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ABSTRACT IntraspeciÞc geographic variation in morphology and behavior can be indicative of
populations that are adapted to local environmental conditions. Heterogeneity in the abiotic envi-
ronment, such as soil conditions, can be an important driver of local adaptation. In south Florida, mean
body sizes in populations of the lubber grasshopper Romalea microptera (Beauvois) (Orthoptera:
Acrididae), increase from west to east. We tested how body size variation, population origin, and soil
physical characteristics are associated with oviposition depth in the soil. In a laboratory experiment
with homogeneous soil conditions, size-corrected oviposition depth (analysis of covariance) differed
among three populations: females from a western population oviposited at the shallowest depths;
females from an eastern population oviposited the deepest; and a central population oviposited at
intermediate depths. A similar pattern also was observed in two Þeld experiments conducted on two
additional populations not used in the laboratory experiments. In addition, size-corrected oviposition
depth in the Þeld experiments declined with increasing soil compaction for both populations but the
decline was signiÞcantly steeper for the eastern population. High soil moisture yielded signiÞcantly
shallower size-corrected oviposition depth only for the eastern population. Female size was positively
related to oviposition depth in both Þeld experiments, but the relationship between female size and
oviposition depth did not differ among populations (i.e., equal slopes). We suggest that local soil
conditions might be an important selection pressure and behavioral cue in determining oviposition
depth. Choice of vertical position of the egg pod within the soil is discussed as one possible mechanism
by which females can inßuence offspring viability.
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IntraspeciÞc geographic variation in phenotype is well
documented in many species of insects (Masaki 1979,
Mosseau and Roff 1989, Huey et al. 2000). Geographic
clines are ideal systems in which to investigate how
and why phenotypic variation arises. Phenotypic vari-
ation along a cline can arise because natural selection
favors different phenotypes in different environ-
ments. Environmental variation (e.g., temperature,
precipitation) is often structured along geographic
axes (e.g., northÐsouth). Spatial variation in abiotic
conditionscan select forphenotypicclines along those
same gradients. For example, insect body size often
shows clinal variation with latitude or altitude, with
average body size increasing with increasing latitude
(or altitude) because large size is adaptive for living in
the colder temperatures found high latitudes (or al-

titudes; Nylin and Svard 1991, Teßer and Hassall 1991,
Johnston and Bennett 1996). Although latitudinal and
altitudinal gradients are the most frequently studied
clines, environmental variation, and thus phenotypic
variation, can be structured along longitudinal axes as
well (Davidson 1977, Meiri et al. 2005).

Soil conditions (e.g., moisture, compaction) vary
across the landscape. For soil-ovipositing species, spa-
tial variation in soil conditions could select for inter-
population differences in oviposition depth. For spe-
cies that oviposit in soil, selection should shape
appropriate morphological adaptations suited for dig-
ging (e.g., body size, ovipositor length; Uvarov 1977,
Mousseau 2000), sensory mechanisms to assess the soil
conditions (Isley 1938; Choudhuri 1956, 1958; Uvarov
1977; Mousseau 2000), and behavioral mechanisms to
produce ßexible responses to soil conditions based on
morphological capacity. Female body size and shape
(i.e., physical capacity) and oviposition behavior
(based on sensory feedback) are two potential targets
of selection to optimize oviposition depth for a given
set of soil conditions. If soil conditions vary spatially
and select for body size and oviposition behavior, then
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a cline in body size could arise from continuous geo-
graphic variation in soil conditions. In terms of phys-
ical capacity, evidence indicates that large body size,
greater ovipositor length, and longer abdominal
stretching in soil-ovipositing species are positively
correlated with depth of egg pod deposition (Zimin
1938, Uvarov 1966, Masaki 1979, Braker 1989, Mous-
seau and Roff 1995). Previous research suggests that
the optimal oviposition depth is a balance between the
beneÞts of increased egg and hatchling survival and
the costs of deep oviposition (e.g., female time, en-
ergy, and exposure to enemies; hatchlingÕs ability to
excavate from deeply laid eggs) and imply females
should choose depths that optimize this trade-off
(Bradford et al. 1993, Mousseau 2000, Branson and
Vermeire 2007).

In this study, we examine the interpopulation dif-
ferences in oviposition depth among south Florida
populations of the lubber grasshopper Romalea mi-
croptera (Beauvois) (Orthoptera: Acrididae). The av-
erage adult body size of lubbers exhibits a geographic
cline increasing longitudinally from west to east
among populations in south Florida (Huizinga et al.
2008, Jannot et al. 2009). Female size probably limits
maximum oviposition depth. Because female size var-
ies among populations, we predicted that oviposition
depth would also vary among populations. In addition,
soil conditions (e.g., moisture, compaction) also vary
from west to east along the same transect in south

Florida, suggesting a link between soil conditions, ovi-
position depth, and adult grasshopper body size. Hy-
droperiod, which has a strong effect on soil conditions,
varies from short hydroperiods in the west to longer
hydroperiods in the east (Fig. 1; also see Lodge 2004).
Short hydroperiods (2Ð6 mo annually) found in the
west form marl soils (variable composites of clay, silt,
and calcium carbonate) (Fig. 1; Ewel 1990, Snyder et
al. 1990, Lodge 2004), whereas long hydroperiods (9�
months) that occur at the eastern sites result in peat
soils (built-up layersofdecomposingvegetation)(Fig.
1; Kushlan 1990, Gleason and Stone 1994, Gunderson
and Snyder 1994, Lodge 2004). Marl is drier and more
compacted than peat; therefore, soil moisture should
increase from west to east and soil compaction should
decrease along the same gradient.

We predicted that optimal oviposition depth should
depend on soil conditions. SpeciÞcally, if soil moisture
and soil compaction vary geographically and natural
selection has selected for optimal oviposition depth,
then populations should oviposit at depths that reßect
the optimal depth for the soil conditions at their site
of origin, irrespective of adult female body size. This
result would be consistent with the hypothesis of local
adaptation of oviposition choice to soil conditions.
Alternatively, oviposition depth might be limited by
female body size and not a function of soil conditions.
This postulate predicts that individual body size limits
the depth of oviposition and females always oviposit at

Fig. 1. Field sites and compaction sampling sites along a westÐeast transect in south Florida. Sites with populations used
for these experiments are labeled with a two- or three-letter abbreviation; those sites where only soil compaction was
measured (i.e., no animals tested for oviposition depth) are numerically labeled. Three interrelated environmental variables
potentially inßuence R. microptera oviposition depth across the south Florida landscape: soil compaction (dashed line; 0.0,
0.5 and 1.0 kg/cm2), percentage of soil organic matter (% SOM; dashed-and-dotted line; L, low; M, medium; H, high), and
typical hydroseason (dashed-and-dotted line; 0, 6, and 12 mo). Soil compaction is based on empirical data and reßects the
mean compaction value for all depths, 0, 5, and 10 cm (see Table 1); % SOM and hydroseason curves are based on qualitative
descriptions from geology literature of south Florida. Hydroseason determines % SOM. A longer hydroseason reduces aerobic
breakdown of plant matter resulting in peat soils. A short hydroseason builds marl soils. As % SOM increases, soil compaction
is reduced (Lodge 2004).
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the maximum depth possible because the maximum
depth yields the highest offspring survival. In a labo-
ratory study and two Þeld experiments, we examine
three variables and their relationship to oviposition
depth: 1) the size of the female; 2) the population
origin of the female; and 3) soil characteristics (type,
moisture, and compaction). We also present data on
variation in soil characteristics experienced by females
in the wild.

Materials and Methods

Study Site and Species. We studied oviposition
depth of R. microptera populations in south Florida
along a 120-km west-to-east transect in and around the
greater Everglades ecosystem (Fakahatchee State
Park, Big Cypress National Preserve, Everglades Na-
tional Park; Fig. 1). Altitude in south Florida varies by
only a few meters, but elevation changes of less than
one meter can produce signiÞcant differences in hy-
drology, soil composition, and plant community
(Lodge 2004). The westÐeast transect is characterized
by marl soils, relatively short hydroperiods, and marl
prairies in the west (e.g., AA, FX in Fig. 1) gradually
shifting toward peat soils, longer hydroperiods, and
sawgrass prairies in the east (e.g., SVS, CAS in Fig. 1).
Characteristic host plants common to our Þeld sites
include the following : Phragmites australis (Cav.)
Trin. Ex Steud. (Cyperales: Poaceae), Crinum ameri-
canumL. (Liliales: Liliaceae),Sabalpalmetto(Walter)
Lodd. ex Schult. & Schult. f. (Arecales: Arecaceae),
Cladium mariscus (L.) Pohl ssp. jamaicensis (Crantz)
Kük. (Cyperales: Cyperaceae), Salix caroliniana
Michx. (Salicales: Salicaceae),Baccharis halimifoliaL.
(Asterales: Asteraceae), and Schinus terebinthifolius
Raddi (Sapindales: Anacardiaceae) (K. Kocot and
J.E.J., unpublished data). Linear sizes of adult lubbers
increase by 30% from west to east along this transect
(Huizinga et al. 2008, Jannot et al. 2009). Average adult
female body sizes (pronotum length) for populations
can be found in Table 1. Lubbers are large, ßightless,
polyphagous herbivores (Rehn and Grant 1961, Whit-
man and Orsak 1985). In south Florida, R. microptera,
oviposition begins in late May and lasts into August
(J.E.J., personal observations), and females can lay

one to three egg pods (Walker et al. 1999, Mefferd et
al. 2005). Adult females oviposit in soil by digging a
hole with short ovipositor valves at the tip of their
extensible abdomen. A female uses her abdomen to
dig into the soil; egg pods are placed vertically within
the hole and subsequently capped with a foam plug.
Females spend, on average, �80 min (�22 min) ovi-
positing in the wild (Stauffer and Whitman 2007).
Soil Compaction in the Field. We measured soil

compaction at twelve sites along the longitudinal
transect, including sites at or near the populations
used in this study (see Fig. 1; three sites in the western
region are outside the frame of the Þgure). At each
site, a 100-m transect was laid out perpendicular to the
access road starting �20 m from the road to minimize
road inßuence. At 10-m intervals along each transect,
soil compaction (�force required to penetrate the
soil; kilograms per square centimeter) was taken with
a soil penetrometer (Pocket Penetrometer, Forestry
Suppliers, Inc., Jackson, MS) at 0-, 5-, and 10-cm soil
depth. These depths were chosen because they span
the range of observedR.micropteraoviposition depths
in the laboratory study (see Results).
Laboratory Experiment.Females were obtained by

collecting Þfth instar (�Þnal) nymphs from three Þeld
sites (western, AA; central, TL; eastern, SVS; see Fig.
1) during May 2007. Females were transported to
Illinois State University, housed in individual Tupper-
ware containers with screen lids, and placed in envi-
ronmental chambers, with a photoperiod of 14:10
(L:D) h and a 32:24�C (day:night) daily temperature
cycle. Lubbers were given romaine lettuce, rolled
oats, bran ßakes, and water (�15 ml) ad libitum
throughout the experiment. Cages were cleaned and
new food and water added every 1Ð2 d for the duration
of the experiment. Pronotum length of each adult
female was determined �24 h after molting to the
adult stage (Þnal N postmortality: AA, 6; TL, 16; SVS,
6). When females exhibited signs of oviposition (i.e.,
distended abdomen; digging motion with ovipositor
valves), females were placed inside individual (17.8-
by 27.9-cm) clear, ovoid plastic containers Þlled to a
depth of 21 cm with dry, white sand as a standard
oviposition substrate. Sand was used to provide a uni-
form, standardized, easily available substrate that is

Table 1. Soil compaction means (kg/cm2 � 1 SE, N � 11) for three depths and R. microptera female size (mean prontoum length,
mm � 1 SE) at nine locations along the geographic cline (see Fig. 1)

Location Region
Compaction Female

size
N

(females)0 cm 5 cm 10 cm

FX Western 0.32 (0.04) 0.42 (0.04) 0.55 (0.06) 17.3 (0.1) 142
AA Western 0.22 (0.04) 0.40 (0.05) 0.40 (0.05) 17.2 (0.1)a 308
TL Western 0.34 (0.03) 0.52 (0.04) 0.64 (0.03) 17.8 (0.2)a 66
1 Central 0.27 (0.04) 0.55 (0.05) 0.64 (0.04) NA
2 Central 0.28 (0.04) 0.38 (0.04) 0.57 (0.04) 18.6 (0.3)a 19
3 Central 0.25 (0.05) 0.35 (0.04) 0.37 (0.03) 18.5 (0.4)a 43
SVS Eastern 0.13 (0.02) 0.15 (0.02) 0.14 (0.04) 19.7 (0.2)a 95
4 Eastern �0.1 �0.1 �0.1 19.5 (0.4)a 22
CAS Eastern �0.1 �0.1 �0.1 20.3 (0.2) 141

Locations with populations used for these experiments are labeled with a two- or three-letter abbreviation; all other locations sampled are
numerically labeled. NA, not applicable.
aData from Jannot et al. (2009).
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similar to the sandy soils in south Florida, and which
was known from other experiments, would stimulate
grasshopper oviposition behavior. The depth of ovi-
position for each egg pod was measured (centimeters)
from the surface of the sand to the bottom of the egg
pod.
Field Experiments. To determine whether popula-

tions exhibit variation in oviposition depth in response
to soil characteristics in the Þeld, we conducted two
seminatural experiments with two Þeld populations.
During June 2008, 161 western (FX) and 221 eastern
(CAS) adult female R. microptera were collected and
measured for pronotum length. Collections were stag-
gered by �2 wk to account for differences in ages
among the populations. The timing of the collections
also ensured that all females were captured before
their Þrst oviposition event. Females were housed in
a location central to the Þeld sites in group Þeld cages
(�40 by 25 by 20 cm) at equal densities, kept separate
by population origin, and measured for pronotum
length. Females had access to both sun and shade to
allow seminatural thermoregulatory behavior. Each
cage received an ad libitum supply of romaine lettuce
and rolled oats, which was replaced during daily cage
cleaning. Females exhibiting abdominal distension
and digging behavior were placed individually on soil
from one randomly chosen experimental treatment
(see below) until oviposition was completed (�40Ð
120 min.). Each female oviposited once, then was
removed from the container and released back to her
original site alive and unharmed. We measured the
depth from the soil surface to the top and bottom of
the egg pod.
Field Experiment 1: Soil Type. To determine the

effect of soil type on oviposition depth, both popula-
tions were subjected to two treatments differing only
in soil composition, either marl or peat. Marl soils were
collected from the western (FX) site and peat soils
were collected from the eastern (CAS) site. For each
soil type, the soil mixture in the experiment was a
homogenized aggregate of Þve samples. Soils were
hand sifted to break up clumps and to remove large
debris (e.g., rocks, roots) and air-dried for 3 d. Treat-
ments were prepared by adding 15 cm of loose soil to
round, plastic planting pots (�1.7 liters), wetting it
(�10% moisture by mass), and tamping down to
achieve loose compaction (loose �0.1 kg/cm2) as
tested with a soil penetrometer (described above).
One female was placed on each pot (�single soil
type). Numbers of replicate females were as follows:
for western (FX), marl � 20, peat � 18; for eastern
(CAS), marl � 20, peat � 20.
Field Experiment 2: Moisture and Compaction. To

test the effects of soil moisture and compaction on
depth of oviposition in the two populations, we cre-
ated Þve treatments that were combinations of mois-
ture and compaction in round, plastic containers (946
ml). We used marl soil because populations showed no
differences based on soil type (see Results), and marl
soil enabled us to construct consistent moisture and
compaction treatments. Three moisture treatments
were set up with loose compaction (�0.1 kg/cm2) by

thoroughly mixing soil and tap water to the appropri-
ate moisture level and then adding 10 cm of the moist-
ened soil to containers. There were three moisture
levels (by mass): saturated �27% moisture; moist
�18% moisture; and dry �9% moisture. We created
three compaction treatments by adding 10 cm of dry
soil (�9% moisture) to containers (946 ml) and tamp-
ing soil in progressive layers to maintain consistent
compaction throughout the container. There were
three levels of compaction: loose �0.1 kg/cm2; me-
dium � 0.5 kg/cm2; and hard � 1.0 kg/cm2. These
treatments spanned the range of compaction levels
found in the Þeld (Table 1).
Statistical Analyses. Field soil compaction readings

were grouped into western, central, and eastern re-
gions by dividing the longitudinal transect into three
40-km sections. These groupings were chosen because
we expect the western region to be primarily marl, the
eastern region to be primarily peat, and the central
region to be varying mixtures of peat and marl. We
analyzed compaction at 0, 5, and 10 cm (square root
transformed to meet assumptions of normality and
homogeneity of variances) with a nested multivariate
analysis of variance (MANCOVA), with region as a
Þxed effect and site within region as a random effect.
Contrasts of mean pairwise multivariate differences
among regions, with a Bonferroni correction, were
used to test for differences between regions.

For the laboratory experiment, we used analysis of
covariance (ANCOVA) (PROC GLM, SAS Institute
2003) to examine the effect of site (AA, TL, SVS) and
the covariate pronotum length (millimeters) on depth
to the bottom of the egg pod. Preliminary tests indi-
cated that slopes of depth versus pronotum was similar
for all populations and therefore the pronotum � site
interaction was removed from the Þnal analysis. Pair-
wise differences among the least-squares means of
oviposition depth were compared using the PDIFF
option of the LSMEANS statement and a Tukey cor-
rected P value.

For Þeld experiment 1, depths to the top and bottom
of the egg pod were analyzed using a MANCOVA with
population, soil type, and population � soil type as the
class effects. Pronotum length was used as the covari-
ate, thus any differences in depth due to population or
soil type are independent of female size. For Þeld
experiment 2, depths to the top and bottom of the egg
pod as a function of moisture and compaction were
analyzed using a MANCOVA with population, mois-
ture-compaction treatment, and population � treat-
ment as the class effects and pronotum length as the
covariate, to control for the effects of female size.
Preliminary analyses indicated that slopes of multi-
variate relationships of depth variables to pronotum
length were similar for all groups and therefore the
pronotum � treatment interaction was removed from
the Þnal analysis. For the moisture-compaction data,
pairwise multivariate contrasts of mean oviposition
depths were used to test differences between speciÞc
treatments. Data for all analyses met assumptions of
normality and homogeneity of variances. Analyses
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were conducted with SAS version 9.1 on Windows XP
platform (SAS Institute 2003).

Results

Soil Compaction in the Field. Compaction values
ranged from �0.1 kg/cm2 in the east to �0.5 kg/cm2

in the west (Table 1). Although the trend followed the
expected pattern based on hydrology in south Florida
(Fig. 1), western and central regions were not statis-
tically separable (F3, 7 � 0.11; P � 0.95). However,
both western (F3, 7 � 11.18; P � 0.0046) and central
(F

3, 7
� 8.02; P � 0.0115) regions were signiÞcantly

more compacted than were eastern sites (Table 2;
Supplemental Table 1). Soil compaction seems not to
follow a linear gradient along the transect; rather,
there is a shift in compaction between the western and
eastern sites. Overall, compaction increased with
depth (Supplemental Table 1).
LaboratoryExperiment.Depth to the bottom of the

egg pod differed signiÞcantly among populations
when sand was presented as a standard oviposition
substrate (ANCOVA: site F2, 84 � 56.34; P � 0.0001)
(Fig. 2). The western population (AA) oviposited at
the shallowest depth whereas the eastern population
(SVS) oviposited the deepest and the central popu-
lation (TL) oviposited at an intermediate depth (Fig.

2). Interestingly, this result was independent of female
size; depth of oviposition was not signiÞcantly related
to female size in this experiment (ANCOVA: prono-
tum length F1, 84 � 1.35; P � 0.12).
FieldExperiment 1: Soil Type.Depth of oviposition

differed between populations and was positively re-
lated to pronotum length, but was not affected by soil
type or interactions among population, body size, and
soil type (Table 3). Depths to top and bottom of egg
pods were signiÞcantly shallower for the western
(FX) than eastern (CAS) females (F2, 71 � 14.71; P�
0.0001) (Fig. 3), independent of female pronotum
length (i.e., no population by pronotum length inter-
action). Depth was positively related to pronotum
length; however, the lack of a population � pronotum
interaction indicates that the change in oviposition
depth as a function of pronotum length did not differ
between the two populations (Table 3; Fig. 4). When
adjusted for female pronotum length via ANCOVA,
animals from the eastern population laid 0.9 cm deeper
to the bottom of the egg pod than did western females.
Larger body size was associated with deeper oviposi-
tion: for each 1 mm of pronotum length, females ovi-
posited �1 mm deeper (Fig. 4).
Field Experiment 2: Moisture and Compaction.

Oviposition depths were again positively related to
pronotum length, and affected by population, mois-
ture-compaction treatment, and the population �
treatment interaction (Table 4). Depths to top and

Table 2. Nested MANOVA results for square root transformed
field soil compaction readings at 0-, 5-, and 10-cm soil depth for
three geographic regions (W, western; C, central; E, eastern) as a
function of site nested within region

Source
WilksÕ
lambda

F df P

Region 0.16 3.55 6, 14 0.0239
Site (region) 0.22 8.27 27, 325 �0.0001
Contrasts

W vs. C 0.95 0.11 3, 7 0.9503
W vs. E 0.17 11.18 3, 7 0.0046
C vs. E 0.23 8.02 3, 7 0.0115

Multivariate pairwise contrasts of regions are reported. Pairwise P
values are signiÞcant at P� 0.0167 (Bonferroni correction of 0.05/3).

Fig. 2. Oviposition depth (soil surface to the bottom of
the egg pod) in the laboratory experiment (least squares
mean � 1 SE) forR.microptera females from three Þeld sites.
Different letters indicate differences between sites at � �
0.0004.

Table 3. MANCOVA results for soil type exp with R. microp-
tera on depth to the top and bottom of egg pods

Source
WilksÕ
lambda

F df P

Standardized
canonical
coefÞcient

Top Bottom

Pronotum 0.85 6.05 2, 71 0.004 	0.30 1.97
Pop 0.71 14.71 2, 71 �0.0001 	0.30 1.97
Soil 0.96 1.40 2, 71 0.25 	1.10 2.44
Pop � soil 1.00 0.07 2, 71 0.93 	1.20 2.47

Fig. 3. Oviposition depth (soil surface to the top and
bottom of egg pods; least squares mean � 1 SE) for R.
microptera females from eastern sites (solid; CAS) and west-
ern sites (open; FX).
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bottom showed similar responses to pronotum length,
population, treatment, and population � treatment
interaction; therefore, we only present means for
depth to the bottom (Fig. 5). Multivariate pairwise
contrasts indicated that, independent of size, eastern
(CAS) females laid signiÞcantly deeper than western
(FX) females for all moisture classes (asterisks, Fig. 5).
As moisture increased, there was a signiÞcant decrease
in size-adjusted oviposition depth for eastern females
in saturated soil (small xÕs and y, Fig. 5). In contrast,
western femalesÕ size-adjusted oviposition depths did
not differ across moisture treatments (capital XÕs, Fig.
5). For both populations, as compaction increased,
size-adjusted depth of oviposition decreased (Fig. 5)
but decreased more rapidly for eastern (CAS) females
(Fig. 5). Between populations, eastern females ovi-
posited deeper than western females (FX) only under
loose soil conditions (asterisk, Fig. 5); oviposition
depth did not differ between populations in medium
or hard compaction (Fig. 5). Within populations, the
difference in the size-adjusted mean oviposition depth
between loose and hard compaction was 2.1 cm for
eastern females (small a, b, c in Fig. 5) and 1 cm for
western females (capital A, B, C in Fig. 5).

Discussion

We found that (1) R. microptera females in south
Florida exhibit signiÞcant interpopulation differences

in oviposition depth: western, small-bodied females
oviposit at shallow depths but eastern, large-bodied
females oviposit relatively deeper; (2) population dif-
ferences in oviposition depth are independent of fe-
male body size and are expressed in both the Þeld and
the laboratory; (3) larger females oviposit deeper than
small females; (4) increasing soil compaction de-
creases oviposition depth in both populations, but the
strength of the response was greater among females
from an eastern population; (5) increasing soil mois-
ture decreases female oviposition depth in an eastern
population but does not signiÞcantly change oviposi-
tion depth in a western population; and (6) soil com-
paction is greater at western versus eastern sites, sug-
gesting western females oviposit in compacted soils in
the wild. Our results suggest the following points,
which we discuss below: 1) oviposition depth is a
population-speciÞc ßexible response to soil condi-
tions; 2) population-speciÞc responses are consistent
with the hypothesis of local adaptation to spatial vari-
ation in soil conditions; and 3) despite modest body
size-depth correlations, population origin is likely a
more important determinant of oviposition depth than

Fig. 4. Oviposition depth (soil surface to the bottom of
egg pods) as a function of R. microptera female pronotum
length for each population in the soil type experiment. Slopes
for eastern females (CAS, solid symbols: depth � 0.12�
pronotum length � 4.59) and western females (FX � open
symbols: depth � 0.12� pronotum length � 3.76) are sig-
niÞcantly different from zero (P� 0.01) but not signiÞcantly
different from each other (P � 0.20).

Table 4. MANCOVA results for moisture–compaction experiment with R. microptera on depth to the top and bottom of egg pods

Source WilksÕ lambda F df P
Standardized canonical coefÞcient

Canonical variate Top Bottom

Pronotum 0.94 5.73 2, 184 0.0038 	0.83 2.28
Pop 0.91 8.78 2, 184 0.0002 0.13 1.54
treatment 0.41 26.16 8, 368 �0.0001 1 0.59 1.10

2 	2.50 2.55
Pop � treatment 0.86 3.69 8, 368 0.0004 1 	0.57 2.11

2 2.50 	1.81

Fig. 5. Oviposition depth (soil surface to bottom of egg
pod) by R. microptera for Þve soil moisture and compaction
treatments by population. DH, dry, hard; DM, dry, medium;
DL, dry, loose; ML, moist, loose; SL, saturated, loose. Signif-
icant differences (P � 0.05) are indicated by asterisks (*)
between populations on the same treatment; small letters for
eastern females (solid symbols; CAS) between treatments (a,
b, c for compaction; x, y for moisture); and capital letters for
western females (open symbols; FX) between treatments (A,
B, C for compaction; X for moisture). N for FX: DH � 19,
DM � 18, DL � 20, ML � 22, SL � 20. N for CAS: DH � 20,
DM � 20, DL � 20, ML � 20, SL � 21.
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female body size. Finally, there is a paucity of infor-
mation pertaining to the Þtness costs and beneÞts of
oviposition depth in soil-ovipositing species. We con-
clude with a framework for future research on the
adaptive signiÞcance of oviposition depth.

Oviposition depth in response to a range of soil
conditions seems to be more ßexible in the eastern
population than in the western population. For exam-
ple, in loose compaction soils, similar to conditions
found in the east, the eastern population oviposited
signiÞcantly deeper than the western females. How-
ever, eastern females reduce oviposition depth to a
greater extent than western females in response to
increases in compaction. Similarly, moisture had little
inßuence on oviposition depth for western females,
but eastern females oviposited closer to the surface in
saturated soils. These data suggest that, independent
of size, females from different populations are either
actively choosing different oviposition depths in re-
sponse to compaction and moisture, or are differen-
tially constrained by these physical properties of soils
(e.g., a larger body is less effective at digging and
burying its larger diameter abdomen in harder soils).
Our results indicate that oviposition depth depends on
complex interactions between female behavioral
choice, soil conditions, and population origin.

The observed population speciÞc responses to soil
compaction and moisture are consistent with the hy-
pothesis that populations are adapted to local soil
conditions. As predicted, eastern females oviposited
deeper than western females. This result was demon-
strated in a common laboratory environment and, in
that laboratory experiment, was independent of fe-
male size suggesting that populations have become
locally adapted to the oviposition conditions found in
their local environments.Behavioral choicealso seems
to play a role because females adjusted their oviposi-
tion depth in response to soil compaction (both pop-
ulations) or moisture (eastern population). Eastern
females are more likely to encounter saturated soils
over large areas and seem to show greater behavioral
responses to such conditions than western females.
Interestingly, even though females from a larger-bod-
ied population oviposited deeper in loosely com-
pacted soils than females from a smaller-bodied pop-
ulation when adjusting for size, we found no evidence
that females from a population with a greater mean
body size have greater size-adjusted oviposition
depths in hard compacted soils. These patterns suggest
that compaction could act as a constraint on oviposi-
tion depth, placing a limit on the oviposition depth
choices possible for females.

Our results suggest that the population origin of
females has a stronger effect on depth than body size
for two reasons. First, the positive relationship be-
tween oviposition depth and body size was evident in
the two Þeld experiments, but not in the laboratory
experiment; whereas the population effect on ovipo-
sition depth was evident in all three experiments. One
explanation for this discrepancy is the plastic response
of adult size to the laboratory rearing conditions. In-
dividual R. microptera, like many insects, typically

experience their largest increase in size during in the
Þnal (Þfth) instar; therefore, it is not surprising that we
observed a plastic response to the laboratory condi-
tions (S.B. and J.E.J., unpublished data). The females
in the laboratory experiment spanned a similar range
of adult sizes as observed in the Þeld experiments
(pronotum length range: laboratory � 13Ð23 mm,
Þeld � 14Ð24 mm). The plastic response of body size
to laboratory rearing conditions resulted in females
from all three populations spanning the entire size
range. Despite this size range overlap, we still ob-
served signiÞcant differences in oviposition depth
among populations, suggesting population origin has a
stronger effect on oviposition depth than body size.
Second, the size-depth relationship observed in the
Þeld is overshadowed by the differences among pop-
ulations. In the Þeld, females from the two populations
overlapped in size, but the extent of the overlap was
much smaller than in the laboratory experiment. The
slope of the depth-size relationship was similar for
both Þeld populations, despite major differences in
mean body size (Fig. 4), suggesting a simple, consis-
tent scaling of oviposition depth with size across both
populations.

The lack of information pertaining to the adaptive
signiÞcance of oviposition depth indicates an oppor-
tunity for fruitful research. We present here a frame-
work for developing hypotheses and predictions
pertaining to adaptive oviposition depth in soil-
ovipositing species. Oviposition depth, in part, deÞnes
the environmental conditions experienced by eggs,
embryos, and hatchlings. For animals that lay eggs in
the soil, depth of oviposition is one mechanism by
which females can contribute to offspring survival.
Oviposition depth should reßect females optimizing at
least three selective forces acting on oviposition site
choice. First, selection should favor females that min-
imize the cost of oviposition in time and energy. Time
committed to oviposition might result in lower real-
ized fecundity (Janz 2003), prolonged exposure to
predation (Michiels and Dhondt 1990), and exposure
to detrimental abiotic conditions (Fink and Völkl
1995). The energetic demands on females are likely to
increase with increasing oviposition depth (Masaki
1986) particularly when soil texture, moisture, and
compaction make digging difÞcult (Doane 1967,
Stauffer and Whitman 1997). The time and energetic
costs of digging are one explanation for why oviposi-
tion depth decreased as compaction increased in our
study. All else being equal, minimizing time and en-
ergy invested in digging should limit oviposition to
relatively shallow depths. Second, selection should
favor oviposition depths that improve egg survival in
a given environment. Greater protection from surface
Þres, desiccation, surface-dwelling predators and
pathogens, should favor increased oviposition depth.
Differences between our sites in soil compaction and
moisture (Fig. 1) could affect egg, embryo, and hatch-
ling survival and might account for the observed pop-
ulation differences in oviposition depth. Finally, se-
lection should favor oviposition depths that maximize
the probability a hatchling will successfully reach the
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surface (Bradford et al. 1993). Two factors would
shape the costs of depth to hatchling survival: hatch-
ling size and soil conditions. In R. microptera, the egg
and hatchling sizes do not differ among these popu-
lations (Jannot et al. 2009). Although hatchling size
does not vary across the landscape, soil conditions do.
Therefore, we predict that the compacted, clay-dom-
inated marl soils at our western sites should inhibit the
upward digging of hatchlings (Stauffer and Whitman
1997), whereas the loose, organic peat soils found at
our eastern sites should result in easier tunneling for
emerging hatchlings. If so, western hatchlings would
face more difÞcult upward digging conditions com-
pared with eastern hatchlings and should favor shal-
low oviposition depths in western soils due to the
energetic costs of digging out of compacted soil and a
presumed increased potential for failure to excavate to
the surface at greater depths. Quantifying the Þtness
effects of variation in oviposition depth requires test-
ing the outcome of soil conditions and oviposition
depths on both offspring survival and female future
reproductive success. We do not currently have such
data, but they would be vital for evaluating conse-
quences of oviposition depth choice.

In conclusion, our data are consistent with the hy-
pothesis of local adaptation of female oviposition
choice to local environmental conditions. Factors con-
tributing to female ability to choose oviposition depths
include both individual size, and behavioral or me-
chanical traits that vary among populations and are
independent of size. For species with limited dispersal
and little or no posthatching maternal care, choosing
an appropriate depth for oviposition in the vertical soil
proÞle is an important mechanism by which females
can inßuence egg and hatchling survival. Data are
lacking for the time and energy necessary for ovipo-
sition to any particular depth, the relationship be-
tween egg or hatchling survival, oviposition depth and
soil conditions. Future work should be directed at a
mechanistic understanding of the costs and beneÞts
associated with oviposition depth in soil-ovipositing
organisms.

Acknowledgments

We thank L. Skinner for assistance with Þeldwork and four
anonymous reviewers for helpful comments on earlier ver-
sions of this manuscript. We also thank Trail Lakes Camp-
ground, U.S. Park Service, and the state of Florida for access
to Þeld sites. We were supported thanks to D. Whitman, D.
Borst, S. A. Juliano, O. Akman, and the NSF Cross-disciplin-
ary Research at Undergraduate Institutions grant DBI-
0442412 and by funds from the College of Arts and Sciences,
Illinois State University.

References Cited

Bradford,M. J., P. A.Guerette, andD.A. Roff. 1993. Testing
hypotheses of adaptive variation in cricket ovipositor
lengths. Oecologia 93: 263Ð267.

Braker, H. E. 1989. Evolution and ecology of oviposition on
host plants by acridoid grasshoppers. Biol. J. Linn. Soc. 38:
389Ð406.

Branson, D. H., and L. T. Vermeire. 2007. Grasshopper egg
mortality mediated by oviposition tactics and Þre inten-
sity. Ecol. Entomol. 32: 128Ð134.

Choudhuri, J.C.B. 1956. Experimental studies on the selec-
tion of oviposition sites by Locusta migratoria migratori-
oides (R. and F.). Locusta 4: 23Ð34.

Choudhuri, J.C.B. 1958. Experimental studies on the choice
of oviposition sites by two species of Chorthippus (Or-
thoptera: Acrididae). J. Anim. Ecol. 27: 201Ð216.

Davidson, D. W. 1977. Species diversity and community
organization in desert seed-eating ants. Ecology 58: 711Ð
724.

Doane, J. F. 1967. The inßuence of soil moisture and some
soil physical factors on the ovipositional behavior of the
prairie grain wireworm, Ctenicera destructor. Entomol.
Exp. Appl. 10: 275Ð286.

Ewel, K. C. 1990. Swamps, pp. 281Ð323. In R. L. Myers and
J. J. Ewel (eds.), Ecosystems of Florida. University
Presses of Florida, Gainesville, FL.

Fink,U., andW.Völkl. 1995. The effect of abiotic factors on
foraging and oviposition success of the aphid parasitoid,
Aphidius rosae. Oecologia 103: 371Ð378.

Gleason, P. J., and P. Stone. 1994. Age, origin, and landscape
evolution of theEvergladespeatland, pp. 149Ð197. InS. M.
Davis and J. C. Ogden (eds.), Everglades: the ecosystem
and its restoration. St. Lucie Press, Delray Beach, FL.

Gunderson, L. H., and J. R. Snyder. 1994. Fire patterns in
the southern Everglades, pp. 291Ð305. In S. M. Davis and
J. C. Ogden (eds.), Everglades: the ecosystem and its
restoration. St. Lucie Press, Delray Beach, FL.

Huey, R. B., G.W. Gilchrist, M. L. Carlson, D. Berrigan, and
L. Serra. 2000. Rapid evolution of a geographic cline in
size in an introduced ßy. Science (Wash., D.C.) 287:
308Ð309.

Huizinga,K.M.,M.D. Shaidle, J. S. Brinton,L.A.Gore,M.A.
Ebo,A. J. Solliday, P. J. Buguey,D.W.Whitman, andS.A.
Juliano. 2008. Geographic and inter-annual differences
in the body sizes of adult Romalea microptera. J. Orthop.
Res. 17: 135Ð139.

Isley, F. B. 1938. The relations of Texas Acrididae to plants
and soils. Ecol. Monogr. 8: 551Ð604.

Jannot, J.E., J. Brinton,K.Kocot,O.Akman, andS.A. Juliano.
2009. Ontogenetic mechanisms underlying geographic
variation in adult body size of a grasshopper Romalea
microptera. Ann. Entomol. Soc. Am. 102: 468Ð475.

Janz, N. 2003. The cost of polyphagy: oviposition decision
time vs. error rate in a butterßy. Oikos 100: 493Ð496.

Johnston, I. A., and A. F. Bennett. 1996. Animals and tem-
perature: phenotypic and evolutionary adaptation. Cam-
bridge University Press, London, United Kingdom.

Kushlan, J. A. 1990. Freshwater marshes, pp. 324Ð363. In
R. L. Myers and J. J. Ewel (eds.), Ecosystems of Florida.
University Presses of Florida, Gainesville, FL. University
of Central Florida Press, Orlando, FL.

Lodge, T. E. 2004. The Everglades handbook: understand-
ing the ecosystem, 2nd ed. CRC, Boca Raton, FL.

Masaki, S. 1979. Climatic adaptation and species status in
the lawn ground cricket. III. ovipositor length. Oecologia
43: 207Ð219.

Masaki, S. 1986. SigniÞcance of ovipositor length in life cy-
cle adaptations of crickets, pp. 20Ð34. In F. Taylor and R.
Karban (eds.), The evolution of insect life cycles.
Springer, New York.

Mefferd, C. L.,W.Hatch, R. L. Burries, andD.W.Whitman.
2005. Plasticity in the length of the ovulation-oviposition
interval in the lubber grasshopper Romalea microptera.
J. Orthop. Res. 14: 31Ð32.

234 ANNALS OF THE ENTOMOLOGICAL SOCIETY OF AMERICA Vol. 103, no. 2



Meiri, S., T. Dayan, and D. Simberloff. 2005. Biogeograph-
ical patterns in the Western Palearctic: the fasting-en-
durance hypothesis and the status of MurphyÕs rule.
J. Biogeogr. 32: 369Ð375.

Michiels, N. K., and A. A. Dhondt. 1990. Costs and beneÞts
associated with oviposition site selection in the dragonßy
SympetrumdanaeOdonata:Libellulidae.Anim.Behav. 40:
668Ð678.

Mosseau,T.A. 2000. Intra- and interpopulation genetic vari-
ation, pp. 219Ð250. In T. A. Mosseau, J. A. Endler, and B
Sinervo (eds.), Adaptive genetic variation in the wild.
Oxford University Press, Oxford, United Kingdom.

Mousseau, T. A., and D. A. Roff. 1989. Adaptation to sea-
sonality in a cricket: patterns of phenotypic and geno-
typic variation in body size and diapause expression along
a cline in season length. Evolution 43: 1483Ð1496.

Mousseau, T. A., and D. A. Roff. 1995. Genetic and envi-
ronmental contributions to geographic variation in the
ovipositor length of a cricket. Ecology 76: 1473Ð1482.

Nylin, S., and L. Svard. 1991. Latitudinal patterns in the size
of European butterßies. Holarct. Ecol. 14: 192Ð202.

Rehn, J.A.G., and H. J. Grant, Jr. 1961. A Monograph of the
Orthoptera of North America North of Mexico, pp. 231Ð
240. InMonographs of the Academy of Natural Sciences
of Philadelphia. Wickersham Printing Co., Lancaster, PA.

SAS Institute. 2003. SAS software, version 9.1, SAS System
for Windows XP. SAS Institute, Cary, NC.

Snyder, J. R., A.Herndon, andW.B.Robertson. 1990. South
Florida rockland, pp. 230Ð277. In R. L. Myers and J. J.

Ewel (eds.), Ecosystems of Florida. University Presses of
Florida, Gainesville, FL.

Stauffer, T. W., and D. W. Whitman. 1997. Grasshopper
oviposition, pp. 231Ð280. In S. K. Gangwere, M. C. Mu-
ralirangan, and M. Muralirangan (eds.), The bionomics of
grasshoppers, katydids and their kin. CAB International,
Wallingford, United Kingdom.

Stauffer, T. W., and D. W. Whitman. 2007. Divergent ovi-
position behaviors in a desert vs. a marsh grasshopper.
J. Orthop. Res. 16: 103Ð114.

Tefler,M. G., andM.Hassall. 1991. Ecotypic differentiation
in the grasshopperChorthippus brunneus: life history var-
ies in relation to climate. Oecologia 121: 245Ð254.

Uvarov, B. P. 1966. Grasshoppers and locusts: a handbook of
general acridology I. Cambridge University Press, Lon-
don, United Kingdom.

Uvarov, B. P. 1977. Grasshoppers and locusts: a handbook of
general acridology II. Centre for Overseas Pest Research,
London, United Kingdom.

Walker, M. P., C. J. Lewis, and D. W. Whitman. 1999. Ef-
fects of males on the fecundity and fertility of female
Romalea microptera grasshoppers. J. Orthop. Res. 8: 277Ð
283.

Whitman, D. W., and L. J. Orsak. 1985. Biology of Tae-
niopoda eques Orthoptera: Acrididae in southeastern
Arizona. Ann. Entomol. Soc. Am. 78: 811Ð825.

Zimin, L. S. 1938. The eggpods of Acrididae: morphology,
classiÞcation, and ecology. Opred Faune SSSR. 23: 1Ð83.

Received 30 August 2009; accepted 4 January 2010.

March 2010 HERRMANN ET AL.: VARIATION IN OVIPOSITION DEPTHS WITH DIFFERING SOIL CONDITIONS 235


