1998, Yeargan 1998). Both
nymphs and adults of G. punctipes are active and ag-
gressive predators that attack awide variety of pests in
cotton, soybean, and other crops (Waddill and Shep-
ard 1974, Ables et al. 1978, Crocker and Whitcomb
1980, Kerns and Gaylor 1993, Medal et al. 1997). In
addition, this predator is prone to remain in a habitat,
even with few prey, because of its ability to derive
nutrients from plants (Stoner 1970, Naranjo and Sti-
mac 1985). Its penetration into important agroecosys-
tems, impact on relevant pest species, and retention in
these systems despite low prey populations make G.
punctipes an attractive focus for developing biological
control efforts in ephemeral, row-crop agriculture.

Despite its apparent importance and high visibility
in several crops, little is known about the overwinter-
ing biology of G. punctipes. Dynamics of G. punctipes
populations during the warm growing season have
been well-documented for a variety of crops, but ac-
tivity during the cool and cold seasons of the year

remainunexplored.Bugget al. (1991) reported thatG.
punctipes was active in cool-season cover crops (var-
ious legumes and rye) in early May in south Georgia,
and adults are active quite early in the spring in this
region (J.R.R., unpublished data). However, the ac-
tivities of the bug frommidfall until early spring are an
important aspectof thepredatorÕsbiology thatmustbe
elucidated to devise crop systems that provide peren-
nial resources to conserve key natural enemies.

The means by which G. punctipes passes the winter
in temperate regions is unknown. Numerous heterop-
teran speciesoverwinter as adults in a stateofdiapause
(Ruberson et al. 1998, Musolin and Saulich 1999), and
this appears to be the case for at least some Geocoris
spp. Adults of Geocoris pallens Stål in southern Cali-
fornia cease reproduction after mid-July and appar-
ently enter an aestival diapause (Staten 1970). Smith
(1923) also believed that G. bullatus (Say) passes the
winter in the adult stage in Idaho (but see Tamaki and
Weeks [1972] who found eggs of this species during
the winter in south-central Washington). It is possible
that G. punctipes also overwinters in adult diapause.
However, G. punctipes has a substantial geographical
distribution, which includes much of the southern
two-thirds of the United States (Readio and Sweet
1982); therefore, a variety of overwintering responses
may occur. Variability among geographical popula-
tions inoverwintering responseshasbeen reported for
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other widely distributed insect species (Danilevsky
1965, Tauber et al. 1986).

The objectives of our research were Þrst to deter-
mine whether G. punctipes from two widely separated
geographic populations enter a photoperiodically in-
duced diapause and second to characterize the induc-
tion of diapause of these two populations of G. punc-
tipes in relation to different photoperiods. This
information will provide insight into the overwinter-
ingecologyof this species aswell as indicate theextent
of geographic variability in the diapause syndrome
within the species.

Materials and Methods

Acquisition andMaintenance ofPredators.AdultG.
punctipes were collected from various habitats at two
locations: Kentucky (Lexington, Fayette County; N
388 049, W 848 299) and Georgia (Tifton, Tift County;
N 318 289, W 838 319). Bugs collected from these two
locations represent populations from the northern
(Lexington, KY) and southern (Tifton, GA) portions
of its range. Our experiments were duplicated simul-
taneously in our respective laboratories in Kentucky
and Georgia. Approximately half of the bugs collected
from the Þeld at each location were shipped to the
other laboratory so that both geographic populations
were studied in both laboratories. In the laboratory,
the bugs were held in male:female pairs (in 100 by
20-mm plastic petri plates) at 25 6 18C and a photo-
period of 14:10 (L:D) h. Each pair was provided with
frozen eggs of the corn earworm, Helicoverpa zea
(Boddie), forpreyandwater in a saturatedcottonball.
In addition, a small piece of dry cotton batting was
placed in each container as a substrate for oviposition.
Oviposition substrates were examined daily for eggs;
prey and water were replaced every other day. Eggs
(in cotton substrate) were transferred to the experi-
mental conditions (see below), and rearing was ini-
tiated in these conditions. All G. punctipes used in our
experiments were the F1 progeny of Þeld-collected
bugs.

Experimental Procedures.Bugsof bothpopulations
were reared under identical conditions in both labo-
ratories. Six photoperiods were used in the study:
10:14, 11:13, 12:12, 13:11, 14:10, and 15:9 (L:D) h. This
representsmuchof the rangeofphotoperiodsencoun-
tered by the two populations. In Tifton, GA, the pho-
toperiod ranges from 10.2:13.8 (L:D) h at winter sol-
stice to 13.8:10.2 (L:D) h at summer solstice (sunrise
to sunset, with the addition of civil twilight). In Lex-
ington, KY, the photoperiod ranges from 9.5:14.5 to
14.5:9.5 (L:D) h. The two locations also differ in their
winter conditions. Winter temperatures in the Lex-
ington, KY, area are considerably lower than those in
southern Georgia, and autumn temperatures decline
earlier and more steeply in Kentucky than in Georgia
(Fig. 1).

The same rearing protocolswere precisely followed
at both locations, and all studies were conducted at
24 6 18C regardless of photoperiod. At least 100 eggs
of G. punctipes from the Þeld-collected adults of each

geographic population were placed in each of the
photoperiodic treatments at each location. The dura-
tion of development from oviposition to hatch was
recorded. Upon eclosion from eggs, nymphs were
transferred individually to petri plates, where they
were held throughout their immature developmental
period. Nymphs were provided with frozen corn ear-
worm eggs, and water in a small cotton ball. Devel-
opment of the nymphs was monitored, and the date of
adult emergence recorded. After adult emergence,
bugs were paired with counterparts from the same
photoperiod treatment, and individual pairs were pro-
vided with H. zea eggs, water-saturated cotton balls,
and pieces of dry cotton batting as oviposition sub-
strates. Prey and saturated cotton balls were replaced
every other day, and oviposition substrates were ex-
aminedandreplaceddaily.Ovipositionwasmonitored
daily. Females that had failed to oviposit by 20 d
postemergence were considered to be in diapause; a
20-d period represents a 2Ð3-fold increase over the
preoviposition period (5Ð7 d) of reproductively active
females at 248C.

Females that died prematurely during the experi-
ment or failed to oviposit by the 20th day after emer-
gence were dissected to determine the condition of
their ovaries. Males were not dissected. Females were
considered to be in diapause if the reproductive sys-
tem was reduced, with little or no development of ova
(Ruberson et al. 1998). In contrast, females with de-
veloped ova were considered to be nondiapausing, as
were any females that oviposited before the 20th day
of their adult life. The percentage of females of each
population in diapause was calculated for each pho-
toperiodic treatment and by study location.

Statistical Analyses. Initially, developmental times
were compared among photoperiods and between
populations with study location (i.e., research labo-
ratory) as a third variate. However, study location had

Fig. 1. Monthly temperatures (minimum, mean, and
maximum temperatures) for Lexington, KY, and Tifton, GA.
Average data for Lexington are from the period 1961Ð1990,
whereas the low and high averages are for 1896Ð1996 (com-
piled by the U.S. National Weather Service, Lexington). The
data for Tifton are from the period 1925Ð1998 (compiled by
theCoastal PlainExperiment Station,University ofGeorgia).
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no signiÞcant effect on developmental times or pre-
oviposition periods; therefore, data from both re-
search laboratories were pooled for analysis. Subse-
quently, the developmental times of embryos and
nymphsand thepreovipositionperiodsofnondiapaus-
ing females were examined using two-way analysis of
variance (SAS Institute 1992). Where signiÞcant dif-
ferences were observed, means were separated using
the WallerÐDuncan Bayesian k ratio with k set at 500.
Additional pairwise comparisons between geographic
populations within photoperiods were made using
pooled t-tests (SAS Institute 1992). Comparisons of
diapause incidence between populations within pho-
toperiods were done using a G test (Sokal and Rohlf
1994).

Results

Preimaginal Development. The duration of embry-
onic development was signiÞcantly affected by pho-
toperiod (F 5 354.71; df 5 5, 2,247; P , 0.0001) but not
by population (F 5 0.26; df 5 1, 2,247; P 5 0.6077),
although there were signiÞcant interactions between
photoperiod and population (F 5 48.94; df 5 5, 2,247;
P , 0.0001; Table 1). The variation failed to follow any
clear pattern in relation to photoperiod, and we sus-
pect that it may simply represent an experimental
artifact rather than a feature of the bugsÕ phenology.

Photoperiod (F 5 201.63; df 5 5, 1,291; P , 0.0001)
and geographic population (F 5 7.12; df 5 1, 1291; P 5
0.0077) signiÞcantly affected nymphal developmental
times (Table 1), and these two variables also inter-
acted signiÞcantly (F 5 3.34; df 5 5, 1,291;P 5 0.0053).
However, as was the case with the eggs discussed
above, there was no directional pattern of variation in
relation to photoperiod for either population of G.
punctipes (Table 1). Again, we consider this variation
to be experimental artifact.

Reproduction. The incidence of diapause (i.e., fail-
ure to oviposit or produce mature ova within 20 d of
adult emergence) differed signiÞcantly between the
two populations at all daylengths shorter than 14 h
(Fig. 2;Table2).At the two long-dayconditions(14:10
and 15:9 [L:D]), nearly 100% of the females from both

populations reproduced. However, the frequency of
diapause was substantially less in the Georgia than in
the Kentucky population at the shorter photoperiods.
Diapause incidence in the Kentucky population in-
creased rapidly from 14:10 to 12:12 (L:D) h, with an
asymptote for diapause incidence slightly above 80%.
In contrast, the diapause response curve for the Geor-
gia population increased more gradually as photope-
riod decreased from 14:10 to 11:13 (L:D) h, leveling at
'40%.Thus, less thanhalf of theGeorgia bugs entered
diapause at any photoperiod, whereas over 80% of the
Kentucky bugs did so under short-day conditions, in-
dicating a stronger diapause response in the Kentucky
bugs.

The critical photoperiod for diapause induction
(deÞned here as the point where diapause is induced
in 50% of those inclined to diapause; Tauber et al.
1986) also differed between the two populations (Fig.
2). Although the critical photoperiod for the Georgia
population was '12.4:11.6 (L:D) h, it was '13.2:10.8
(L:D) h for the Kentucky population. These photo-
periods would be encountered on '20 August and 10
September for theKentucky andGeorgia populations,
respectively (Fig. 3).

Table 1. Relationship between photoperiod and egg (oviposition to hatch) and nymphal (egg hatch to adult emergence) developmental
times (in days) of two geographic populations (Georgia and Kentucky) of the predator G. punctipes reared at various photoperiods (24
6 1°C; means 6 SE)

Photoperiod
(L:D)

Georgia Kentucky

Egg Nymph Egg Nymph

10:14 12.9 6 1.20 30.0 6 1.86 12.6 6 1.08 29.4 6 2.30
n 144 94 181 94

11:13 12.6 6 0.71 34.4 6 2.76 12.4 6 0.64 33.6 6 2.41
n 250 128 197 110

12:12 11.2 6 0.87 29.8 6 2.09 10.9 6 0.71 29.3 6 1.77
n 126 101 200 90

13:11 11.6 6 0.73 31.9 6 1.52 12.3 6 0.77 31.1 6 1.60
n 233 136 197 107

14:10 13.0 6 0.76 34.3 6 2.72 12.2 6 0.90 34.8 6 2.34
n 199 100 169 113

15:9 10.7 6 0.79 30.3 6 2.75 11.3 6 0.55 30.5 6 2.75
n 232 118 131 112

Fig. 2. Incidence of diapause in two geographic popu-
lations (GA, Georgia; KY, Kentucky) of G. punctipes in re-
lation to photoperiod (24 6 18C; sample sizes presented in
Table 2). Timing of the critical photoperiod (point where
diapause is induced in 50% of those inclined to diapause) for
the two populations is indicated by vertical dashed lines
labeled with the appropriate population.
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The duration of the preoviposition periods during
the 20-d observation period after adult emergence
(Table 3) was signiÞcantly affected by photoperiod
(F 5 64.41; df 5 5, 366; P , 0.0001) and population
(F 5 71.35; df 5 1, 366; P , 0.0001). There was also a
signiÞcant interaction between photoperiod and pop-
ulation (F 5 8.71; df 5 5, 366; P , 0.0001). Frequency
of females ovipositing changed with respect to pho-
toperiod for both populations (Fig. 2). Further, dis-
sections of females after termination of the experi-
ment on day 20 revealed that nearly all of the females
that had failed to oviposit by day 20 had very reduced
ovaries, commensurate with the diapause syndrome
(Table 2). Under longer daylengths, the variability of
the preoviposition periods declined, and the mean
duration shortened as well (Table 3; Fig. 4). Thus,
longer daylengths promoted earlier and more syn-
chronous oviposition. This variability indicates a
graded response to photoperiod, which may be ex-
pressed as varying degrees of diapause intensity.
There were signiÞcant differences in preoviposition
periods between the two populations at 12:12, 13:11,
14:10, and 15:9 (L:D) h for the 20-d period over which

observations were made. No such differences were
observed for the 10:14 or 11:13 (L:D) h treatments
during this period. In all cases of signiÞcant differ-
ences, the preoviposition period for the Georgia pop-
ulation was shorter than that of the Kentucky popu-
lation (Table 3). The effect of photoperiod on the
preoviposition period was more pronounced for the
Georgia bugs than for the Kentucky bugs (Fig. 4).

Discussion

Our results provide no evidence for preimaginal
diapause in G. punctipes because there were no nota-
ble developmental effects of photoperiod on either
embryonic or nymphal development. Photoperiodic
effects on nymphal development have been reported
in other studies of heteropteran predators (Ruberson
et al. 1991, Tommasini and Nicoli 1996) and of phy-
tophagous heteropterans (Musolin and Saulich 1997,
1999), and signiÞcant effects of photoperiod on pre-
imaginal developmentwereobtained inour study. But
the lack of an obvious relationship with daylength
suggests that these differences were experimental ar-
tifacts unrelated to the diapause syndrome.

It is clear from our results that there is a reproduc-
tive diapause in both geographic populations of G.

Table 2. Results from dissection of female G. punctipes from two geographical populations which had failed to oviposit by the 20th
day after molting to the adult stage under various photoperiodic conditions (24 6 1°C)

Photoperiod
(L:D)

Georgia Kentucky
Chi-square

value2 Pb
Reduced
ovaries

Develop
ova

% diapausing
(na)

Reduced
ovaries

Developed
ova

% diapausing
(na)

10:14 20 1 40.9 (44) 32 0 76.2 (42) 51.20 ,0.001
11:13 20 3 39.2 (51) 42 4 81.1 (53) 57.27 ,0.001
12:12 12 0 30.2 (43) 37 3 81.8 (44) 60.55 ,0.001
13:11 1 1 5.5 (55) 24 1 50.0 (50) 24.40 ,0.001
14:10 NAc NA 2.2 (46) 1 0 1.7 (58) 1.14 .0.10
15:9 NA NA 0 (55) NA NA 0 (52) 0.00 1.00

Reduced ovarian development (reduced ovaries) is indicative of diapause, whereas the presence of mature or maturing ova (developed ova)
indicates a reproductive, hence nondiapause, state.

a Number of females dissected, including diapausing and nondiapausing bugs, and ovipositing females.
b Values are for comparisons of % diapause between the two geographic populations.
c NA represents treatments in which all females oviposited.

Fig. 3. Photoperiods occurring in the two locations of
origin for the populations of G. punctipes studied (includes
civil twilight; data from U.S. Naval Observatory). Arrow
pointing down denotes the critical photoperiod for the Ken-
tucky population, whereas the arrow pointing up indicates
the critical photoperiod for the Georgia population (24 6
18C).

Table 3. Preoviposition periods (in days) for female G. punc-
tipes from two geographical populations (Georgia and Kentucky)
reared under various photoperiods (24 6 1°C)

Photoperiod
(L:D)

Population P
t, dfGeorgia Kentucky

10:14 12.3 6 4.98 13.5 6 3.89 0.5825
n 22 6 0.56, 26

11:13 13.2 6 4.27 15.6 6 2.51 0.2384
n 28 5 1.20, 31

12:12 8.9 6 3.78 17.5 6 2.65 ,0.0001
n 32 4 4.38, 34

13:11 6.5 6 2.37 11.8 6 3.99 ,0.0001
n 53 24 7.14, 75

14:10 6.7 6 1.32 8.5 6 2.21 ,0.0001
n 44 57 4.95, 99

15:9 4.9 6 0.97 6.0 6 1.31 ,0.0001
n 52 51 4.58, 101

Statistics are for pairwise comparisons of populations within pho-
toperiods (pooled t-test).
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punctipes, although the incidence and intensity of re-
sponse varied between the populations. Further, pho-
toperiod had important effects on the incidence and
expression of diapause in both populations.

Diapause incidence was strongly affected by pho-
toperiod for both populations (Fig. 2), but the re-
sponse was much more pronounced for the Kentucky
than the Georgia population. The shape and magni-
tude of the response curve for the Kentucky popula-
tion are comparable with the diapause response ob-
served for Nabis americoferus Carayon and Nabis
roseipennis Reuter populations also collected near
Lexington, KY (Yeargan and Barney 1996). In con-
trast, the diapause response curve for the Georgia
population increased more gradually as photoperiod
decreased from 14:10 to 11:13 (L:D) h, leveling at
'40%.Thus, less thanhalf of theGeorgia bugs entered
diapause at any photoperiod, whereas .80% of the
Kentucky bugs did so under short-day conditions.

The critical photoperiod for diapause induction for
the Georgia population was '12.4:11.6 (L:D) h and
'13.2:10.8 (L:D) h for the Kentucky population. It is
important to note, however, that temperature often
modiÞes photoperiodic responses in insects. Temper-
atures in south Georgia often exceed 258C through
much of September (Fig. 1), and high temperatures
tend to discourage or delay the induction of autumnal
diapause (Tauber et al. 1986). Thus, it is quite likely
that diapause in the Georgia population in the Þeld
would actually occur somewhat later in the season.
The difference in critical photoperiods between the

two populations at the temperature tested thus
amounted to a 0.60 h increase per 5-degree increase in
latitude, although the critical photoperiods for the
respective populations are most likely modiÞed in the
Þeld as noted above. Similar latitudinal variation has
been observed for other insects (Danilevsky 1965,
Tauber et al. 1986), but its expression in the Þeld may
be modiÞed by environmental factors as well, such as
local climatic and shelter conditions, and altitude.

The graded response in the incidence of diapause
induction and in the length of the preoviposition pe-
riod for both populations indicates a quantitative re-
sponse to daylength,whichhas been reported in other
insects that undergo a reproductive diapause as adults
(Tauber and Tauber 1973, Kimura 1990). It should be
noted that oviposition was only monitored for 20 d
after adult emergence, so longer preoviposition peri-
ods were precluded by the experimental design. Nev-
ertheless, within the 20-d observation period there
were clear shifts in preoviposition period related to
both photoperiod and population. Preoviposition pe-
riods were lengthened and more variable under short
photoperiods than at 14:10 (L:D) h or 15:9 (L:D) h
(Table 3; Fig. 4), demonstrating a quantitative re-
sponse, at least for diapause induction. The lengthen-
ing of preoviposition periods also was more pro-
nounced for the Kentucky population than for the
Georgia population in the intermediate photoperiods
(13:11 and 12:12 [L:D]) indicating a more intense
diapause response in theKentuckypopulation in these
photoperiods.

Fig. 4. Cumulative percentage of females initiating oviposition during the Þrst 20 d of adult life in relation to age under
different photoperiods (24 6 18C) for two geographic populations of G. punctipes. Sample sizes (i.e., total number of females
that oviposited within 20 d) for each photoperiod (L:D) h were six (10:14), Þve (11:13), four (12:12), 24 (13:11), 57 (14:10),
and 51 (15:9) for the Kentucky population and 22 (10:14), 28 (11:13), 32 (12:12), 53 (13:11), 44 (14:10), and 52 (15:9) for
the Georgia population.
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The difference in diapause frequency and intensity
(as expressed by preoviposition periods) between the
twopopulations likely reßects thedifferent conditions
under which the two populations exist. A comparison
of the annual temperature patterns for the two loca-
tions demonstrates the different temperature regimes
(Fig. 1). The temperatures in Lexington are more
moderateyear round thanare those inTifton.Also, the
range of variability between mean monthly minimum
and maximum temperatures remains rather constant
throughout the year in Lexington (range, of '10Ð
128C). In contrast, the temperatures in Tifton are
higher in the summer, and much more variable during
thewinter (minimumtomaximumrangeof 23Ð258C in
December and January) than those in Lexington.
Thus, for any given winter the temperatures in Tifton
will be more difÞcult to predict than those in Lexing-
ton, with a reasonable possibility in any month of
temperatures amenable to growth and activity. Under
these conditions, it would be appropriate for a broad
range of overwintering responses (from diapause to
avoidance of diapause with reproduction) to be main-
tained in a population, whereas this range should be
narrowed by the more predictable, less salubrious
winter conditions in Lexington, that would frequently
eliminate bugs that attempt to reproduce during the
winter. These differences in predictability of winter
conditions are reßected in the different responses of
the two populations. Over half of the Tifton popula-
tion failed to enter diapause (as deÞned by our pre-
oviposition criteria), and those that failed to enter
diapause under short photoperiods typically exhibited
a range of preoviposition periods. Such a ßexible life
history would be adaptive in a highly variable envi-
ronment that has a reasonable probability of being
amenable to reproduction, as is the case in the Tifton
area (Fig. 1). In contrast, the Lexington climate is
more consistently adverse in the winter, and the bugs
were much more likely to delay reproduction either
through diapause or through delayed preoviposition
periods, as would be expected under these conditions.

The results obtained here may be modiÞed by more
natural events, such as changing rather than static
photoperiods and temperatures. Nevertheless, they
demonstrate clear differences between the two pop-
ulations of G. punctipes and clearly show the impor-
tance of photoperiod for the induction of reproduc-
tive diapause in this predator. Further, the presence of
both diapausing and reproductive individuals in win-
ter populations provides an opportunity to devise
overwintering habitats suitable to both groups, which
can serve as sources from which predators can colo-
nize desired crop systems the following spring.
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