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Abstract

We used linear regression, nonlinear regression and principal component
analysis to examine the relationships among morphology, fecundity, and
mating variables for lab-reared adult female Romalea microptera (Beauvois)
(fam. Romaleidae) grasshoppers. Morphological variables included head
width, pronotum length, femurlength, adulteclosion mass, maximum mass
reached before the 1% oviposition, and maximum mass reached before the
2 oviposition. Fecundity (= reproductive) variables included clutch size
Pod 1, clutch size Pod 2, total eggs Pods 1 + 2, mass Pod 1, mass Pod 2, time
between adult eclosion and Pod 1, time between Pod 1 and Pod 2, and time
between eclosion and Pod 2. Mating variables included number of matings
and age of 1® mating. Most morphological variables were strongly positively
correlated, and morphological variables (especially femur length, eclosion
mass, and maximum body mass reached prior to oviposition) predicted
many fecundity variables. Maximum body mass reached prior to laying
Pod 1 was highly correlated with maximum body mass reached prior to
laying Pod 2 (r =0.93), and clutch size Pod 1 predicted clutch size Pod 2 (r
=0.72). However, time to oviposit (= interval between adult eclosion and
oviposition) was generally unrelated to body size, body mass, or clutch size
ormass. Hence, clutch size and pod mass are strongly determined by body
size and mass at adult eclosion, but timing of oviposition is independent of
body size and mass at eclosion. The results also suggest that early mating
speeds oviposition, but that excessive mating reduces female fecundity, as
measured by clutch size.
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Infroduction

Body size and mass are important in biology because biologi-
cal rates, performance, and interactions vary as a function of these
morphological characters (McMahon & Bonner 1983, Thornhill &
Alcock 1983, Calder 1984, Schmidt-Nielson 1984, LaBarbera 1989,
Peters 1989, Reiss 1989, Roff 1992, Stearns 1992, McShea 1998).
Because of their strong correlations with performance, body size and
mass serve as valuable predictive tools, and thus are often important
components in modeling (Livdahl & Sugihara 1984, Peters 1989,
Fielding 2004). Because size and mass are more easily measured
than many other organismal features (e.g., metabolic rate, caloric
content, lifetime fecundity, competitive ability, niche, etc.), biolo-
gists often use body size to estimate other characteristics.

In insects, studies show that large females often possess more
ovarioles, lay more eggs, lay larger eggs, feed and assimilate nutrients
faster, and sometimes reproduce earlier than smaller females (Peters

1989, Roff 1992, Honek 1993, Blanckenhorn 2000, Fox & Czesak
2000, Hodin 2009). In contrast, smaller females often reproduce
earlier or faster than large females (Stearns 1992, Kriegbaum 1997,
see Blanckenhorn 2000). In addition, research has documented
tradeoffs among various life-history features such as egg size, clutch
size, time to reproduce, etc. (Roff 1992, Stearns 1992, Fox & Czesak
2000, Hodin 2008).

However, biologists often allege relationships among size, mass,
and fecundity, or the existence of tradeoffs, without actual data to
support such claims. In addition the literature is replete with as-
sertions that large individuals are more fit than small individuals.
However, iflarge individuals were always more fit, then Earth would
be populated only by large species (Blanckenhorn 2000). In short,
such claims need to be supported with actual data.

In this paper we quantify the relationships between size/mass
and reproductive outcomes in a grasshopper. We correlate mor-
phological parameters of adult female lubber grasshoppers with
measurements of fecundity, to determine which morphological
parameters best predict reproductive outcomes. We also examine
correlations amongthe morphological features only, and amongthe
reproductive features only, to determine which are, and which are
not, related. We wanted to know which single factor or combination
of factors best predicted other factors, and which models (linear,
quadratic, logistic, cubic, etc.) best described these relationships. We
subject our data to three analytical methods: simple linear regres-
sion, non-linear regression, and principal component analysis.

Materials and methods

Data for this paper were derived from a previously published
laboratory study (Walker et al. 1999) on the effects of mating and
social grouping on fecundity in female Eastern Lubber grasshoppers,
Romalea microptera (Beauvois). The original experiment consisted
of three treatments (see below).

Source and Care of Animals.— Experimental animals originated from
a laboratory colony of Romalea microptera (Beauvois) (= guttata, see
Otte 1995) held at Illinois State University (Matuszek & Whitman
2001). This colony was established in 1996 and 1997 from wild
animals collected near Copeland, Florida, USA.

On the day females eclosed to adulthood they were weighed,
measured forsize, and divided into three treatment groups. Individual
identification numbers were painted onto the wings of each female.
Each treatment was housed in a separate environmental chamber
and consisted of 20 females. Treatments were balanced such that
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each treatment had a similar distribution of size and mass. In addi-
tion, before assigning animals to treatments, we removed extremely
large or small individuals (~ 8% of all animals). This made the
treatment groups in the original experiment more homogenous,
but it eliminated extremes for our current analysis. All females
were fed Romaine lettuce and oatmeal ad libitum. Environmental
chambers were maintained at a 32:24°C L:D temperature regime
and a 14:10 L:D photoperiod. All chambers were calibrated to the
same thermometer. Female containers were rotated within incubators
daily in order to balance any variation in chamber temperature.

For all treatments, we raised females from the adult molt (Day
0) until they laid their second egg pod (~ Day 49 to 54). For ovi-
position, females older than 24 d were placed in individual cups
containing moist sand for 4 h each day until they laid. Females,
along with any feces, were weighed before and after laying to de-
termine the approximate egg-pod mass. Egg pods were dug up and
dissected to determine clutch size (= number of eggs).

Treatment 1: isolated virgins.—The Virgin Treatment group served as
the control. Virgins were maintained in a “clean room”, devoid of
other grasshoppers or male odors. Each female was held individu-
allyin aventilated plastic container (1350 cm?). Cardboard barriers
around each containerblocked visual stimuli from adjacent females.
Hence, females in this treatment were not exposed to male pres-
ence, male odor, mating stimuli, or visual or tactile stimuli from
conspecifics. Although these females never mated, they developed
and laid eggs.

Treatment 2: isolated-mated females.—Treatment 2 females were treated
as those of Treatment 1, except they were mated three times: once
each on ~ Days 21 and 26 of adulthood, and again after the first
oviposition.

Treatment 3: mixed-sex group.—This treatment examined the com-
bined effects of mating and social grouping (including: visual,
tactile, and chemical stimuli from constant male and female con-
specific association) on female fecundity. It consisted of two 57-L
glass terrariums, each containing 10 females and 10 males, held
communally.

Data collected.—For all females, we used calipers and a balance to
measure adult morphological variables (head width at the com-
pound eyes, pronotum length along the dorsal midline, hind femur
length, wet mass at adult eclosion, greatest wet mass reached prior
to 1% oviposition, and greatest wet mass reached prior to 2™ ovi-
position), mating variables (number and timing of copulations),
and fecundity variables (clutch size for the 1% and 2™ egg pods,
the intervals, in days, from adult eclosion to the 1% oviposition, and
from the 1* to the 2" oviposition, and wet mass lost by females
during each oviposition [= pod mass]). Only females that laid eggs
were included in the analysis. Twenty-one of the 60 original females
were eliminated from the analysis because they died early, did not
lay, or exhibited various pathologies. We undertook three analyses:
linear regression, nonlinear regression, and principal component
analysis.

Linear regressions.— Using the above data set, we first produced
simple pair-wise linear regressions of each variable to every other
variable, using Microsoft Excel”. The original experiment (Walker
et al. 1999) demonstrated significant differences among the three
treatment groups (designated T1, T2, and T3) in mean age (days)

to 1% oviposition (T1 = 34.6 d, T2 = 31.2 d, T3 = 32.1 d) and 2
oviposition (T1 =53.8d, T2 =49.1 d, and T3 = 48.7 d) (see Walker
etal. 1999 for ANOVA statistics). To remove the effects of treatment
on time, we adjusted the times for all Treatment 1 and Treatment
3 data, so that the means for the time to 1* pod and 2™ pod for all
three treatments were identical to Treatment 2, at 31.2dand 49.1d,
respectively. For example, we added 3.4 d (the difference between
Treatments 1 and 2 in the mean time to lay the 1 pod) to the time
to reach the 1* pod to each animal in Treatment 1. Removing the
treatment effects on time from the original experiment allowed us
to pool the data from all three treatments. These transformed data
were only used for time vs morphology comparisons. In contrast,
we used the original (nonadjusted) time data when regressing mat-
ing variables to fecundity variables, or when comparing among
fecundity variables, because we assumed that the original treatments
did not influence the relationships between the other reproductive
variables

Nonlinear regressions.— In order to explore possible nonlinear as-
sociations between reproductive characteristics and morphological
factors, we used Microsoft Excel to fit various nonlinear models
(exponential, power and cubic polynomial) to each of the regres-
sions. We then used Microsoft Excel to calculate the coefficient of
determination (R?) for each model, and selected the model with the
highest R?value, as the model with the best fit. Because outlying
data may inordinately influence R?, we also tested for outliers using
Grubb's test for outliers, which failed to detect outliers in our data
(Grubbs 1969 and Stefansky 1972).

Principal component analysis (PCA).— Analyses 1 and 2 (above) are
pair-wise: they examine the relationship of a single factor to another
single factor. PCA allowed us to consider the effects of multiple
factors simultaneously on a single variable (Kachigan 1986). As
such, PCA uses more information and usually explains more of the
variance in a dependent variable. In principle, two or more highly
correlated independent variables contribute little additional infor-
mation toward understanding a single dependentvariable, over that
provided by just one of the variables. Consequently, PCA eliminates
highly correlated variables and thus focuses on a core set of inde-
pendent variables that explain a meaningful portion of the total
variation in the dataset.

We performed a PCA on our data using SPSS® (SPSS Inc., Chi-
cago). In order to determine which subset of independent variables
best explained the total variation of single dependent variables, we
first obtained extraction communalities (Kachigan 1986), which
estimated the percentvariance in each dependent variableaccounted
forby possible combinations of independent components. We took
thevariables correspondingto the selected principal componentsand
calculated the fraction of variation explained by each. We then fitted
various regression models to the principal factors and performed
cluster analysis of variables: cluster analysis is an exploratory tool
designed to reveal natural groupings (or clusters) within a dataset
that would otherwise not be apparent. This procedure identifies
relatively homogeneous groups of variables based on intercorrelation
characteristics, by using an algorithm that starts with each variable
in a separate cluster and combines clusters until only one is left,
based on adjusted partial correlation of the variables (Kachigan
1986). This procedure produces a dendrogram, which is a graphi-
cal summary of the cluster solution (see Aldenderfer & Blashfield
1984). Finally, we calculated the C statistic (which simultaneously
maximizes r’ and minimizes the number of variables) forall possible
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Table 1. Linear correlation coefficients (r) for various contrasts of grasshopper morphology, fecundity, and mating variables, arranged
by significance level for correlation (2-tailed test). Correlations in the right-hand column are the strongest, have the highest signifi-
cance, and thus have the highest predictive value. See Methods section for explanation of terms. In the contrasts column, “bf.” refers
to “before”. “P” refers to the p-value of the test of significance for the correlation coefficient.

Correlation coefficient (r )
Contrasts P> 0.05> P> 0.001 P<
(Independent x Dependent) 0.05 0.001
Morphology x Morphology
Head x Pronotum 0.38
Head x Femur 0.38
Head x Eclosion mass 042
Head x Max mass bf. pod 1 0.42
Head x Max mass bf. pod 2 0.36
Pronotum x Femur 0.55
Pronotum x Eclosion mass 0.66
Pronotum x Max mass bf. pod 1 0.42
Pronotum x Max mass bf. pod 2 0.36
Femur x Eclosion mass 0.74
Femur x Max mass bf. pod 1 0.74
Femur x Max mass bf. pod 2 0.66
Eclosion mass x Max mass bf. pod 1 0.77
Eclosion mass x Max mass bf. pod 2 0.70
Max mass bf. Pod 1 x Max mass bf. pod 2 0.93
Morphology x Fecundity
Head x Clutch size pod 1 0.34
Head x Time: eclosion - pod 1 -0.113
Head x Mass pod 1 0.32
Head x Clutch size pod 2 0.150
Head x Time interval: pod 1-2 0.100
Head x Mass pod 2 0.068
Head x Total eggs pods 1+2 0.34
Head x Time: eclosion-pod 2 -0.012
Pronotum x Clutch size pod 1 0.38
Pronotum x Time: eclosion - pod 1 -0.039
Pronotum x Mass pod 1 0.250
Pronotum x Clutch size pod 2 0.149
Pronotum x Interval: pod 1-2 0.202
Pronotum x Mass pod 2 0.51
Pronotum x Total eggs pods 1+2 0.37
Pronotum x Interval: eclosion-pod 2 0.186
Femur x Clutch size pod 1 0.63
Femur x Time: eclosion - pod 1 -0.093
Femur x Mass pod 1 0.54
Femur x Clutch size pod 2 0.57
Femur x Time interval: pod 1-2 .039
Femur x Mass pod 2 0.55
Femur x Total eggs pods 1+2 0.67
Femur x Interval: eclosion-pod 2 -0.024
Eclosion mass x Clutch size pod 1 0.67
Eclosion mass x Time: eclosion - pod 1~ 0.019
Eclosion mass x Mass pod 1 0.53
Eclosion mass x Clutch size pod 2 0.55
Eclosion mass x Interval: pod 1-2 0.084
Eclosion mass x Mass pod 2 0.52
Eclosion mass x Total eggs pods 1+ 2 0.52
Eclosion mass x Interval: eclosion-pod 2 0.068
Max mass bf. pod 1 x Clutch size pod 1 0.69
Max mass bf. pod 1 x Time: eclos.-pod 1 -0.104
Max mass bf. pod 1 x Mass pod 1 0.59
Max mass bf. pod 1 x Clutch size pod 2 0.62
Max mass bf. pod 1 x Interval: pod 1-2  -0.025
Max mass bf. pod 1 x Max mass < pod 2 0.65
Max mass bf. pod 1 x Total eggs 1+ 2 0.66
Max mass bf. pod 1 x Time Eclos.-pod 2 -0.077
Max mass bf. pod 2 x Clutch size pod 2 0.70

Max mass bf. pod 2 x Interval: pod 1-2  -0.094
Max mass bf. pod 2 x Mass pod 2 0.75
Max mass bf. pod 2 x Total eggs 1+2 0.67
Max mass bf. pod 2 x Time: eclos.-pod 2 -0.153
Fecundity x Fecundity
Clutch size pod 1 x Time: eclos.-pod 1 -0.236
Clutch size pod 1 x Mass pod 1 0.68
Clutch size pod 1 x Clutch size pod 2 0.72
Clutch size pod 1 x Interval: pod 1-2 -0.019
Clutch size pod 1 x Mass pod 2 0.46
Clutch size pod 1 x Max mass bf. pod 2 0.70
Time: eclos.-pod 1 x Clutch size pod 1 -0.236
Time: eclos.-pod 1 x Mass pod 1 -0.32
Time: eclos.-pod 1 x Max mass bf. pod 2 -0.142
Time: eclos.-pod 1 x Clutch size pod 2 -0.080
Time: eclos.-pod 1 x Time pod 1 - pod 2 0.280
Time: eclos.-pod 1 x Mass pod 2 -0.236
Mass pod 1 x Clutch size pod 1 0.68
Mass pod 1 x Time: eclosion - pod 1 -0.32
Mass pod 1 x Clutch size pod 2 0.42
Mass pod 1 x Mass pod 2 0.51
Clutch size pod 2 x Interval: pods 1-2 -.005
Clutch size pod 2 x Mass pod 2 0.66
Interval: pods 1-2 x Mass pod 2 -0.155
Total eggs pods 1+2 x Interval: E-2 -0.145
Mating contrasts
Treatment 2 only
Femur length x Age 1* mate 0.351
Eclosion mass x Age 1° mate -0.249
Age 1* mating x Clutch size Pod 1 -0.171
Age 1% mating x Clutch size Pod 2 -0.252
Treatment 3 only
Femur length x Age 1* mate 0.368
Eclosion mass x Age 1° mate 0.364
Femur length x # matings bf. Pod 1 -0.448
Eclosion mass x # matings bf. Pod 1 -0.214
# matings bf. Pod 1 x Time to Pod 1 0.289
Age 1% mating x Clutch size Pod 1 0.390
Age 1% mating x Clutch size Pod 2 -0.250
Treatments 2 + 3 only
# matings bf. Pod 1 x Time to Pod 1 0.239
Age 1* mating x Clutch size Pod 1 0.109
Age 1* mating x Clutch size Pod 2 -0.121
All Treatments
Age 1* mate x Time to Pod 1 0.298
Age 1 mate x Mass Pod 1 0.178
Age 1* mate x Mass Pod 2 -0.277
Age 1 mate x Interval: Pods 1-2 0.243
Age 1 mate x Time: Eclosion-Pod 2 0.33
Age of mating bf. Pod 2 x Mass Pod 2 0.176
Age of mating bf. Pod 2 x Interval: P 1-2 0.35
Interval: Pod 1-next mating x E to Pod 2 0.39
# matings bf. Pod 1 x Clutch size Pod 1 -0.317
# matings bf. Pod 1 x Clutch size Pod 2 -0.36
# matings bf. Pod 2 x Clutch size Pod 2 -0.45
Age 1% mating x Clutch size Pod 1 0.120
Age 1* mating x Clutch size Pod 2 -0.003
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Table 2. Pairwise contrasts of female grasshopper morphological variables (left-hand column) with fecundity characteristics (top
row), showing “best-fit” nonlinear models, and resulting coefficient of determination (R?) for each contrast. See Methods section for

explanation of terms. “bf.” refers to “before”.

Maxmass N eggs Timeto Maxmass Neggs Mass Mass Time E Time AdjTime  AdjTime AdjTime  Total
bf.pod1 pod1l podl bfpod2 pod2 podl pod2 topod2 pod 1'to Eto pod 1 Eto cges
-P -p pod 2 pod 1 to pod 2 pod 2 laid
Head leneth Poly-3 Poly-3 Poly-3 Poly-2 Poly-3 Poly-3 Poly-3 Poly-3  Poly-3 Poly- 3 Poly- 3 Poly-3  Poly-3
8t 0.19 0.12 0.089 0.13 0.048 0.13 0.014 0.17 0.15 0.16 0.18 0.27 0.13
Pronotum Poly-3 Poly-3 Poly-3  Power Poly-3 Power Poly-3 Poly-3  Poly-3 Poly- 3 Poly- 3 Poly- 3 Poly- 3
length 0.52 0.18 0.10 0.44 0.20 0.083 0.33 0.097 0.11 0.085 0.17 0.18 0.29
Femur leneth Power Poly-3 Poly-3  Power Poly-3 Poly-3 Poly-3 Poly-3  Poly-3 Poly- 3 Poly- 3 Poly-3  Poly-3
8 0.57 0.43 0.10 0.44 0.27 0.33 0.33 0.026 0.0095 0.19 0.035 0.060 0.45
Eclosion Poly-3 Poly-3 Poly-3 Poly-3 Poly-3 Power Poly-3 Poly-3  Poly-3 Poly- 3 Poly- 3 Poly-3  Poly-3
mass 0.72 0.47 0.12 0.61 0.33 0.31 0.35 0.082 0.053 0.093 0.042 0.064 0.37

combinations of variables, and compared the C_ values against p
(the number of variables) (Mallows 1973). The model with the
lowest C, value approximately equal to p is considered the most
parsimonious model.

Results

Linear regression.— Table 1 gives correlation coefficients (r) for all
107 pair-wise linear contrasts, and Figure 1 illustrates the linear
regressions of a subset of these contrasts. Note that some variables
were highly correlated with others; however, time variables showed
low correlations with all morphology and fecundity factors, with a
trend for negative correlations. Females that mated late, laid their
2" pod late, and females that had more mates laid smaller clutches;
otherwise, mating had little effect on fecundity (Table 1).

Nonlinear regression.— Tables 2 and 3 give the “best-fit” nonlinear
model and coefficient of determination value (R?) for each of the
morphology vs fecundity contrasts, and for pair-wise comparisons
among selected fecundity variables, respectively. Note that the
polynomial models are restricted to third order polynomials (Poly-
3). As expected, different contrasts are best explained by different
models. For example, the maximum wet-body mass reached prior
to laying the 1 pod (maxmass bf. pod 1) is best predicted (R* =
.72) by eclosion mass using a cubic model (Table 2). In contrast

Table 3. Some pair-wise contrasts among female grasshopper re-
productive traits, showing best-fit nonlinear models and resulting
coefficients of determination (R?) for each contrast. See Methods
section for explanation of terms. “bf.” refers to “before”.

(Table 3), maximum mass reached prior to laying the 2™ egg pod
(Max mass bf. pod 2) is best predicted (R? = 0.49) by clutch size
pod 1, using an exponential function (Table 3). Fig. 2 provides
visual comparisons of linear vs nonlinear models for two contrasts.
In each case, the nonlinear models provided a slightly better fit, as
expected based on R2.

Principal component analysis.— We classified the variables into two
groups: morphological and fecundity variables. We then employed
Principal Component Analysis (PCA) on each group to determine
the minimal number of variables from each group that represent
the highest portion of the variation. This allowed us to examine
the relationship between the morphological (independent) and
fecundity (dependent) variables by employing models with higher
degrees of freedom. The resulting extraction communalities were
all high, indicating they are good representations of the overall
variation in the data. Further PCA extraction of the morphological
data (Table 4) confirms that maximum mass prior to the 1 oviposi-
tion, head width, and pronotum length, explain 88.5% of the total
variation of morphological variables. Note that max mass prior to
the 1%t oviposition (Pod 1) is highly correlated (0.94) with the first
component, while weakly correlated (-0.142 and 0.039) with the
other components (Table 4). Head width is highly correlated with
the second component (0.83) while correlation for the pronotum
is highest for the third component (0.51). On the other hand, we
also note that femur length may be included in this list (perhaps
in lieu of pronotum), since it shows a similar correlation structure

Table 4. PCA analysis of morphological variables. "bf." refers to
"before".

Component
Ini?r)gl;cli:m Dependent variable Model R? 1 2p 3

Max-mass bf. pod 1  Clutch-size pod 1 Poly-3 0.47 Head width 0.556 0.828 -0.007
Max-mass bf. pod 1 Mass pod 1 Exponential 0.37  Pronotum length 0.802 -0.045 0.509
Max-mass bf. pod 1  Clutch-size pod 2 Poly-3 0.38  Femur length 0.835 -0.079 -0.421
Mass pod 1 Clutch-size pod 1 Logarithmic 0.42  Eclosion mass 0.877 -0.059 -0.143
Mass pod 1 Max mass bf. pod 2 Poly-3 0.36 Maxmass bf. pod 1 0.944 -0.142 0.039
Mass pod 1 Clutch-size pod 2 Poly-3 0.38  Maxmass bf. pod2  0.887 -0.195 0.040
Mass pod 1 Mass pod 2 Poly-3 0.31 Initial Eigenvalues
Clutch—s%ze pod1  Masspod 1 Poly-3 ) 0.48 Component Total % of Variance Cumulative %
Clutch—s¥ze pod1  Max mass bf. pod 2  Exponential 0.49 1 4.097 68.278 68.278
Clutch-s¥ze pod 1  Clutch-size pod 2 Poly-3 0.52 5 0.755 12.576 80.854
Clutch-size pod 1~ Mass pod 2 Poly-3 0.22

. . 3 0.459 7.655 88.510
Time: eclos.-pod 1 Time from pod 1 to 2 Poly-3 0.17 4 0.391 6.525 95.035
Max-mass bf. pod 2 Clutch-size pod 2 Poly-3 0.51 : ’ ’
Max-mass bf. pod 2 Mass pod 2 Poly-3 0.59 5 0.241 4.021 99.055
Mass pod 2 Clutch-size pod 2 Power 0.49 6 0.057 0.945 100.000
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Femur Length

Eclosion mass

Maxmass < pod 1

Mass pod 1

N eggs pod 1

Time to pod 1

Maxmass < pod 2

Total eggs pod 1+2

Fig. 1. Linear regression plots for selected female grasshopper morphological (top row) and fecundity (left column) variables. Consult
Table 1 for correlation coefficients and significance, and Methods section for definition of terms.

with factor components as pronotum does.

We also constructed a dendrogram (Fig. 3) to examine the ho-
mogeneity between our variables in terms of their correlations. The
dendrogram shows that max-mass prior to pod 1, max-mass prior
to pod 2, head width, and eclosion mass are homogenous in terms
of partial correlations, as represented by their shared fork. Next,
pronotum length joins this group as another distinctive variable
of the subset. Hence, femur, pronotum length and any one of the
variables among eclosion mass, head width, max-mass prior to pod
1 and max-mass prior to pod 2, can be used for a suitable predic-
tion. See Kachigan (1986) for technical details of this method.

We used the same approach as explained above for the fecundity
variables (Table 5) and obtained the three variables that explain over

80% of the variation as clutch-size pod 1, time from eclosion to 2"
oviposition, and mass pod 1. We then predicted various dependent
variables using the selected morphological and fecundity variables.
Furthermore, we employed the best subset factorial regression using
Mallow’s C | criterion, to allow the interactive effects of multiple
continuous predictor variables to derive models that satisfy the best
subset regression quality measures for a number of our dependent
variables (Table 6).

Discussion

Our analyses demonstrate strong correlations among most
morphological variables, and among some fecundity variables.
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Fig. 2. Comparisons of linear vs nonlinear models of two bi-
variate morphological and reproductive relationships in female
grasshoppers.

Our study also indicates that in female R. microptera grasshoppers,
morphological variables can predict fecundity variables, except for
time to oviposit. Finally, our data suggest that mating influences
both time of oviposition and clutch size.

Our initial linear analysis of all pair-wise contrasts (Table 1)
suggests that: 1) themorphological variables correlate well with one
another, particularly femur length, which correlates positively with
eclosion mass, maximum mass prior to pod 1, and maximum mass
prior to pod 2 (all with r > 0.66). Also, maximum mass prior to
pod 1 is highly positively correlated with maximum mass prior to
pod 2 (r=0.93). This suggests that size, mass, and volume/capacity
are all highly correlated, a finding that is not surprising (Radtke et
al. 2006). 2) Morphological variables (particularly femur length
and maximum mass reached prior to oviposition, but not head
width or pronotum length), correlated well with clutch size and

Table 5. PCA analysis of fecundity variables.

Component
1 2 3
N eggs pod 1 0.883 0.013 -0.081
Time: eclose- pod 1 -0.154 0.788 0.400
N eggs pod 2 0.868 0.085 0.336
Mass pod 1 0.757 -0.114 -0.408
Mass pod 2 0.732 -0.190 0.268
Interval: pod 1 - pod 2 0.175 0.835 -0.371
Time: eclosion - pod 2 0.014 0.990 -0.032
Total eggs pod 1+2 0.881 0.114 0.023
Initial Eigenvalues
% of .
Component Total . Cumulative %
Variance

1 3.473 43.415 43.415

2 2.369 29.616 73.031

3 0.657 8.214 81.245

4 0.625 7.817 89.061

5 0.537 6.712 95.774

6 0.213 2.668 98.442

7 0.117 1.467 99.909

8 0.007 0.091 100.000

pod mass. 3) We found no correlation between morphological
features and time to oviposit either 1% or 2™ egg pods. 4) When
comparing among fecundity variables, clutch-size pod 1 was a
strong predictor for clutch-size pod 2, and also for mass of both
pods 1 and 2. Likewise, clutch-size pod 2 correlated well with mass
pod 2. 5) Time to oviposit was generally unrelated to body size or
mass, or clutch size or mass. Indeed, out of 27 pair-wise contrasts
involving time vs morphology or fecundity variables, we found only
one significant correlation: time from adult eclosion to pod 1 was
negatively correlated with mass of pod 1 (r = -0.32), and vice versa
(Table 1, Fig. 1). Previous studies on lubber grasshoppers have
also demonstrated a relationship between body size or mass and
clutch size, but not age of oviposition (Moehrlin & Juliano 1998,
Luker et al. 2002, Hatle et al. 2002, but see Hatle et al 2004). 6)
When examining the effects of mating, we noted that females that
mated early tended to oviposit earlier than females that mated later,
and that females with many sexual partners tended to lay smaller
clutches (Table 1). In aggregate, these results suggest that clutch
size and pod mass are strongly determined by body size and mass
at eclosion, and that the mass or clutch size of the 1* egg pod is a
good predictor for mass and clutch size of the 2™ egg pod. In con-
trast, the timing of oocyte development and timing of oviposition
are independent of body size and mass at eclosion in this study.
However, timing of oviposition appears to be related to timing of
mating, while excessive mating can lower clutch size.

Among grasshopper species, clutch size, egg size, and timing
of oviposition correlate moderately well with body size and mass:
larger species tend to lay larger clutches of larger eggs at longer in-
tervals (Bellinger & Pienkowski 1985, Stauffer & Whitman 1997).
For example, Kriegbaum (1997) found that body size predicted
both clutch size and time to lay the first pod, among seven species
of grasshopper.

Within grasshopper species, size and mass variables are usually
highly correlated (e.g., Shotwell 1941; Norris 1950, 1952; Blackith
& Verdier 1960; Farrow 1982; Atkinson & Begon 1988; Kosal &
Niedzlek-Feaver 1997), but the situation for reproductive variables
is less clear. Some authors have found that ovariole number, clutch
size, egg size, or oocyte development rates are associated with body
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Table 6. Best-fit models to explain various dependent variables, determined using variables obtained through principal component

analysis (see text). Note that the variables joined by "x

refer to derived interaction terms; they are not the product of e.g., Head width

multiplied by Femur length, but instead indicate their interaction term through PCA.
Mass pod 1 =-16.5 + (0.89 x Pronotum) + (0.084 x Head x Femur) - (0.0040 x Head x Pronotum x Femur)

Clutch-size pod 1 = 0.840 + (3.78 x Maxmass prior to pod 1) + (8.10 x Mass pod 1)

Mass pod 2 = -34.5 + (2.01 x Pronotum) + (0.146 x Head x Femur) - (0.0146 x Head x Pronotum = Femur) - (0.00802 x Head x Pro-

notum x Femur)

Time from pod 1 to 2 = 190 - (9.61 x Pronotum) - (8.24 x 107 x Head x Femur) + (0.0458 x Head x Pronotum x Femur)

Max-mass prior to pod 2 =-0.236 + (0.860 x Maxmass prior to pod 1) + (0.652 x Mass pod 2)

Total eggs laid (pods 1 + 2) =-209 + (9.63 x Femur)

size (Norris 1950, 1952; Richards & Waloff 1954; Blackith & Black-
ith 1968; Farrow 1975, 1982; White & Contreras 1979; Hugueny &
Louveaux 1986; Atkinson & Begon 1987, 1988; Butlin et al. 1987;
Ritchie et al. 1987; Wall & Begon 1987; Landa 1992; Moehrlin &
Juliano 1998; Cueva del Castillo et al. 1999; Hatle et al. 2002; Dan-
ner & Joern 2004), whereas others have not (Smith 1972, Dearn
1977, Atkinson & Begon 1987, Butlin et al. 1987, Ritchieetal. 1987,
Luker et al. 2002). In lubber grasshoppers, egg size appears to be
unresponsive to dramatic diet-induced changes in body mass and
size in females (Moehrlin & Juliano 1998, Hatle et al. 2002).
Drawing generalities from among these intraspecific studies is
difficult because of the great diversity of confounding factors. For
example, some studies compared different populations survivingin
differentlatitudes, altitudes, or plant communities. Others explored
body size and fecundity as a consequence of different nutrition,
crowding, phase state, season, age, temperature, photoperiod, wing
length, mating status, or predation risk. In some grasshoppers, fe-
cundity is influenced by number of matings (Walker et al. 1999),
and in others, larger individuals mate more (Cueva del Castillo &
Nunez-Farfan 2002, Cueva del Castillo 2003 ), or females prefer large
males (Kosal & Niedzlek-Feaver 1997). An additional confounding
factor is that time to lay in some species is influenced by environ-
ment-induced reproductive diapause (see Uvarov 1977, Weissman
& French, 1980, Weissman 1979, Lightfoot & Weissman 1991) or
social factors (Stauffer & Whitman 1997, Stauffer et al. 1998). To
begin to understand intraspecificvariation in fecundity as it relates to
body size and mass, it is probably best to start with one population,
with individuals raised under identical and optimal conditions.
Our finding that time to lay is unrelated to body size and mass,
relates to reproductive allocation. Assuming that large females as-

similate more nutrients than small females (Belovsky 1986, Peters
1989), then large females can allocate this added nutrition to affect
number, timing, or quality of offspring. Apparently R. microptera
chooses number, as suggested by the highly significant positive
correlations of body mass and size with clutch size, and the lack of
correlation with either time to reproduce (Table 1) or egg quality,
as measured by egg mass. In contrast, oocyte development rate,
bodysize, and clutch size respond to nutrition, but not photoperiod
(Lukeretal. 2002, Hatle et al. 2004). In other words, for adults only,
time to lay appears to vary with nutrition, but not body mass or
photoperiod in this species. However, our present study examined
adults given surplus food. If, instead, we had raised nymphs under
poor nutrition, we would expect a correlation between adult body
mass and time to lay.

As previously mentioned, social factors also affect grasshopper
ovipositon. Oocyte development rates and oviposition timing in
some grasshoppers, including R. microptera, are influenced by male
presence, mating, and social grouping (see review in Walker et al.
1999). The data from our present paper derived from an experi-
ment in which these factors varied. Perhaps the effects of these
factors masked our ability to detect relationships between time and
morphological or fecundity factors. Still, in our study, clutch size
for Pod 2 was significantly negatively correlated with the number
of matings, and, the time to lay Pod 2 correlated with age of 1*
mating (Table 1). The large number of negative correlations of mat-
ing x other variables (Table 1), suggests that, aside from providing
fertility, excessive mating may harm females. Indeed, literature on
grasshoppers and other insects suggests a negative effect of exces-
sive mating (Parker 1979, Thornhill & Alcock 1983, Rowe 1994,
Clutton-Brock & Langley 1997, Reinhardt & Kohler 1999, Walker
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Fig. 3. Dendrogram showing the intercorrelative structure of morphological variables.
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et al. 1999). Pitnick and Garcia-Gonzélez (2002) noted that in
Drosophila, harm to mated females increased with male body size.

In our study, nonlinear models produced fits with higher R?
than linear models. This was not surprising. However, we sought
to derive the best predictors for our fecundity variables, and there-
fore, conducted principal component analysis, along with statisti-
cal clustering. This technique provided us with the best subset of
predictors, with the least amount of information loss for further
modeling. Moreover, we also obtained the best subset of the fecundity
characteristics to be predicted (dependent variables), thus reducing
the number of models extracted from the same dataset. Hence, not
all morphological characteristics (independent variables) need to
be measured to predict fecundity.

Finally, we employed multiple regressions with stepwise selec-
tion to generate best predictors and then compared these with those
produced using PCA. In nearly all cases, the regression-selection
came to the same conclusion as the PCA. For example, regression
indicated that maximum body mass prior to Pod 2 was an impor-
tant fecundity variable, as did PCA. The results further confirm the
usefulness of PCA, in that the best regression model was a function
of only two predictors, with minimal loss of variation.

Caveat.—In this paper, we made a large number of contrasts without
adjustingsignificance levels for multiple comparisons. Hence, it must
be assumed that a certain number of our “significant” outcomes do
notrepresent true biological relationships. Also, we derived our raw
data from a previously published experiment (Walker et al. 1999),
in which female grasshoppers experienced different levels of social
grouping and mating. These added variables may have clouded our
ability to detect significant correlations. Finally, in the original study,
~ 8% of extremely large or small animals were excluded from the
experiment, so as to have more homogenous groups; elimination
of such outliers may have reduced our ability to detect significant
size/mass correlations in our present study.

Acknowledgements

We thank K. Boyer, P. Buguey, J., Jannot, and S. Juliano for as-
sistance or editorial comments. This research was supported by
NSF:CRUI grant DBI-0442412.

References

Aldenderfer M.S., Blashfield R.K. 1984. Cluster Analysis. Sage Publications,
Newbury Park.

Atkinson D., Begon M. 1987. Reproductive variation and adultsize in two co-
occurring grasshopper species. Ecological Entomology 12: 119-127.

Atkinson D., Begon M. 1988. Adult size variation in two co-occurring
grasshopper species in a sand-dune habitat. Journal of Animal Ecology
57:185-200.

Bellinger R.G., Pienkowski R.L. 1985. Interspecific variation in ovariole
number in Melanopline grasshoppers (Orthoptera: Acrididae). Annals
Entomological Society of America 78: 127-130.

Belovsky G.E. 1986. Optimal foragingand community structure: implications
for a guild of generalist grassland herbivores. Oecologia 70: 35-52.
Blackith R.E., Blackith R.M. 1968. Variation of shape and of discrete characters
in the morabine grasshoppers. Australian Journal of Zoology 17: 697-

718.

Blackith R.E., Verdier M. 1960. Quelques nouvelles techniques utilisables
en analyse morphométrique chez les Acridiens. Bulletin de la Société
entomologique de France 65: 260-273.

Blanckenhorn W.U. 2000. The evolution of body size: what keeps organisms
small? The Quarterly Review of Biology 75: 385-407.

Butlin R.K.,, Woodhatch C.W., Hewitt G.W. 1987. Male spermatophore
investment increases female fecundity in a grasshopper. Evolution 41:
221-225.

Calder W.A. III. 1984. Size, Function, and Life History. Harvard University
Press, Cambridge.

Clutton-Brock T., Langley P. 1997. Persistent courtship reduces male and
female longevity in captive tsetse flies Glosina morsitans morsitans
Westwood (Diptera: Glossinidae). Behavioral Ecology 8: 392-395.

Cuevadel Castillo R. 2003. Body size and multiple copulations in a neotropical
grasshopper with an extraordinary mate-guarding duration. Journal of
Insect Behavior 16: 503-522.

Cueva del Castillo R., Nunez-Farfin J. 1999. Sexual selection on
maturation time and body size in Sphenarium purpurascens (Orthoptera:
Pyrgomorphidae): correlated response to selection. Evolution 53: 209-
215.

Cueva del Castillo R., Ntdnez-Farfan J. 2002. Female mating success and
risk of pre-reproductive death in a protandrous grasshopper. Oikos
96: 217-224.

Cueva del Castillo R., Nufez-Farfan J., Cano-Santana Z. 1999. The role of
body size in mating success of Sphenarium purpurascens in central Mexico.
Ecological Entomology 24: 146-155.

Danner B.J., Joern A. 2004. Development, growth, and egg production
of Ageneotettix deorum (Orthoptera: Acrididae) in response to spider
predation risk and elevated resource quality. Ecological Entomology
29: 1-11.

Dearn J.M. 1977. Variable life history characteristics along an altitudinal
gradient in three species of Australian grasshopper. Oecologia 28: 67-
85.

Farrow R.A.1975. The African migratory locust in its main outbreak area of
the middle Niger: quantitative studies of solitary populations in relation
to environmental factors. Locusta No.11: 1-198.

Farrow R.A. 1982. Population dynamics of the Australian plague locust,
Chortoicetes terminifera (Walker) in central western New South Wales II.
Factors influencing natality and survival. Australian Journal of Zoology
30: 199-222.

Fielding D.J. 2004. Intraspecific competition and spatial heterogeneity
alter life history traits in an individual-based model of grasshoppers.
Ecological Modeling 175: 169-187.

Fox C.W., Czesak M.E. 2000. Evolutionary ecology of progeny size in
arthropods. Annual Review of Entomology 45: 341-369.

Grubbs E 1969. Procedures for detecting outlying observations in samples,
Technometrics 11: 1-21.

Hatle J.D., Crowley M.C., Andrews A.L., Juliano S.A. 2002. Geographic
variation of reproductive tactics in lubber grasshoppers. Oecologia
132: 517-523.

Hatle, J.D., Andrews A.L., Crowley M.C. Juliano S.A. 2004. Interpopulation
variation in developmental titers of vitellogenin, but notstorage proteins,
in lubber grasshoppers. Physiological and Biochemical Zoology 77:
631-640.

Hodin J. 2009. She shapes events as they come: plasticity in female insect
reproduction, pp. 423-521. In: Whitman D.W., Ananthakrishnan T.N.
(Eds) Phenotypic Plasticity of Insects: Mechanisms and Consequences.
Science Publishers, Inc. Enfield, NH, USA.

Honek A. 1993. Intraspecific variation in body size and fecundity in insects
- a general relationship Oikos 66: 483-492.

Hugueny B., Louveaux A. 1986. Gradient d'aridité et variation latitudinale
de la taille, dans des populations de Calliptamus barbarus (Costa, 1836)
(Insecte, Orthoptere, Acrididae). Acta (Ecologia/(Ecologia Generalis.
7:317-333.

Kachigan S.K. 1986. Statistical Analysis. Radius Press, NY.

Kosal E.E, Niedzlek-Feaver M. 1997. Female preferences for large, heavy
mates in Schistocerca americana (Orthoptera: Acrididae). Journal of Insect
Behavior 10: 711-725.

Kriegbaum H. 1997. Grasshopper reproductive strategies measured in the
field: a tradeoff between age at maturity and egg production per day.
Naturwissenschaften 84: 157-159.

JOURNAL OF ORTHOPTERA RESEARCH 2008, 17(2)

Downloaded From: https://bioone.org/journals/Journal-of-Orthoptera-Research on 18 Apr 2024
Terms of Use: https://bioone.org/terms-of-use



OLCAY AKMAN AND DOUGLAS WHITMAN

257

LaBarbera M. 1989. Analyzing body size as a factor in ecology and evolution.
Annual Review of Ecology and Systematics 20: 97-117.

Landa K. 1992. Adaptive seasonal variation in grasshopper offspring size.
Evolution 46: 1553-1558.

Lightfoot D.C. Weissman D.B. 1991. Review of the grasshopper genera
Dracotettix and Litoscirtus (Orthoptera: Romaleidae), with a discussion
of their origins and life histories. Proceedings of the California Academy
of Sciences 47: 159-174.

Livdahl T.P,, Sugihara G. 1984. Non-linear interactions of populations
and the importance of estimating per capita rates of change. Journal of
Animal Ecology 53: 573-580.

Luker L.A., Hatle J.D., Juliano S.A. 2002. Reproductive responses to
photoperiod by a south Florida population of the grasshopper Romalea
microptera (Orthoptera: Romaleidae). Environmental Entomology 31:
702-707.

Mallows C.L. 1973. Some comments on Cp. Technometrics 15: 661-664.

Matuszek J.V.,, Whitman D.W. 2001. Captive rearing of Eastern Lubber
Grasshoppers Romalea microptera, pp.56-63.In: Conference Proceedings:
Invertebrates in Captivity, 2001. Sonoran Arthropod Studies Institute,
Rio Rico, AZ.

McMahon T.A., Bonner J.J. 1983. On Size and Life. Scientific American
Books, W.H. Freeman, New York.

McShea D.W. 1998. Possible largest-scale trends in organisimal evolution:
eight “live hypotheses.” Annual Review of Ecology and Systematics.
29:293-318.

Moehrlin G.S., Juliano S.A. 1998. Plasticity of insect reproduction: testing
models of flexible and fixed development in response to different growth
rates. Oecologia 115: 492-500.

Norris M.J. 1950. Reproduction in the African migratory locust (Locusta
migratoria migratorioides R. & E) in relation to density and phase. Anti-
Locust Bulletin No 6: 1-50.

Norris M.J. 1952. Reproduction in the desert locust (Schistocerca gregaria
Forsk.) in relation to density and phase. Anti-Locust Bulletin 13: 1-51.

OtteD. 1995. Orthoptera Species File No. 4: Grasshoppers. The Orthopterists’
Society and The Academy of Natural Sciences, Philadelphia. 1-518 pp.

Parker G.A. 1979. Sexual selection and sexual conflict, pp. 123-166. In: Blum
M.S., Blum N.A. (Eds) Sexual Selection and Reproductive Competition
in Insects. Academic Press, New York.

Peters R.H. 1989. The Ecological Implications of Body Size. Cambridge
University Press, Cambridge.

Pitnick S., Garcfa-Gonzdlez F. 2002. Harm to females increases with male
body size in Drosophila melanogaster. Proceedings of the Royal Society
of London. Series B. 269: 1821-1828.

Radtke M.G., Da Fonseca C.R.V., Williamson D.B. 2006. Volume as a
predictor for biomass: equations for neotropical Scarabaeidae. Annals
Entomological Society of America 99: 831-836.

ReinhardtK., Kohler G. 1999. Costs and benefits of mating in the grasshopper
Chorthippus parallelus (Caelifera: Acrididae). Journal of Insect Behavior
12:283-293.

Reiss M.J. 1989. The Allometry of Growth and Reproduction. Cambridge
University Press, Cambridge.

Richards O.W., Waloff N. 1954. Studies on the biology and population
dynamics of British grasshoppers. Anti-Locust Bulletin 17: 1-182.

Ritchie M.G., Butlin R.K., Hewitt G.M. 1987. Causation, fitness effects and
morphology of macropterism in Chorthippus parallelus (Orthoptera:
Acrididae). Ecological Entomology 12: 209-218.

Roff D.A. 1992. The Evolution of Life Histories. Chapman & Hall, New
York.

Rowe L. 1994. The costs of mating and mate choice in water striders. Animal
Behavior 48: 1049-1056.

Schmidt-Nielson K. 1984. Scaling: Why is Animal Size so Important?
Cambridge University Press, Cambridge.

Shotwell R.L. 1941. Life histories and habitats of some grasshoppers of
economicimportance on the great plains. U.S. Department of Agriculture
Technical Bulletin 771: 1-47.

Smith D.S.1972. Crowdingin grasshoppers. II. Continuing effects of crowding
on subsequent generations of Melanoplus sanguinipes (Orthoptera:
Acrididae). Environmental Entomology 1: 314-317.

Stauffer T.W., Whitman D.W. 1997. Grasshopper oviposition, pp 231-280.
In: Gangwere S.K., Muralirangan M.C., Muralirangan M.M. (Eds) The
Bionomics of Grasshoppers, Katydids and their Kin. CAB International,
NY.

Stauffer TW., Hegrenes S.G., Whitman D.W. 1998. A laboratory study of
oviposition site preferences in the lubber grasshopper, Romalea guttata
(Houttuyn). J. Orthoptera Research 7: 217-221.

Stearns S.C. 1992. The Evolution of Life Histories. Oxford University Press,
Oxford.

Stefansky W. 1972. Rejecting outliers in factorial designs. Technometrics
14:469-479.

Thornhill R, Alcock]. 1983.The Evolution of Insect Mating Systems. Harvard
University Press, Cambridge.

Uvarov B. 1977. Grasshoppers and Locusts. Vol. 2. Centre for Overseas Pest
Research. London.

Walker M.P,, Lewis C.J., Whitman D.W. 1999. Effects of males on the
fecundity and fertility of female Romalea microptera grasshoppers.
Journal of Orthoptera Research 8: 277-283.

Wall R., Begon M. 1987. Population density, phenotype and reproductive
output in the grasshopper Chorthippus brunneus. Ecological Entomology
12:331-339.

Weissman D.B. 1979. Assessment of mating status of female grasshoppers.
Entomological News 90: 121-124.

Weissman D.B., French E. 1980. Autecology and population structure of
Trimerotropis occidentalis (Bruner) (Orthoptera: Acrididae: Oedipodinae),
a grasshopper with a reproductive dormancy. Acridia 9: 145-157.

White M.J.D., Contreas N. 1979. Cytogenetics of the parthenogenetic
grasshopper Warramaba (formerly Moraba) virgo and its bisexual relatives.
V. Interaction of W. virgo and a bisexual species in geographic contact.
Evolution 33: 85-94.

JOUrNAL oF ORTHOPTERA REsEArRCH 2008, 17(2)

Downloaded From: https://bioone.org/journals/Journal-of-Orthoptera-Research on 18 Apr 2024
Terms of Use: https://bioone.org/terms-of-use



