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A B S T R A C T

Comparative quantification of reaction norms across closely related species in a clade is rare, but such a study
can reveal valuable insights into understanding how reaction norms evolve along phylogeny. The grasshopper
genus Schistocerca Stål (Orthoptera: Acrididae: Cyrtacanthacridinae) is an ideal group to study the evolution of
density-dependent phenotypic plasticity because it includes both swarming locusts and non-swarming sedentary
grasshoppers, which show varying degrees of plastic reaction norms in many traits. The swarming locusts exhibit
locust phase polyphenism in which cryptically colored and solitary individuals can transform into conspicuously
colored and highly gregarious individuals in response to increases in population density. The sedentary grass-
hoppers do not swarm in nature, and thus it has been assumed that they have little or no expression of plastic
reaction norms in many traits, except for color, which has been shown to be a phylogenetically conserved trait.
In this study, we have quantified density-dependent reaction norms in behavior, color, body size, and mor-
phometric ratio in the nymphs of four sedentary species within Schistocerca by conducting explicit rearing ex-
periments to induce potential phenotypic changes in response to isolation and crowding. In contrast to our
previous assumption, we find that all four species show a certain level of density-dependent plastic reaction
norms, which implies that these sedentary species have hidden reaction norms that can only be induced ex-
perimentally, some components of which must be phylogenetically conserved. Furthermore, we demonstrate
that rearing density differentially affects the expression of reaction norms in different species, suggesting that
different reaction norms must have followed independent evolutionary trajectories.

1. Introduction

Phenotypic plasticity is often considered an adaptation to hetero-
geneous environments (Bradshaw, 1965; Levins, 1968) and numerous
theoretical works have focused on understanding the evolution and
maintenance of adaptive phenotypic plasticity (DeWitt and Scheiner,
2004; Piersma and van Gils, 2011; Pigliucci, 2001; Schlichting and
Pigliucci, 1998; Stearns, 1989; West-Eberhard, 2003; Whitman and
Ananthakrishnan, 2009). Empirical studies have focused on studying
adaptive phenotypic plasticity in various organisms (Agrawal et al.,
2009; Charmantier et al., 2008; Gotthard and Nylin, 1995; Macagno
et al., 2018; Pigliucci et al., 1999; Pigliucci et al., 2006; Suzuki and

Nijhout, 2008; Sword, 2002), and a majority of these studies typically
focus on variations in reaction norms within a species, while a com-
parative quantification of reaction norms within a group of related
organisms is relatively rare (but see Agrawal et al., 2009; Canfield et al.,
2008; Collard and Wood, 2007; Cook-Patton and Agrawal, 2011;
Kembel and Cahill, 2005; Pigliucci et al., 1999; Song et al., 2017; Song
and Wenzel, 2008; Van Buskirk, 2002; Wund et al., 2008). However, it
is critical to approach the study of phenotypic plasticity in a com-
parative framework if we are to understand how reaction norms evolve
as lineages diversify (Doughty, 1995, 1996; Garland and Adolph, 1994).
For instance, suppose there is a species that exhibits a plastic reaction
norm in response to a certain environmental stimulus. Can we simply
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assume that its closely related species would also exhibit a similar
plastic reaction norm in response to the same stimulus? If two species
that share a most recent common ancestor show identical plastic re-
action norms, we can attribute phenotypic plasticity to common an-
cestry. However, if the two species differ in their reaction norms, it
would indicate that species-specific adaptation or drift could have
shaped the evolution of plasticity in at least one lineage since the
species divergence (Doughty, 1995). A prerequisite for such an insight
is the quantification of reaction norms in multiple closely related spe-
cies in a clade.

Among insects, locusts represent a prime example of organisms
exhibiting an extreme form of density-dependent phenotypic plasticity,
in which cryptically colored and solitary individuals (solitarious phase)
can transform into conspicuously colored and highly gregarious in-
dividuals (gregarious phase) in response to increases in population
density (Pener, 1991; Pener and Simpson, 2009; Uvarov, 1966). They
show strikingly plastic reaction norms in behavior, nymphal coloration,
morphology, physiology, life history traits, and gene expression pat-
terns (Simpson and Sword, 2009). In nature, this density-dependent
phenotypic plasticity, commonly known as locust phase polyphenism, is
fundamental for the formation of dense migrating swarms that can be
devastating to agriculture and human livelihood (Cullen et al., 2017).
The adaptive significance of this phenotypic plasticity in locusts has
been abundantly demonstrated (reviewed in Cullen et al., 2017; Pener
and Simpson, 2009; Simpson and Sword, 2009). However, recent stu-
dies have shown that locust species are often closely related to non-
swarming grasshoppers (Song, 2005, 2011; Song and Wenzel, 2008)
and that some of these non-swarming grasshoppers also show density-
dependent phenotypic plasticity reminiscent to the swarming locusts
(Gotham and Song, 2013; Sword, 2003). This implies that the swarming
behavior and other aspects of locust phase polyphenism may not ne-
cessarily be tightly linked and that some of the plastic reaction norms
associated with locust phase polyphenism, such as color, morphology,
and even some behaviors, may be phylogenetically conserved and may
not have necessarily evolved in the context of the evolution of
swarming (Gotham and Song, 2013; Song et al., 2017; Song and
Wenzel, 2008).

The grasshopper genus Schistocerca Stål (Orthoptera: Acrididae:
Cyrtacanthacridinae) provides an intriguing study system for under-
standing the evolution of reaction norms because it contains both
swarming locusts, which show extreme density-dependent phenotypic
plasticity, and sedentary grasshoppers, which presumably show re-
duced or no plasticity, and its phylogeny is now well understood
(Lovejoy et al., 2006; Song, 2004a; Song et al., 2017). The genus con-
tains about 50 species, three of which are well-known locust species:
the desert locust S. gregaria (Forskål, 1775) found in the Old World, the
Central American locust, S. piceifrons (Walker, 1870) found in Mexico
and Central America, and the South American locust, S. cancellata
(Serville, 1838) found in southern South America (Harvey, 1981). The
remaining species, all of which are found in the New World, are se-
dentary grasshoppers that are not known to swarm. Within Schistocerca,
the desert locust occupies the basal position and is sister to the rest of
the genus, which implies that the ancestral condition for this clade is
the presence of density-dependent phenotypic plasticity (Lovejoy et al.,
2006; Song et al., 2017; Song et al., 2013). Importantly, the three locust
species do not form a monophyletic group, which suggests that
swarming behavior has been lost and regained at least twice throughout
the diversification of the genus (Song et al., 2017). Several non-
swarming species have been shown to change nymphal coloration when
experimentally crowded (Antoniou and Robinson, 1974; Duck, 1944;
Kevan, 1943; Rowell and Cannis, 1971; Sword, 1999), and at least two
species that are closely related to the Central American locust are
known to show plastic reaction norms in behavior, nymphal coloration,
and morphology, similar to the locusts, although the degree of plasticity
is much reduced (Gotham and Song, 2013). Using ancestral character
state reconstruction, Song et al. (2017) hypothesized that density-

dependent reaction norms in nymphal coloration and behavior did not
evolve together, but have followed different evolutionary trajectories.
They suggested that the ancestral Schistocerca must have had genetic
capacity for the expression of density-dependent phenotypic plasticity
because of the basal placement of the desert locust, but behavioral
plasticity was lost and regained at least twice, while most species
continue to maintain the color plasticity. However, this inference was
largely based on literature data or personal observations, and not based
on explicit experiments that were conducted in a comparable manner.
While the effect of rearing density on nymphal coloration has been
studied for a number of species (Antoniou and Robinson, 1974; Duck,
1944; Kevan, 1943; Rowell and Cannis, 1971; Sword, 1999), density-
dependent reaction norms in behavior have been only quantified for the
locusts, S. gregaria (Roessingh et al., 1993), S. piceifrons (unpublished),
and S. cancellata (Pocco et al., 2019), their close relatives, S. americana
(Drury, 1770) (Gotham and Song, 2013; Sword, 2003) and S. serialis
cubense (Saussure, 1861) (Gotham and Song, 2013). So far, the lack of
behavioral plasticity in most sedentary species has been largely as-
sumed because they are not known to show any gregarious behavior in
nature, but there is a clear need to test this assumption.

In this study, we tested the general hypothesis that the expression of
phenotypic plasticity varies among locust and sedentary Schistocerca
species by quantifying the density-dependent reaction norms in beha-
vior, nymphal coloration, body size, and morphometric ratio of four
sedentary and ecologically diverse Schistocerca species. The first species
is S. caribbeana Dirsh, 1974, which represents one of the earlier diver-
ging lineages within the genus and inhabits the Caribbean islands (Song
et al., 2017). The second species is S. ceratiola Hubbell & Walker, 1928,
which is endemic to central Florida, nocturnal, and strictly mono-
phagous on Florida rosemary, Ceratiola ericoides Michaux (Ericaceae,
formerly Empetraceae) (Hubbell and Walker, 1928; Smith and
Capinera, 2005). The third species is S. rubiginosa (Harris, 1862), which
prefers sandy and xeric habitats in the southeastern United States
(Song, 2004b). The last species is S. lineata Scudder, 1899 from central
Texas that has striking aposematic coloration in black and yellow and
specializes on toxic Ptelea trifoliata (Dopman et al., 2002; Sword, 1999;
Sword and Dopman, 1999). Out of these four species, only S. lineata has
been previously shown to have a density-dependent plastic reaction
norm in nymphal coloration (Sword, 1999, 2002), but the effect of
rearing density on behavior and morphology has not been studied for
any of these species. Based on the conceptual framework proposed by
Song et al. (2017), we hypothesized that (i) these four species would
not show density-dependent behavioral plasticity; (ii) density-depen-
dent plastic reaction norms in nymphal coloration would be con-
tinuously expressed in these species although there might be individual
species-specific differences; and (iii) rearing density would have no
effect in the body size and morphometric ratio of these species, because
such changes are known to take several generations of continuous
isolation or crowding (Pener, 1991; Pener and Simpson, 2009), while
our experiments were conducted within one generation. By comparing
and contrasting the density-dependent reaction norms of these and the
previously studied species within Schistocerca, we attempt to synthesize
how the reaction norms of different traits might have evolved in-
dependently, and discuss the implication of our findings in the evolu-
tion of phenotypic plasticity in swarming locusts.

2. Materials and methods

2.1. Study insects

We included four species of sedentary Schistocerca to quantify their
reaction norms in behavior, nymphal color pattern, body size, and
morphometric ratio in response to change in rearing density. For S.
caribbeana, the specimens were originally collected from the U.S. Virgin
Island National Park in St. John in July 2013, and established as a lab
colony at the University of Central Florida. For the remaining three
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species, we used field-collected individuals for our experiments due to
difficulties in rearing these species across generations in a colony set-
ting. Specifically, we collected 100–150 first instars from the known
field sites and brought them back to the lab to rear for the experiments.
The collected nymphs were kept in groups in field cages for a few hours
during transportation from the field to the lab. S. rubiginosa was col-
lected at the Chuluota Wilderness Area, Florida, in May 2014, and S.
ceratiola was collected from Alexander Springs Wilderness Area,
Florida, in June 2014. S. lineata was collected at Doeskin Ranch,
Balcones Canyonlands National Wildlife Refuge, Texas in May 2016.
The rearing experiments took place in the summer of 2014 for S. car-
ibbeana, S. rubiginosa, and S. ceratiola, and in the summer of 2016 for S.
lineata. For the remainder of this paper, the species will be referred only
by their species epithet for conciseness.

2.2. Rearing experiment

In general, we followed the rearing experiment design described in
Gotham and Song (2013). In short, we reared the four species from the
first to the last nymphal instar in two density treatments (isolation and
crowding). For the isolation treatment, we placed individual first instar
nymphs separately in inverted clear plastic containers, which were
covered with white paper except the top to keep them physically and
visually isolated from each other. We used the same fluorescent lights
above the containers to ensure comparable lighting conditions across
the replicates. For caribbeana, ceratiola, and rubiginosa, the dimension of
the container was 11.9 cm diameter at the bottom to 8.64 cm at the top
and 14.2 cm high, and for lineata, it was 10 cm×10 cm at the bottom,
8 cm×8 cm at the top, and 10 cm high. Additionally, each container
was supplied with its own carbon-filtered air powered by the Danner
AP-60 Air Pump (3.18 cubic feet per minute) to ensure olfactory iso-
lation from each other. A 5 cm high by 6.5 cm wide piece of wire mesh
was hot glued to the back of each isolation container to provide the
grasshopper with a perch for molting. For the crowding treatment,
about 50–100 nymphs were reared together in cages measuring 30.5 cm
wide, 30.5 cm long, and 30.5 cm high. Three of the species (caribbeana,
ceratiola, and rubiginosa) were reared at a rearing facility at the Uni-
versity of Central Florida (UCF) and lineata was reared at a rearing
facility at Texas A&M University (TAMU). All of the grasshoppers were
reared at 14 h light: 10 h dark, 30 °C, and an average of 50% humidity.
All species except ceratiola were fed daily on Romaine lettuce and
wheat bran, while ceratiola, which is strictly monophagous, was fed its
host plant, Ceratiola ericoides. For each treatment, we initially started
with about 30 replicates, but due to mortality and molting failure, our
sample size for the final analyses was slightly reduced and variable. In
total, 42 caribbeana (24 isolated, 18 crowded), 47 ceratiola (23 isolated,
24 crowded), 66 lineata (30 isolated, 33 crowded), and 33 rubiginosa (12
isolated, 21 crowded) specimens were quantified for this study.

2.3. Quantification of behavior

The quantification of reaction norms took place about 3–4 days after
each nymph molted to the last nymphal instar. We followed procedures
similar to those described in Gotham and Song (2013) with a few
modifications.

To quantify behavioral reaction norms, we used the behavioral
assay arena originally designed by Roessingh et al. (1993) and modified
by Gotham and Song (2013). The dimension of the arena used in this
study (57×31×11 cm) was identical to the previous studies using a
similar set up. In short, the arena had an empty non-stimulus chamber
at one end to simulate a low-density condition. At the opposite end of
the arena there was a stimulus chamber containing 50 last instar
nymphs and adults (in the instance when there were not enough last
instar nymphs available) of the same species to simulate a high-density
condition. The test subject was placed into a blackened 50ml Falcon
tube for two minutes to reduce the effect of handling and then slowly

introduced into the arena via a hole in the center of the arena floor. A
video camera suspended directly above the arena was used to record
the behavior of the test subject for 12min. For caribbeana, ceratiola, and
rubiginosa, we used Panasonic HDC-TM900 (704x480, 29.97 frames/
second) and for lineata, we used Basler acA1300 (720x480, 29.97
frames/second). We used EthoVision XT 8 (Noldus Information Tech-
nology Inc., Leesburg, VA) software to video-track the behavior. The
first 10min of each video were used for the analyses. In order to
measure the activities of each test subject in response to the stimuli, we
divided the bottom area of the arena into three zones using the Etho-
Vision software: a stimulus zone (the third adjacent to the stimulus
chamber), a non-stimulus zone (the third adjacent to the non-stimulus
chamber), and a neutral zone (the central third). We also designated all
four walls (top, bottom, left, right) as a wall zone to measure the
climbing activity. Because our videos were recorded using different
camera equipment, the detection settings were optimized for each
species separately. The subject was set as darker than the background,
with sensitivity values dependent on the species. Subject contours were
first dilated and then eroded, with a set amount of pixels for both be-
tween 6 and 10, depending on the species. Minimum and maximum
subject sizes were set at 100–140 pixels and 6000 pixels, respectively,
again depending on the species. For each behavioral assay, raw position
data were acquired and all tracks were manually inspected and cor-
rected where necessary. Before exporting data, tracks were smoothed
using the ‘Minimum Distance Moved’ (MDM) filter. This filter removes
inherent noises from the video tracks, so that only true movement is
captured. It was optimized based on the effect of different MDMs on the
‘distance moved’ variable, as noted in a previous study by Cullen et al.
(2012). MDMs of 0.1 cm and 0.2 cm were chosen for lineata and the
three other species, respectively. Occasionally, filtering by the MDMs
resulted in filtering out actual movement in certain frames, leading to a
spotty pattern of movement. As a direct result, several dependent
variables that EthoVision output as default, including ‘heading’, ‘turn
angle’, ‘meander’, ‘mobility’, and ‘angular velocity’, were deemed not to
accurately represent the behavioral parameters for the test subjects, and
were thus excluded from subsequent analyses. After excluding these
variables, we kept a set of four variables as activity-related parameters
in our final analysis: ‘distance moved’ describing the distance moved in
centimeters, ‘movement’ describing the time spent moving in seconds,
‘velocity’ describing the average velocity (cm/second) of the test sub-
ject, and ‘time spent climbing on walls’ describing the time spent (in
seconds) in any of the arena zones designated as wall. For two of these
parameters, we made the following adjustments before statistical ana-
lyses. The ‘movement’ was calculated as the amount of frames re-
presenting movement above a certain velocity threshold. To cope with
the disjointed pattern of movement caused by the MDM-filter, the
‘movement’ parameter was further optimized by comparing to the ac-
tual video by visual inspection. The best estimate of actual movement
was found by averaging the movement over nine frames with velocity
thresholds set at 0.01 cm/s for lineata and 0.02 cm/s for all other spe-
cies. These thresholds represented a value lower than the expected
minimal velocity after averaging velocity over nine frames with the
MDM of respectively 0.1 cm and 0.2 cm. As a result, the ‘movement’
parameter was a sum of all frames with movement and the nine frames
around it. The ‘velocity’ parameter was also adjusted because of the
way EthoVision calculated the velocity. The program calculated this
variable at each time point by dividing the distance moved between two
frames by the time between these two frames, and averaging it over the
whole assay. As the frames with no movement were also included in
this average, the ‘velocity’ was directly correlated with the ‘distance
moved’. Because we were more interested in the actual velocity during
movement, we calculated a new ‘velocity’ parameter by manually di-
viding the ‘distance moved’ by the ‘movement’.

At last, a total of five attraction-related behavioral parameters was
exported: ‘time spent in stimulus zone’ describing the time spent (in
seconds) in the third of the arena close to the stimulus and the walls
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around it, ‘time spent in neutral zone’ describing time spent (in sec-
onds) in the middle third of the arena and its walls, ‘time spent in non-
stimulus zone’ describing time spent (in seconds) in the last third of the
arena closed to the non-stimulus chamber and the walls around it, ‘time
spent on the stimulus wall’ describing the time spent (in seconds) on the
wall facing the stimulus chamber, and ‘the distance to the stimulus wall
at the end of the assay’ describing the linear distance (in cm) between
the test subject and the stimulus wall, bringing the total of behavioral
parameters to nine.

2.4. Quantification of nymphal color pattern, body size, and morphometric
ratio

After each behavioral assay, the individual test subject was placed
in 20ml tube and stored in a −20 °C freezer until the quantification of
nymphal color pattern, body size, and morphometric ratio took place.
Preserving the specimens in the −20 °C freezer was effective in keeping
external coloration. For quantification, we first thawed the frozen
specimens and captured high-resolution digital images of a dorsal view
of the pronotum, a lateral view of the whole body focused on the
pronotum, and a lateral view of the hind femur. For caribbeana, cer-
atiola, and rubiginosa, we used the BK+ Imaging System (Visionary
Digital) equipped with a Canon EOS 7D camera and a 100mm lens to at
UCF to photograph, and to ensure consistency across the images, we
used identical lighting and camera setting throughout the whole pro-
cess. For lineata, we used the LK Imaging System (Visionary Digital)
equipped with a Canon EOS 6D Camera and a 100mm lens at TAMU
with SpyderCHECKR 24 (Datacolor, Lawrenceville, NJ) software for
color correction. Two color-related reaction norms were measured:
black patterns and background coloration. Previous studies have shown
that these two reaction norms respond to density differently (Song and
Wenzel, 2008). The black patterns refer to distinct black patches in the
head, thorax, wing pads, abdomen, and legs that develop in response to
increased density. We used an R package patternize (Van Belleghem
et al., 2018) in R version 3.5.2 (R Core Team, 2017) to quantify and
analyze the black patterns on the lateral view of the pronotum and the
lateral view of the hind femur based on the digital images. The pat-
ternize is a pattern identification program, which first defines
homology between pattern positions across specimens (digital images)
through manually placed homologous landmarks, and categorizes the
distribution of colors using various image manipulation techniques
(Van Belleghem et al., 2018). We converted each digital image to a
JPEG format and reduced the size to be about 250 KB to run patternize
smoothly. In order to align the images across different samples per each
structure, we defined homology between pattern positions by manually
placing nine landmarks each on the pronotum and the hind leg for
every image, using a polygon tool in ImageJ (Schneider et al., 2012)
and saved as XY-coordinates (see Supplementary Fig. 1). Then, the
shape of the structure was plotted on one representative image by
drawing its complete circumference in ImageJ, and exporting it as XY-
coordinates. Finally, the images were aligned with the chosen land-
marks using the PatLanRGB-function of the patternize. To segment the
black patterns, a set RGB-value of (0,0,0) with a cutoff of 0.15 was used,
and heat maps of the black patterns were produced separately for each
density condition of each species. To measure the background colora-
tion, we first identified the areas within pronotum and hind femur that
had uniform color without any black patterns from the images we took.
Using Adobe Photoshop CS5, we cropped a 100× 100 pixel square for
pronotum, and a 50× 50 pixel square for hind femur for each in-
dividual. We measured RGB values and calculated luminance
(0.299R+0.587G+0.114B) from each of these squares using ImageJ
and converted each RGB value into HSL (hue, saturation, lightness)
using at https://www.rapidtables.com/convert/color/rgb-to-hsl.html.
We compared luminance (measure of luminous intensity) and hue (pure
pigment without tint or shade) of each structure between the density
conditions.

For body size and morphometric ratio, we measured three linear
measurements in mm: the length of the pronotum in dorsal view (P),
the length of the hind femur (F), and the maximum width of the head
(C). For lineata, we used the measurement tool in Adobe Photoshop CS6
(Adobe, San Jose, CA) to measure P and F, which was calibrated with
the lens that we used for taking digital images, and measured C with the
Mitutoyo CD-6″ CS digital caliper. For ceratiola, caribbeana, and rubi-
ginosa, we used the Mitutoyo caliper to measure all three structures. For
each structure, we made three independent measurements and used the
average values for subsequent analyses. We calculated F/C ratio by
diving F with C, which is one of the commonly used morphometric
ratios to distinguish between the phases in locusts (Dirsh 1953; Uvarov,
1966).

2.5. Statistic analyses

To determine whether behavioral reaction norms were plastic ac-
cording to density treatment and varied by species, we used nonpara-
metric multivariate analyses implemented with the R package nparMD
(Kiefel and Bathke, 2018). As many of our variables were skewed due to
lack of subject movement and were resistant to transformation, this
nonparametric analysis allowed for a multivariate analysis of our de-
cidedly non-normal data. We analyzed variables with different units
(i.e., seconds, centimeters) in separate groups to avoid confounding
factors in the analyses across different measurement types. Upon de-
termining significant differences in density, species, and the interaction
of density and species, we parsed specific differences across density
treatments and species for each behavioral variable using generalized
linear models (GLMs). As many of our behavioral variables were zero
inflated due to lack of movement, we used a hurdle model approach
that involved logistic regression of zero and nonzero values followed by
modeling of the nonzero data. For all GLMs, species, density, and the
interaction between species and density were considered as in-
dependent variables. For the logistic regression step of the hurdle
model, data were partitioned into nonzero and zero categories and
modeled using a binomial distribution. As our nonzero data were
continuous, positive, and skewed, the second part of the hurdle model
used a gamma distribution with a log link. Results were adjusted for
multiple comparisons using the Bonferroni correction. Additionally, we
were interested in the degree of similarity in behavior that each species-
density pairing showed with one another. We reduced the number of
behavioral parameters with a principal components analysis (PCA) and
used the first three axes totaling 71.37% of the variation to create hy-
pervolumes for each species for the crowded condition, the isolated
condition, and for the overall data using the hypervolume package
(Blonder and Harris, 2018). For each hypervolume, we calculated
pairwise distance to centroid, percent overlap, and similarity according
to the Jaccard and Sorenson indices. All analyses conducted and their
results are included in an RMarkdown output file (Supplementary
Information).

To analyze and compare the black patterns between the density
treatments per species, we used the linear PCA, which is integrated into
the patternize package (Van Belleghem et al., 2018). The extracted
color patterns using an RGB threshold were stored as raster objects,
which were used to calculate the relative area of the color patterns. The
raster objects were represented as binary data, in which pixel co-
ordinates that had the black color were assigned a value of one, where
as pixel coordinates without the black color were assigned the value of
zero. The variance-covariance matrix obtained from this binary matrix
was used for the PCA. After the PCA, we obtained the principal com-
ponent (PC) scores directly from the patternize, and performed the
Wilcoxon rank-sum test on PC1 for each species and morphological
structure to test the effect of rearing density to the development of
black patterns.

For luminance and hue, we first checked for the normality using the
Shapiro-Wilk test, used the Mahalanobis distance to detect outliers, and
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performed the two-way analysis of variance (ANOVA) on each mea-
surement using species and density as two factors. We produced least
squares means plot for luminance and hue for the pronotum and the
hind femur, and performed the post-hoc Tukey’s HSD test on the least
squares means to test how species, density, and the interaction between
species and density affected the background color.

For P, F, and F/C, we log-transformed the raw data to satisfy the
normality, checked for outliers, and performed the three-way ANOVA
on each measurement using species, density, and sex as three factors.
We produced least squares means plot for all measurements, and per-
formed the post-doc Tukey’s HSD test. All statistical analyses of back-
ground color, PC scores, body size, and morphometric ratios were
conducted using JMP 14.0 (SAS Institute Inc.)

All the raw data and the results generated in this study have been
deposited to Mendeley (doi: https://doi.org//10.17632/
znkzgwg8vd.1).

3. Results

3.1. Behavior

Our multivariate analyses showed that the four species show dif-
ferent behavioral responses to crowding with regards to time and dis-
tance (Fig. 1, Table 1). The GLMs for each behavioral variable found
significant differences in density for “total distance moved,” “move-
ment,” and “time spent on the wall climbing” (Table 2). Lineata and
rubiginosa generally showed more differences from other species when
considering density as a factor (e.g., more time spent on the wall

climbing, especially in crowded rubiginosa nymphs). Isolated nymphs of
caribbeana showed greater distances moved and more time moving than
the crowed nymphs (Figs. 1 and 2). Overall, “total distance moved” and
“movement” were the two behavioral variables that showed the most
plasticity depending on species (Table 2; Fig. 2). The hypervolume
analysis as measured by the distance to centroid and the similarity in-
dices for each pairwise comparison revealed that rubiginosa was most
dissimilar to the other species in behavioral space (Fig. 3C). The car-
ibbeana-ceratiola and lineata-rubiginosa pairings were more similar to
each other regardless of density treatment than comparisons with other

Fig. 1. Density-dependent reaction norms in behavior in sedentary Schistocerca shown as raincloud plots for each of the behavioral parameters. Values for each
individual are shown as points with density ridges showing the overall range of values for each species and density treatment. Blue color represents crowded nymphs
and yellow color represents isolated nymphs.

Table 1
Shown are P-values from the nonparametric multivariate analyses using
nparMD. The presented values are from the F-approximation for Dempster’s
ANOVA to allow for consistency in test statistics across all of our effects.
Behavioral variables were grouped according to those that measured time and
those that measured distance and analyzed separately. Significant P-values are
shown in bold face. Degrees of freedom regarding the test for each grouping are
given as DF#, #.

Effect P-value F-approximation

Time (seconds) DF6, 227
Density 0.010 3.535
Species <0.001 22.781
Density-Species <0.001 6.807
Distance (cm) DF2, 227
Density 0.062 2.803
Species <0.001 17.024
Density-Species <0.001 7.368
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species (Fig. 3A, B). All species showed higher levels of similarity and
shorter distances to centroid when isolated than crowded (Fig. 3A, B).

Descriptively speaking for each behavioral parameter, different
species showed different activity-related and attraction-related beha-
viors in response to crowding (Figs. 1 and 2). The isolated nymphs of
caribbeana moved a greater distance for a longer duration than did the
crowded nymphs, while in the other three species, the crowded nymphs
moved a greater distance for a longer duration than did the isolated
nymphs. For velocity, there was no difference between the isolated and
crowded nymphs in all four species, indicating that density did not
affect how fast individuals moved. In terms of wall climbing, the iso-
lated nymphs climbed over walls more than the crowded nymphs in
caribbeana, while the opposite pattern was found in rubiginosa, and
there was no difference found in ceratiola and lineata. The crowded
nymphs of rubiginosa were closer to and spent more time on the sti-
mulus wall than the isolated nymphs, while there was no difference
found for the other three species. For the time spent in stimulus, neu-
tral, and non-stimulus zones in the arena, there were also species-spe-
cific patterns. For caribbeana, the isolated nymphs spent more time in
both stimulus and non-stimulus zones than the crowded nymphs, while
the crowded nymphs spent more time in the neutral zone. For ceratiola,
there was no clear difference between the density conditions. For lineata
and rubiginosa, the isolated nymphs spent more time in the non-stimulus
zone than the crowded nymphs, and the crowded nymphs spent more
time in the stimulus zone than the isolated nymphs, but the response
was stronger in rubiginosa.

3.2. Color

Different species showed different patterns of reaction norms in the
amount of black patterns in response to crowding (Figs. 4 and 5). Fur-
thermore, each species differed in the exact positions where the black
patterns developed (Fig. 6). Our PCA on the black patterns on the lateral
side of the pronotum showed overlaps between the isolated and the
crowded conditions in all four species, although the degree of overlap was
different among the species (Fig. 4). The resulting PC scores did not cap-
ture a large amount of variance (PC1 and PC2 combined: car-
ibbeana=43.4%; ceratiola=18.9%; lineata=16.4%; rubigi-
nosa=39.2%). These low scores indicated that the differences in the
amount of black patterns on the pronotum between the density conditions
were subtle. When we performed the Wilcoxon rank-sum test on the PC1
score on each species to test the effect of density, we found that caribbeana
(z=1.567, p=0.1172) and lineata (z=−0.267, p=0.7893) did not
differ in the amount of black patterns between the density conditions,
while ceratiola (z=4.905, p < 0.0001) and rubiginosa (z=−2.943,
p=0.0033) differed significantly between the density conditions. The
PCA on the lateral side of the hind femur (Fig. 5) also showed overlaps
between the density conditions in all species, and similarly low PC scores
(PC1 and PC2 combined: caribbeana=21.7%; ceratiola=21.7%;
lineata=19.7%; rubiginosa=37.1%). The Wilcoxon rank-sum test on the

PC1 score on each species showed that only caribbeana (z=2.097,
p=0.036) showed a significant difference in the amount of black patterns
on the hind femur, while ceratiola (z= -0.984, p=0.3251), lineata
(z=1.079, p=0.2802), and rubiginosa (z= -0.876, p=0.3811) did not
differ between the density conditions. Descriptively speaking (Fig. 6), the
crowded nymphs of caribbeana developed more dorsal bands and dots on
the hind femur than the isolated nymphs. In ceratiola, we found more
prominent black patterns in the dorsal portion and the hind margin of the
pronotum than the isolated nymphs. In lineata, both isolated and crowded
nymphs had a similarly large amount of black patterns in the pronotum
and the hind femur. Among the four species, rubiginosa had the most
visible changes in the amount of black pattern in that the crowded nymphs
had more black dots scattered around the pronotum and more overall
black patterns in the hind femur than the isolated nymphs.

In terms of the background color, our two-way ANOVA found a
significant interaction effect for the femur hue and the pronotum lu-
minance, which meant that the density affected these two variables
differently for different species (Table 3, Fig. 7). Thus, we analyzed
each species separately using one-way ANOVA to test for simple effects
for these two variables. We found that caribbeana (F=0.4163,
p=0.5229), ceratiola (F=3.7626, p=0.059), and rubiginosa
(F=2.5462, p=0.1207) did not differ in the femur hue while lineata
(F=10.0369, p=0.0024) differed significantly between the density
conditions. As for the pronotum luminance, we found that caribbeana
(F=0.2275, p=0.6361) did not differ, but ceratiola (F=29.1747,
p < 0.0001), lineata (F=15.0825, p=0.0003), and rubigionsa
(F=8.4162, p=0.0068) all differed significantly between the density
conditions. For the femur luminance and the pronotum hue, the two-
way ANOVA did not find a significant interaction effect, but found the
species, not the density, had the significant main effect (Table 3), in-
dicating that the density did not affect these two variables. Descrip-
tively speaking, both isolated and crowded nymphs of caribbeana were
tan or brown, although there was one green nymph in the isolated
condition (Fig. 8). In ceratiola, both isolated and crowded nymphs were
green although the crowded ones developed lighter green in the pro-
notum (Fig. 8). In lineata, both isolated and crowded nymphs had
generally yellow background coloration, although the crowded nymphs
had deeper and more vibrant yellow color than the isolated nymphs
(Fig. 9). In rubigionsa, all of the isolated nymphs had light brown or tan
background coloration in the pronotum, and the crowded nymphs had
darker brown color (Fig. 9)

3.3. Body size and morphometric ratios

Our three-way ANOVA (Table 4) found significant interaction ef-
fects of species and density, as well as species and sex, for all three
morphological measurements. The interaction effect of density and sex
was not significant in any of the measurements. The three-way inter-
action effect of species, density, and sex was significant in F and F/C.
Thus, we analyzed each sex of each species separately using one-way

Table 2
Shown are the P-values after Bonferroni correction for multiple comparisons for each of the effects included in the generalized linear models of each behavioral
parameter. For this analysis, caribbeana was used as a reference. Significant P-values are shown in bold.

Behavioral parameter Density Species Species-Density Interactions

ceratiola lineata rugibinosa ceratiola lineata rugibinosa

distance moved 0.023 0.205 <0.001 <0.001 0.021 0.003 0.006
movement 0.011 0.014 <0.001 <0.001 0.003 0.003 0.004
velocity 1 0.686 <0.001 0.089 1 1 1
time spent on wall climbing 0.014 0.084 0.002 <0.001 0.040 0.383 0.003
final distance from stimulus wall 1 1 1 1 1 1 1
time spent on stimulus wall 0.712 1 0.159 0.169 1 0.344 0.065
time spent in non-stimulus zone 0.257 0.354 0.019 0.011 0.369 1 1
time spent in stimulus zone 0.066 1 0.376 0.092 1 0.057 0.002
time spent in neutral zone 1 0.729 0.205 0.571 1 1 1
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Fig. 2. Plots showing the results from the A) logistic regression and B) gamma distribution portions of the hurdle models for all nine behavioral variables. The x-axis
depicts the species and species-density interactions, with “Species” depicting species differences for each behavioral variable and “Density” referencing variable shifts
seen in the isolated nymphs of each species. The y-axis depicts the backtransformed model coefficients for each of the model parameters. For A, the y-axis represents
the probability of finding a nonzero value for each variable. In B, the y-axis represents the expected value of each variable. Error bars depict 95% confidence
intervals.
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ANOVA to test for simple effects for all three variables. Sexual size
dimorphism in grasshoppers is a well-known phenomenon, and ac-
cordingly, we found that in all four species the females were sig-
nificantly larger the males, as measured by F and P, and thus we present
the interaction plots separated by sex (Fig. 10). Interestingly, the F/C
ratio differed significantly between males and females of rubiginosa
(F=9.0308, p=0.0053), but it did not differ in caribbeana
(F=0.0025, p=0.9605), ceratiola (F=0.3298, p=0.5687), and
lineata (F=0.1341, p=0.7155). The density had a significant effect
for both F and P of caribbeana (femur: F=7.3318, p=0.0099; pro-
notum: F=7.6494, p=0.0086), ceratiola (femur: F=10.4151,
p=0.0024; pronotum: F=9.6003, p=0.0034), and rubiginosa (femur:
F=55.4337, p < 0.0001; pronotum: F=38.5747, p < 0.0001) in
which the isolated nymphs were larger than the crowded nymph, but it
had no effect in lineata (femur: F=1.9811, p=0.1643; pronotum:
F=0.8020, p=0.3740) (Fig. 10C–F). For the F/C ratio, caribbeana
(F=6.5930, p=0.0141) and rubiginosa (F=55.0456, p < 0.0001)
had a significant difference between the density conditions in which the

isolated nymphs had the higher F/C ratio than the crowded ones, but
there was no difference in ceratiola (F=2.3906, p=0.1292) and
lineata (F=2.3836, p=0.1278).

4. Discussion

4.1. Behavioral reaction norms can be plastic in sedentary Schistocerca

Locust species show clear density-dependent behavioral plasticity.
In nature, solitarious phase locusts that live in isolation tend to be re-
latively inactive, avoid each other, and are behaviorally indistinguish-
able from sedentary grasshoppers, while gregarious phase locusts that
are part of dense migrating swarms tend to be very active, actively
congregate, and move cohesively with others (Simpson and Sword,
2009). All three locust species within Schistocerca (S. gregaria, S. picei-
frons, and S. cancellata) show characteristic behavioral plasticity
(Harvey, 1981; Pocco et al., 2019; Roessingh et al., 1993), and two non-
swarming species that are phylogenetically close to S. piceifrons also

Fig. 3. Heatmaps showing the distance to centroid (left column) and Sorenson index (right column) for pairwise species comparisons of A) crowded nymphs, B)
isolated nymphs, and C) all nymphs overall. Shorter distances and higher similarity are shown with warmer colors approaching yellow with larger distances and
lower similarity displayed as cooler colors approaching purple.
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show plastic reaction norms in behavior, although the expression level
is reduced (Gotham and Song, 2013; Sword, 2003). However, it was not
clear whether sedentary Schistocerca species that belong to different
clades within the genus would show behavioral plasticity when ex-
perimentally crowded. Because these species have never been reported
to gregarize in nature, the null hypothesis is that they do not exhibit
density-dependent behavioral plasticity. However, our results do not
support this hypothesis.

Surprisingly, we found that three of the four sedentary Schistocerca
species analyzed in this study showed density-dependent behavioral
plasticity, but their responses to crowding differed in a species-specific
way (Figs. 1–3). For example, we found clear evidence of higher level of
activity in the crowded nymphs of lineata, rubiginosa, and ceratiola to a
lesser extent, in terms of distance and duration of movement compared
to the isolated nymphs. We also found evidence of attraction and re-
pulsion to conspecifics in the crowded and the isolated nymphs, re-
spectively, of rubiginosa, but no such pattern was clear in ceratiola and
reduced in lineata.

Interestingly, we found that caribbeana did not show any density-
dependent behavioral plasticity. At first sight, our data seemed to
suggest that caribbeana exhibited plastic reaction norms, but in an op-
posite direction from the other three species in which that the isolated
nymphs were more active than the crowded nymphs (e.g., distance

moved, movement; Fig. 2). However, when compared to the level of
activities in the other three species, it became apparent that the beha-
vioral difference in caribbeana was actually due to the relative inactivity
of the crowded nymphs compared to the isolated nymphs (Figs. 1 and
2). Perhaps, we can speculate that the high density, which caribbeana
does not experience in nature, could have stressed this particular spe-
cies so much that the crowded individuals did not move much during
the assay.

It should be mentioned that the observed patterns of density-de-
pendent behavioral plasticity in these sedentary Schistocerca species is
quite subtle and can only be revealed by dissecting the behaviors into
smaller components. None of these species shows plastic reaction norms
in behavior that are comparable to the true locusts. For example, gre-
garious S. gregaria nymphs (Cullen et al., 2012; Roessingh et al., 1993)
as well as the crowded nymphs of S. americana and S. serialis cubense
(Gotham and Song, 2013) have been reported to move faster and longer
distances than the isolated ones, while we did not find any density-
specific differences in terms of velocity in the four sedentary species.
Although the magnitude of behavioral plasticity is much less than the
true locusts, our study clearly points to the presence of density-de-
pendent plastic reaction norm in at least three of the four sedentary
species. In a previous study, Song et al. (2017) assumed that caribbeana,
ceratiola, lineata, and rubiginosa had a non-plastic reaction norm in

Fig. 4. PCA analysis of the pixel matrices obtained for the black patterns in the lateral side of pronotum. Blue circles represent crowded nymphs and yellow circles
represent isolated nymphs. The structures shown along the PC axes with red, black, and blue colors represent the variation of color pattern over that particular PC
axis, with positive values (red) indicating a higher amount of black patterns, whereas negative values (blue) indicating the absence of the black pattern.
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behavior, but this new finding shows that this assumption was not
correct. In other words, there is a clear need to reevaluate the evolution
of behavioral plasticity in Schistocerca.

4.2. Nymphal color change in response to crowding in sedentary
Schistocerca

Nymphal coloration is one of the most well-characterized traits as-
sociated with locust phase polyphenism (Pener and Simpson, 2009;
Stower, 1959; Uvarov, 1966). In the locust species in Schistocerca, so-
litarious nymphs often have green or tan background color with little or
no black patterns, but gregarious nymphs have bright yellow, orange,
or red background color with extensive black patterns all over the body
(Cullen et al., 2017; Pocco et al., 2019; Pener and Simpson, 2009;
Uvarov, 1966). The physiological mechanism for the change in back-
ground color is still unclear (but see Yang et al., 2019), but it has been
clearly demonstrated that the black patterns are induced by the release
of [His7]-corazonin from the corpora cardiaca (Tanaka, 2000, 2006;
Tawfik et al., 1999). While density-dependent color plasticity is well-
documented in locusts, it is actually widespread in the grasshopper
subfamily Cyrtacanthacridinae, to which Schistocerca belongs (Song,

2011; Song and Wenzel, 2008), and Song et al. (2017) proposed that
density-dependent color plasticity is a phylogenetically conserved trait
within the genus. As such, we predicted that the four species would
exhibit plastic reaction norms in nymphal coloration. Our findings
generally support this prediction, but again, we found considerable
variation in color plasticity among different species.

We find that density-dependent color plasticity is manifested in a
species-specific way and that background color and black patterns re-
spond differently to the density treatments (Figs. 4–7). Unlike the lo-
custs, we find that the differences in background color between the
isolated and the crowded nymphs in the four sedentary species are
rather subtle or non-existent and that different body parts respond
differently to density (Figs. 8 and 9). For example, caribbeana did not
change background color, suggesting a non-plastic reaction norm in this
character. In ceratiola, the isolated nymphs developed darker green
than the crowded ones only in the pronotum, and in lineata, the
crowded nymphs developed more vibrant and deeper yellow color than
the isolated ones. In rubiginosa, the crowded nymphs developed darker
background color than the isolated nymphs. Thus, we can consider that
ceratiola, lineata, and rubiginosa show slightly plastic reaction norms in
background color. Interestingly, we find that the isolated nymphs were

Fig. 5. PCA analysis of the pixel matrices obtained for the black patterns in the lateral side of hind femur. Blue circles represent crowded nymphs and yellow circles
represent isolated nymphs. The structures shown along the PC axes with red, black, and blue colors variation of color pattern over that particular PC axis, with
positive values (red) indicating a higher amount of black patterns, whereas negative values (blue) indicating the absence of the black pattern.

S.K. Kilpatrick, et al. Journal of Insect Physiology 118 (2019) 103937

10



seldom green when we quantified color at the last nymphal instar stage.
When we collected the first instar nymphs from the field, or when the
insects hatched from their egg pods, they were all invariably green
regardless of the species, except ceratiola, which has a unique green and
white coloration from the first instar. We noticed that the isolated
nymphs remained green color until the second or third instar, and then
would change their color to beige brown or tan. Because these insects
were kept in isolation, it could not have been the density that caused
the color change. The ‘green-brown’ polyphenism, which is common
among grasshoppers, is considered to be mediated by humidity and
juvenile hormone (JH) (Pener and Simpson, 2009). For example,
rearing the grasshopper in high humidity is known to induce green
color, while low humidity would induce non-green color, including
beige, brown, or pink. High level of JH also induces green color, as
shown by implantation of extra corpora allata, which secretes the JH, or
administration of JH analogs (Hasegawa and Tanaka, 1994; Pener,
1991; Tanaka, 1993). We noticed that the lettuce that we fed to the

isolated nymphs would dry quicker in the isolated cages than in the
crowded cages, suggesting that the humidity level could have been low
inside the isolated cages. This might have triggered the ‘green-brown’
polyphenism. However, a series of recent studies by Tanaka and his
colleagues have shown that humidity actually had little effect on in-
ducing ‘green-brown’ polyphenism (Tanaka et al., 2012; Tanaka et al.,
2016). Instead, they proposed that substrate color of the locust’s habitat
during development and temperature had a major effect in inducing
various background color in the isolated desert locust nymphs (Tanaka
et al., 2016). We reared all four species in isolation in clear containers
wrapped with white paper, which should have induced a high per-
centage of green nymphs if the model proposed by Tanaka and col-
leagues applied to the tested species. However, we were not able to
obtain green nymphs, which suggests that there might be other pro-
cesses of color development involved in these four species.

It has been previously suggested that the density-dependent reac-
tion norm in background color and the reaction norm in black patterns

Fig. 6. Heat maps showing the differences in black patterns between crowded and isolated nymphs in the pronotum and the hind femur in the four sedentary
Schistocerca species.

Table 3
The results of two-way ANOVA, testing the effect of species, density, and the interaction between species and density on luminance and hue of hind femur and
pronotum. Statistically significant p-values are shown in bold face.

Source Number of Parameters Degree of Freedom Sum of Squares F Ratio Prob. > F

Femur Luminance Species 3 3 12909.895 14.3535 <0.0001
Density 1 1 0.00018543 0 0.9994
Species*Density 3 3 2029.231 2.2561 0.0836

Femur Hue Species 3 3 14682.689 185.6536 <0.0001
Density 1 1 66.356 2.5171 0.1145
Species*Density 3 3 325.83 4.1199 0.0075

Pronotum Luminance Species 3 3 22223.171 25.6499 <0.0001
Density 1 1 158.842 0.55 0.4593
Species*Density 3 3 11986.328 13.8346 <0.0001

Pronotum Hue Species 3 3 18723.135 91.7303 <0.0001
Density 1 1 71.454 1.0502 0.3069
Species*Density 3 3 332.932 1.6311 0.184
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have followed independent evolutionary trajectories although they are
often manifested simultaneously (Song, 2005; Song and Wenzel, 2008;
Song et al., 2017). In this study, we find that caribbeana developed more
black patterns in hind femur but not in the pronotum, ceratiola had
more black patterns in the pronotum in the isolated nymphs than the
crowded nymphs, lineata developed the same amount of black patterns
in both density conditions, and rubiginosa, developed more black pat-
terns in pronotum in the crowded nymphs than the isolated ones. This
pattern suggests that there is no one way that the Schistocerca species
respond to density in terms of black patterns. While the development of
black patterns is often associated with crowding, we have found two
exceptions among the species we have studied. The fact that the iso-
lated ceratiola developed more black patterns, although very subtle, is
curious. Perhaps because it is an unusual species – nocturnal and
monophagous (Hubbell and Walker, 1928), there may be some un-
known factors contributing to this strange pattern. More research is
needed to understand this opposite pattern in plasticity. The other ex-
ception is the lack of plastic reaction norm in black pattern develop-
ment found in lineata, which deserves more explanation.

Our finding that both isolated and crowded lineata nymphs devel-
oped yellow and black coloration seems to contradict the earlier find-
ings that reported that the isolated nymphs were green while the
crowded nymphs were aposematic (Sword, 1999, 2001). Sword (1999)
found that a Texas population of lineata specializing on toxic Ptelea
trifoliata showed density-dependent aposematism and host plant
mediated unpalatability to predators (lizards). However, Sword (2002)
repeated the rearing experiment of Ptelea-feeding lineata, and found
that while it was possible to induce green coloration by isolation, a high
frequency of the nymphs reared in isolation actually developed yellow
and black coloration. From this observation, he hypothesized that the

reaction norm in nymphal coloration in Ptelea-feeding lineata could be
approaching constitutive expression of aposematism via reduction or
loss of plasticity. When we collected the first instar nymphs of lineata
from the field, they were invariably green, but they quickly started to
develop yellow background color and black patterns regardless of the
density treatments (Fig. 11). By the last nymphal instar stage when we
quantified color, both isolated and crowded nymphs showed apose-
matic coloration, consistent with what Sword (2002) reported. Al-
though our experimental set up for isolation prevented the test subject
from receiving visual, tactile, and chemical stimuli from other cages, we
cannot rule out the possibility of self-stimulation. In the field, the
nymphs of lineata are often abundant on Ptelea and they are nearly
invariably aposematic as later instar nymphs, but we have never seen
them in high density similar to what we typically observe in the nym-
phal aggregation of locusts. We think that the threshold for triggering
the development of aposematic coloration is very low for Ptelea-feeding
lineata and that another stimulus in addition to density may be involved
in this plasticity. This makes sense in terms of the biology of this spe-
cies, which shows a strong host plant preference that confers toxicity
(Dopman et al., 2002; Sword and Dopman, 1999), and it would be more
adaptive to develop aposematic coloration as quickly as possible during
nymphal development, which may represent the evolution toward
constitutive aposematism (Sword, 2002).

Although adaptive significance of nymphal color plasticity is clearly
demonstrated in lineata (Sword, 1999, 2002; Sword and Simpson,
2000), we know too little about the ecology of other species to conclude
whether the expressed color plasticity or lack thereof is adaptive
without explicit experiments to measure fitness benefits of the plasti-
city. It appears that the development of black patterns in response to
crowding is a highly conserved trait in the genus, with an exception to

Fig. 7. Least squares means plots showing the results to two-way ANOVA, testing the effect of species, density, and the interaction between species and density on
background color. A. luminance on hind femur; B. hue on hind femur; C. luminance on pronotum; D. hue on hind femur. The error bars indicate confidence interval.
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ceratiola, such that most species of Schistocerca have retained genetic
variation for the expression of black patterns in response to density
whether they naturally experience high population density or not. It
could simply be that the phylogenetically conserved physiological
machinery underlying color plasticity neither increases nor decreases
fitness, and is not costly to maintain. Therefore, more work is needed
because the physiological mechanism of color change is probably more
complex than our current understanding.

4.3. Body size and morphometric ratio change in response to crowding in
sedentary Schistocerca

The relationship between body size and population density has re-
ceived much attention (reviewed in White et al., 2007), but relatively
little is known about the reaction norms in body size in those species
that show density-dependent phenotypic plasticity. In the desert locust
and the South American locust, as well as the migratory locust Locusta
migratoria (Linnaeus, 1758) and the red locust Nomadacris septemfas-
ciata (Serville, 1838), solitarious females are larger than gregarious
females, while solitarious males are smaller than gregarious ones (Pener
and Simpson, 2009; Pocco et al., 2019; Uvarov, 1966). Earlier studies
on the desert locust show that isolated female adults take longer to
sexually mature, live longer, and produce more eggs than the crowded
females (Norris, 1952; Uvarov, 1966). These physiological differences
essentially begin during the nymphal period, which explains why fe-
male isolated nymphs are often larger than the crowded nymphs. It is

often thought that the change in body size and morphometric ratio in
response to density is cumulative and takes several generations of
continuous isolation or crowding (Pener, 1991; Pener and Simpson,
2009). Thus, we predicted that the four sedentary species would have
non-plastic reaction norms in body size and morphometric ratio be-
cause the nymphal period within a single generation might not be
sufficient enough to produce visible effects, but the observed patterns
did not follow our prediction. We measured the length of the pronotum
and the length of the hind femur, which are known to be reliable
proxies of overall body size in grasshoppers (Uvarov, 1966). We found
that in caribbeana, ceratiola, and rubiginosa, the isolated nymphs were
larger than the crowded ones, but the body sizes of lineata were not
affected by crowding (Fig. 9). This result is interesting because it de-
monstrates that the crowding during the nymphal instar period within a
single generation can affect the body size. However, whether it was the
density alone or the competition for food due to crowding that caused
the shift in body size is difficult to tease apart because only two of the
four species showed the plasticity in body size. If the competition for
food were the main factor for the smaller body size in the crowded
nymphs, we should have observed a consistent pattern across all four
species. Why lineata did not respond to crowding is unclear. These
findings collectively show that there is a high degree of variation in
terms of reaction norms in body size within Schistocerca.

We also measured the morphometric ratio between the length of the
hind femur (F) and the head width (C), which has been used as one of
defining phase-related traits in locusts (Dirsh, 1953; Uvarov, 1966). The

Fig. 8. Some representative images of hind femur (top) and pronotum and wing pad (bottom), showing the effect of rearing density in caribbeana and ceratiola.
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other ratio is the length of the tegmina (forewings) and the length of the
hind femur, but we were not able to measure this because all the
measurements were done in the nymphal stage. In S. gregaria and L.

migratoria, the F/C ratio is higher in the solitarious phase than the
gregarious phase, which is postulated to be related to larger mandibles
associated with a voracious feeding capability of the gregarious locusts

Fig. 9. Some representative images of hind femur (top) and pronotum and wing pad (bottom), showing the effect of rearing density in lineata and rubiginosa.

Table 4
The results of two-way ANOVA, testing the effect of species, density, and the interaction between species and density on the length of hind femur (F), the length of
pronotum (P), the ratio between the length of hind femur and the width of head (F/C) in males and females. Statistically significant p-values are shown in bold face.

Source Number of Parameters Degree of Freedom Sum of Squares F Ratio Prob. > F

Male F Species 3 3 0.72932654 407.6586 <0.0001
Density 1 1 0.03034859 50.8902 <0.0001
Species*Density 3 3 0.01324387 7.4027 0.0002

Male P Species 3 3 1.2036567 325.1217 <0.0001
Density 1 1 0.0411332 33.3317 <0.0001
Species*Density 3 3 0.0236117 6.3778 0.0005

Male F/C Species 3 3 0.02189833 24.5842 <0.0001
Density 1 1 0.00615924 20.744 <0.0001
Species*Density 3 3 0.00183234 2.0571 0.1109

Female F Species 3 3 0.2888953 134.7869 <0.0001
Density 1 1 0.03063037 42.8727 <0.0001
Species*Density 3 3 0.03763601 17.5594 <0.0001

Female P Species 3 3 0.37980951 173.4979 <0.0001
Density 1 1 0.02115557 28.9917 <0.0001
Species*Density 3 3 0.02944975 13.4527 <0.0001

Female F/C Species 3 3 0.00424998 4.1917 0.0087
Density 1 1 0.00644252 19.0623 <0.0001
Species*Density 3 3 0.01308355 12.904 <0.0001
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(Uvarov, 1966). Of the four sedentary species, caribbeana and rubiginosa
showed a statistically higher F/C ratio in the isolated nymphs than the
crowded nymphs (Fig. 10E, F). Interestingly, this pattern is not ob-
served in ceratiola, which clearly showed density-dependent plasticity

in body size. This indicates that different body parts respond differently
to density, which reinforces the idea that it is difficult to generalize the
effect of crowding a priori without explicit experiments.

Fig. 10. Least squares means plots showing the results to three-way ANOVA testing the effect of species, density, and sex and the interaction among these factors on
body size and morphometric ratio. To simplify, we present the interaction plots separated by sex. A. male hind femur length; B. female hind femur length; C. male
pronotum length; D. female pronotum length; E. male F/C ratio; F. female F/C ratio. The error bars indicate confidence interval.
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4.4. Reaction norm evolution in Schistocerca

In this study, we have demonstrated that all four non-swarming
Schistocerca species exhibit density-dependent phenotypic plasticity,
but in species-specific ways. We reject our initial hypothesis that den-
sity-dependent behavioral plasticity has been completely lost in these
species because we have clearly demonstrated its presence in at least
three species (ceratiola, lineata, and rubiginosa). We have found evidence
to support our second hypothesis that density-dependent color plasti-
city are continuously expressed in these species, but we also document
that there is a high degree of species-specific variations. Finally, we
reject our third hypothesis that rearing density would have no effect in
the body size and morphometric ratio of these species because three of
the four species (caribbeana, ceratiola, and rubiginosa) show clear den-
sity-dependent plasticity in body size, and caribbeana and rubiginosa
showed the plastic reaction norm in the F/C ratio. Why do these non-
swarming species continue to express density-dependent phenotypic
plasticity and what causes the species-specific differences?

Based on the basal placement of the desert locust within the phy-
logeny of Schistocerca, it is hypothesized that the ancestral Schistocerca,
possibly with a full-blown expression of locust phase polyphenism,
must have originated from Africa and subsequently colonized the New
World via eastward transatlantic flight about 6 million years ago
(Lovejoy et al., 2006; Song et al., 2017). In other words, the ancestral
stock that gave rise to the diversity of Schistocerca in the New World
likely had density-dependent plastic reaction norms in behavior, nym-
phal coloration, body size, and morphometric ratio. So far we have
characterized density-dependent phenotypic plasticity of six non-
swarming species, four in this study and two in Gotham and Song
(2013). Collectively, all six species show density-dependent phenotypic
plasticity, but no two species show the exactly same response to den-
sity. Not only do we show that behavior, color, body size, and mor-
phometric ratio respond independently to density, but also that the
individual reaction norms that make up these traits respond in-
dependently as well. This implies that during the diversification of
Schistocerca in the New World, individual density-dependent reaction
norms must have been subject to the same evolutionary processes that
shaped the diversity of external morphology and ecological characters.

While it is generally understood that many of the density-dependent
reaction norms in the desert locust are examples of adaptive plasticity
(Simpson and Sword, 2009), it is not clear whether the same conclusion
can be reached for the sedentary species within Schistocerca. For ex-
ample, how does behavioral plasticity increase the fitness of rubiginosa
that does not swarm in nature? What is the adaptive value of the de-
velopment of black patterns in sedentary Schistocerca? Are the costs of
maintaining plasticity or the costs of expressing alternative phenotypes
negligible (DeWitt et al., 1998; Murren et al., 2015)? Unless we carry
out specific experiments to measure fitness benefits of expressing plastic
reaction norms for each species, it would be difficult to answer these
questions, but what is clear is that there is an intricate interplay be-
tween evolutionary history, in which the presence of plasticity as an
ancestrally acquired trait interacts with evolutionary processes in
which the expression of plasticity confers fitness benefits (Simpson and
Sword, 2009; Sword, 2002). It is also possible that it is not costly to
maintain the genetic capacity to express plasticity that is

phylogenetically conserved although it does not have any fitness benefit
(Lovejoy et al., 2006; Song et al., 2017; Sword, 2002, 2003). In such a
case, plasticity remains hidden unless experimentally induced, which
might be what we are observing in these sedentary species. What our
study demonstrates is that the evolution of density-dependent reaction
norms in Schistocerca is much more complex than previously thought
and more empirical work is needed to disentangle this fascinating
phenomenon.
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