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Summary

1. Nutrient regulation should covary with life history, but actual demonstrations of this
connection are rare.

2. Here, we use a wing-polymorphic cricket, Gryllus firmus, that trades off dispersal and repro-
duction; the long-winged morph with functional flight muscles [LW(f)] is adapted for dispersal
at the expense of egg production, while the short-winged (SW) morph is adapted for egg pro-
duction at the expense of flight. We explore the extent to which these two morphs differentially
regulate macronutrient intake to best match their life-history strategy.

3. In a ‘choice’ experiment, we offered female crickets of each morph [LW(f) and SW] two
nutritionally complementary foods varying in protein and digestible carbohydrate content. In
a second ‘no-choice’ experiment, we confined crickets to one of five foods, each with a different
protein/carbohydrate ratio. In both experiments, and for both morphs, we measured food
intake, mass gain and lipid concentration.

4. In the ‘choice’ experiments, LW(f) females selected a more carbohydrate-biased diet than
SW females. The two morphs gained similar total mass, but the LW morph had higher lipid
concentration.

5. In the no-choice experiment, the two morphs practised different nutrient ‘consumption
rules’. SW females ate similar total nutrient amounts (protein plus carbohydrate) across diets,
while LW(f) females decreased intake as the protein/carbohydrate ratio of the available food
became increasingly imbalanced. Overall mass gain was marginally higher in the SW morph
and lowest for both morphs on the diets that were extremely carbohydrate biased. LW(f) and
SW females had similar lipid concentrations across the diets, even though LW(f) crickets ate
less carbohydrate on the two carbohydrate-biased diets. Our data suggest that for LW(f)
females, there are costs of overeating nutrients in excess of requirements, but they are efficient
at utilizing ingested nutrients.

6. Our results shed new light on how the nutritional environment interacts with the direct
trade-off between dispersal and reproduction occurring in adult G. firmus crickets. Dispersal is
linked to heightened diet selectivity and an emphasis on nutrients promoting flight fuel (lipid)
storage over protein acquisition for egg laying, such that nutritional regulation complements
the metabolic mechanisms that generate this trade-off.
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Introduction

Theoretical and experimental studies have shown that
nutrient input can profoundly affect life-history traits and
trade-offs (Boggs & Ross 1993; Zera & Harshman 2001;
Lee et al. 2008; Boggs 2009). However, we know surpris-
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ingly little about how variation in nutrient quality affects
life-history strategies. Given that organisms can experience
tremendous variation in the nutritional quality of their
food, understanding organismal responses to different
nutritional environments is critical for gaining insights into
how life-history traits evolve (Partridge & Harvey 1985;
Barnes & Partridge 2003; Boggs 2009). This information is
also important in the context of understanding how
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organisms respond to ongoing, widespread, anthropogeni-
cally driven shifts in resource availability (Parmesan 2006;
Rosenzweig et al. 2007).

A classical life-history trade-off, useful for beginning to
address this question, involves the relative investment in
dispersal (flight) ability vs. fecundity, as is observed in
wing-polymorphic insect species (Harrison 1980; Zera &
Denno 1997; Zera 2009). The wing-polymorphic cricket,
Gryllus firmus, has been extensively studied in this context
(reviewed in Zera & Denno 1997; Zera 2009; Zera &
Harshman 2009, 2011). This species has two main adult
morphs that differentially trade-off early age fecundity
with flight capability. Females of the flight-capable [LW(f)]
morph exhibit fully developed wings and flight muscles
and produce a large amount of lipid flight fuel, but delay
egg production. By contrast, obligately flightless, short-
winged (SW) females produce only vestigial wings and
flight muscles and a low quantity of triglyceride, but exhi-
bit a fourfold increase in egg production during the first 1—
2 weeks of adulthood, compared with the LW(f) morph
(Zera 2004, 2005, 2009). To date, virtually all physiological
work on this trade-off in this cricket has focused on genetic
and hormonal aspects of the differential allocation of inter-
nal resources in long-winged (LW) and SW morphs in arti-
ficially selected populations reared on diets with fixed
nutrient ratios (Zera 2005, 2009).

However, crickets are natural omnivores and feed on
both plant and animal material in the field (Capinera, Scott
& Walker 2004); thus, their diet can vary greatly in nutrient
content, especially the amounts and ratios of protein and
digestible carbohydrates. Both protein and carbohydrates
affect insect and animal performance in distinct ways
(Behmer 2009; Simpson & Raubenheimer 2012). Currently,
though, we have a limited grasp of what constitutes optimal
protein—carbohydrate intake for adult crickets (e.g.
Maklakov et al. 2008) and know nothing about how the
trade-off between flight and early reproduction in LW(f)
and SW morphs might influence protein—carbohydrate
regulatory strategies (sensu Raubenheimer & Simpson
1999). For instance, do the two morphs possess different
‘intake targets’, that is, do they prefer to consume different
amounts of protein and/or carbohydrate? Secondly, when
confronted with foods with imbalanced, and thus sub
optimal, protein/carbohydrate ratios, do the morphs prac-
tise different ‘consumption rules/compromises’, making
different decisions about how much to eat? One might
expect, a priori, that life-history adaptation is tied to differ-
ential consumption of key nutrients (Boggs & Ross 1993;
Boggs 1997a,b). For example, a phenotype that emphasizes
egg production should prefer foods that are proteinaceous,
while a phenotype that emphasizes flight and delayed repro-
duction should favour a more energy- or carbohydrate-rich
diet from which lipid flight fuel can be biosynthesized
(Wheeler 1996).

In this study, we use the experimental approach of the
geometric framework (Simpson & Raubenheimer 1993,
1995, 2012; Raubenheimer & Simpson 1999) to explore the

extent to which nutrient regulation strategies differ
between crickets exhibiting trade-offs between dispersal
and reproduction. We first identify the protein—carbo-
hydrate intake points for the two morphs. The different
metabolic requirements for flight vs. reproduction lead us
to predict that SW crickets will select a more protein-
biased diet relative to LW individuals, given the impor-
tance of protein towards reproductive output. Next, we
examined consumption patterns across a range of foods
with different protein and carbohydrate ratios, to test
whether morphs use different regulatory strategies to cope
with imbalanced diets, as might be expected if there are
morph-specific differences in costs of over- or undercon-
sumption of nutrients (Lee et al. 2008). Potential costs of
overconsumption are much greater for flight-capable com-
pared with flightless individuals, as overconsumption rep-
resents added load during flight, so LW crickets should
employ a more selective intake strategy as compared with
SW crickets.

Materials and methods

INSECTS AND EXPERIMENTAL CHAMBERS

Female crickets were raised in large outbred populations (>200
breeders each generation) that were artificially selected to produce
either the flight-capable [LW(f)] or flightless SW morphs; the
methods used to create the laboratory populations have been pre-
viously described (Zera & Larsen 2001; Zera 2005). Nearly all
(>95%) SW individuals have vestigial flight muscles throughout
adulthood and are flightless. All LW(f) individuals emerge with
large flight muscles, which are retained in most (>85%) individuals
through day 5 of adulthood (Zera, Sall & Grudzinski 1997). After
this time, flight muscle histolysis (coupled with enhanced ovarian
growth) occurs with increasing frequency in LW(f) individuals,
converting them into the flightless [LW(h)] morph. In this study,
we compared LW(f) females from one LW(f)-selected population
and SW females from another, SW-selected population; these pop-
ulations both come from one of three blocks (block 2) of a larger
artificial selection experiment (Zera & Larsen 2001; Zera 2005).
Each block of that experiment constitutes an independent artificial
selection trial involving one pair of LW(f)- and SW-selected
populations. In previous studies, without exception, biochemical,
endocrine, morphological and reproductive differences between
LW(f)- and SW-selected populations of any one block are very
similar to differences between the LW(f)- and SW-selected popula-
tions of the other two blocks (e.g. see Zera 2005). Thus, compari-
sons made between LW(f) and SW populations of any one block
are expected to be representative of general differences between
LW(f)- and SW-selected populations of G. firmus. It is worth not-
ing here that the purpose of this study was to investigate pheno-
typic differences between the LW(f) and SW morphs. A more
comprehensive genetic analysis would require comparisons of pop-
ulation means of LW(f) and SW populations from replicate
blocks.

Cricket colonies were maintained at the University of
Nebraska-Lincoln, but juveniles were shipped to Texas A&M
University, where they were raised to adulthood for experimental
work. Crickets were reared in groups of ¢. 50 individuals in 10-
gallon aquaria kept in an incubator with a 16 h:8 h light/dark
cycle at a temperature of 28 °C. During rearing, crickets were fed
an ad libitum ‘standard’ diet composed of wheat germ, wheat
bran, milk powder and nutritional yeast (Zera & Larsen 2001) and
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were provided with water in a 50-mL plastic tube plugged with
cotton. Aquaria were checked every 3 h over the course of the day
for newly moulted adults, which were transferred individually to
small, plastic arenas (189 x 13-5 x 9-5 cm) where they were
given preweighed, spill-resistant dishes of dry synthetic foods
which varied in their protein—carbohydrate content (Raubenhei-
mer & Simpson 1990; see below). Crickets also had free access to
an aluminium perch and distilled drinking water in a plastic
container with a cotton wick.

EXPERIMENTAL DIETS

Experimental diets that varied in their protein (p) and digestible
carbohydrate (c) content were prepared based on synthetic diets
originally made and modified for grasshoppers (Dadd 1961; Simp-
son & Abisgold 1985; Behmer, Raubenheimer & Simpson 2001).
Diets were prepared as described in Behmer, Simpson & Rauben-
heimer (2002). In total, there were five diets: (i) 7% protein and
35% carbohydrate (p7 : ¢35), (ii), pl4 : ¢28, (iii) p21 : c21, (iv)
p28 : cl4 and (v) p35 : c7; these diets had the same total macro-
nutrient content (42%) and identical amounts of other dietary
ingredients (e.g. cellulose, vitamins, cholesterol, fatty acids).

EXPERIMENTAL PROTOCOL

Choice experiments

To test whether crickets actively regulated nutrient intake, newly
emerged adult female crickets of each morph [LW(f) and SW]
were weighed and then given one of two preweighed food pairing
treatments: (i) p7:c35 with p35:7 and (ii)) p7:c35 with
p28 : cl4. Alone these foods are nutritionally suboptimal, but
together they are nutritionally complementary. Two food pairings
were used to confirm that crickets were selectively feeding to reach
a target intake and not simply feeding equally from both dishes.
Nine crickets of each morph were used for the first treatment, and
10 crickets of each morph were used in the second treatment. Data
from five LW crickets were excluded from analysis due to loss of
sample material during the experiment, resulting in final sample
sizes of 9 SW and 8 LW(f) crickets for the first treatment, and 10
SW and 6 LW(f) crickets for the second treatment.

After 3 days, the initial pair of feeding dishes was removed and
weighed; a pair of fresh preweighed food dishes (containing the
same two food types) was placed into arenas, and crickets were
allowed to feed for an additional 3 days. At the end of day 6, the
second set of dishes was removed and weighed, and the crickets
were weighed to determine their final mass. The crickets were then
frozen, dried to constant mass and reweighed. Flight muscle type
was not checked in the LW(f) morph because, as mentioned previ-
ously, nearly all (>85%) LW individuals have pink functional
muscles [i.e. are the LW(f) morph] at this age; in addition, even
those few LW(h) individuals produced during the experiment
existed as the LW(f) morph during most of the study (Zera, Sall &
Grudzinski 1997; Zera & Cisper 2001). To estimate total lipid con-
tent, lipids were extracted from the dried crickets with chloroform,
as described by Loverage (1973); lipid content was calculated
within individuals as the difference between a cricket’s dry mass
and its mass after lipid extraction (lean mass). Two crickets were
excluded from lipid analysis due to sample loss during lipid
measurement (one LW from treatment (i), one SW from
treatment (ii)).

No-choice experiments

In no-choice experiments, newly emerged adult female crickets
were weighed and then allowed to feed ad libitum on one of the

Nutrients and life-history trade-offs 3

five previously described foods (p7 : ¢35, pl4 : c28, p2l : c21,
p28 : cl4, p35 : c7). Sample sizes per treatment were initially 10,
10, 8, 9 and 9 SW crickets, respectively, and 9, 8, 8, 10 and 6
LW(f) crickets, but 13 crickets were excluded from analysis due to
the following: failure to eat the offered food, net mass loss or loss
of sample material. This resulted in final sample sizes of 9, §, 9, 6
and 6 SW crickets, and 6, 8, 6, 7 and 9 LW(f) crickets. As with
the choice experiments, crickets were presented with an initial dish
of preweighed food for 3 days, which was replaced with a second,
fresh dish of food for the following 3 days (days 3 through 6).
Final cricket masses (wet, dry and lean mass, plus lipid content)
were measured as previously described. Lipid data also had to be
excluded for two additional SW crickets and three additional
LW(f) crickets.

DATA ANALYSIS

Statistics were calculated and figures generated using the software
program R (version 2.14.0; R Development Core Team 2010).
Many of the measured characteristics are likely to be influenced
by an individual’s initial mass (Horton & Redak 1993; Raubenhei-
mer & Simpson 1992). Therefore, where appropriate, comparisons
were made and reported using ANcova (analysis of covariance) or
MANcovA (multivariate analysis of covariance) using a cricket’s
initial adult mass (wet mass) as the covariate.

To calculate dry mass gains, a set of 10 newly moulted adult
LW and 10 SW crickets was collected, weighed, frozen, dried to
constant mass at 70 °C and reweighed. Initial dry mass for each
morph was regressed against initial wet mass to calculate wet-to-
dry conversion coefficients (for LW: 0-352%M,, r* = 0-99; for SW:
0-335%M;, > = 0-99). Dry mass gains were calculated as the initial
wet masses of LW(f) and SW crickets multiplied by conversion
coefficients; this value was subtracted from final cricket dry
masses.

Results

CHOICE EXPERIMENTS

To determine whether morphs actively regulated protein—
carbohydrate intake, we allowed crickets to choose
between pairs of nutritionally suboptimal foods offered in
two treatments (p7 :c35 paired with p35:c7, and
p7 : ¢35 paired with p28 : c14). For a given morph, crick-
ets consumed similar amounts of protein and carbohydrate
across both pairing treatments (MaNcova for protein and
carbohydrate consumption within each morph: Fpw =
1-65, d.f. = 2,11, P =0-235; Fsw = 0-04, d.f. =2,15, P =
0-963). This allowed us to combine consumption rates
across the food pairing treatments and compare patterns
between morphs (data shown in Fig. 1). Analysis of the
combined data revealed that SW and LW morphs self-
selected statistically different protein—carbohydrate intake
points (MANCOVA: Fiorpn = 420, d.f. = 2,30, P = 0-045;
Fraes = 045, d.f. = 1,29, P = 0-506). Post hoc univariate
analyses showed that SW crickets ate more protein than
LW  crickets (ANCOVA:  Fpropein = 6-32,  d.f. = 1,31,
P = 0-017), but similar total amounts of carbohydrate (AN-
COVA: Fearpohydrate = 0-45, d.f. = 1,31, P = 0-506). Differ-
ences in protein—carbohydrate intake occurred even
though newly moulted adults of both morphs had similar
starting mass (z-test: f,.ss = 0-69, d.f. = 28, P = 0-494) and
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Fig. 1. Self-selected protein and carbohydrate intake points
(means + SEM) for short-winged (SW) and long-winged (LW)
crickets (n = 18 and 14, respectively). Protein intake, but not car-
bohydrate intake, differed between morphs (see text for statistics).
The dashed line indicates the trajectory for balanced intake (equal
amounts of protein and carbohydrate; a 1 : 1 ratio).
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Fig. 2. Cricket performance on self-selected diets. Panel (a) shows
dry mass gains (means = SEM) for short-winged (SW, n = 18) vs.
long-winged (LW, n = 14) morphs allowed to self-selected diets
from two complementary, but nutritionally imbalanced foods.
Panel (b) shows cricket lipid content, as a percentage of dry mass.

consumed similar total quantities of food over the dura-
tion of the experiment (ANCOVA: Fyorpn = 2-37, d.f. = 1,29,
P = 0-135; see Fig. S1, Supporting information).

Despite differences in protein and carbohydrate intake
points, both morphs showed similar dry mass gains (AN-
cova: F=0-449, d.f. = 1,29, P = 0-508; Fig. 2). However,
the nature of dry mass gains differed qualitatively
between morphs (Fig. 2). Specifically, LW crickets had
higher final lipid content as compared to SW crickets
(ancova with morph and carbohydrates eaten as factors
and initial cricket mass as the covariate: Fyompn = 7-18;
df. =128 P =0012; Farvohydrates = 278, d.f. =128,
P =0-107).

NO-CHOICE EXPERIMENTS

In this set of experiments, we explored how LW and SW
crickets regulate macronutrient intake when they cannot
self-select their protein—carbohydrate intake. Here, each
morph received a single food with a fixed protein/carbo-

hydrate ratio (p7 : ¢35, pl4 : ¢28, p21 : c21, p28 : cl4, or
p35 : ¢7), and for each morph on each food, we measured
consumption, protein—carbohydrate intake, mass gain and
lipid content. We observed significant differences in con-
sumption between morphs and across diets (ANCova with
morph and diet as factors, initial cricket mass as covariate:
Frorph = 855, d.f. = 1,59, P = 0-005; Fgie, = 3-91, d.f. =
4,59, P =0-007), but the morph-by-diet interaction was
not significant (F = 0-66, d.f. = 4,59, P = 0-62). Consump-
tion for the SW crickets, averaged across all diets, was
632 + 27 mg of food (mean + SE) versus 518 + 30 mg
for LW crickets (see Fig. S2, Supporting information).
Averaged across the morphs, consumption was highest on
the food containing equal amounts of protein and carbo-
hydrate (p21 : c21), lowest on the two most carbohydrate-
biased foods and intermediate on the two protein-biased
foods.

To better understand how our two focal macronutrients
affected food consumption responses, we plotted mean
protein and carbohydrate intake for each morph for each
diet (Fig. 3a). We then used these data points to fit sepa-
rate intake arrays for each morph, which enabled us to
characterize nutrient regulation strategies where two nutri-
ents were being regulated simultaneously (Raubenheimer
& Simpson 1999; Behmer 2009). The array for the SW
morph approximated a linear fit, while that for the LW
morphs approximated a quadratic fit (Fig. 3a). We also
generated protein (p) + carbohydrate (c) ‘error plots’
(Fig. 3b), which reveal the extent to which each morph
overingests p and c relative to the intake target (for more
details, see Raubenheimer & Simpson 1999). For SW
crickets, there was no difference in p + ¢ consumption
between the different diets (ANcovA:  Fyie = 1-67,
d.f. =434, P=0-270). In contrast, the LW cricket p + ¢
consumption pattern differed between diets (ANCOVA:
Fgier = 3:45, d.f. = 4,28, P =0-018), showing a significant
negative quadratic fit (Quadratic contrast: F= 511,
d.f. = 2,30, P = 0-032).

Cricket dry mass gain was significantly affected by food
protein/carbohydrate  ratio  (ANCOVA:  Fyie, = 10-80,
d.f. = 4,59, P < 0-001; Fig. 4). It was highest on the equal-
ratio and protein-biased diets, lowest on the most carbohy-
drate-biased diet (p7 : ¢35) and intermediate on the slightly
carbohydrate-biased diet (p14 : ¢28). There was no signifi-
cant morph-by-diet interaction with respect to mass gain
(ANCOVA:  Frorph=dier = 0-31, d.f. = 4,59, P =0-870). The
SW morphs, on average, gained more mass compared with
the LW morphs, but this difference was only marginally
significant (ANCOVA: Fiorpn = 3:97, d.f. = 1,59, P = 0-051).
LW and SW crickets confined to single diets did not differ
in final lipid content (ANCOVA: Fiorpn = 0-160, d.f. = 1,54,
P = 0-691; Fig. 5), but lipid content varied with diet com-
position (ANCOVA: Fgiep = 11-05, d.f. = 4,54, P < 0-001).
There was no significant morph-by-diet interaction (ANCO-
VA: Frorph#diet = 0-54, d.f. = 4,54, P = 0-704). Lipid con-
tent was highest on the two carbohydrate-biased foods and
lowest on the equal-ratio and protein-biased foods (Fig. 5).
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Fig. 3. Protein and carbohydrate intake for long-winged (LW, tri-
angles) and short-winged (SW; circles) crickets restricted to one of
five diets. Panel (a) shows protein and carbohydrate intake
(means), for SW and LW crickets, as a bi-coordinate plot. Dashed
lines indicate the protein-to-carbohydrate ratios of the five foods,
which are, from left to right, p7 : ¢35 [7% protein and 35%
digestible carbohydrate (as a percentage of dry mass)], pl4 : ¢28,
p21 : c21, p28 : cl4 and p35 : c7. Open symbols indicate intake
points, for reference. Panel (b) shows total protein and carbo-
hydrate (P + C) consumption by LW and SW crickets as a func-
tion of each diet’s protein content, with intake points indicated as
open symbols, for reference. For both plots, the linear fits repre-
sent best-fit models for the SW morph’s functional feeding rule,
while the curved fits represent best-fit models for the LW morph
(see text for more detail).
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winged (SW) and long-winged (LW) crickets feeding on five diets
that varied in their protein and carbohydrate content (as a
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Discussion

The extent and mechanisms by which variation in nutrient
input contributes to variation in life-history traits and
trade-offs have been a central, longstanding subject of
research. However, many key aspects of this topic remain
poorly understood, which constitutes a major roadblock to
attaining a deep understanding of the mechanistic basis of
life-history evolution (Boggs 1992, 2009; Zera & Harsh-
man 2001, 2009; Simpson et al. 2002; Lee et al. 2008). In
particular, we know little about the influence of nutrient
heterogeneity on life-history evolution. In the current
study, we show, for the first time, how life-history trade-
offs can differentially affect nutrient regulation strategies.
Specifically, we found that adult G. firmus females that
trade-off early reproduction (SW) for dispersal capability
(LW) practise different protein—carbohydrate regulation
strategies, both when allowed to self-select their protein—
carbohydrate intake and when confined to a range of
foods with different protein/carbohydrate ratios.

When SW and LW(f) morphs were free to self-select
their protein—carbohydrate intake, LW crickets selected a
more carbohydrate-biased diet relative to SW crickets.
Morph behaviour therefore differed in a manner that one
might expect, given the different physiological require-
ments of flight and reproduction, and the different physio-
logical functions of protein and carbohydrates. Flight is
energetically intensive, requiring the acquisition and main-
tenance of flight muscle and production of flight fuel (pri-
marily triglycerides), at the cost of allocation to other
tissues (Zhao & Zera 2002; Zera 2005). Meanwhile,
increased early reproductive output is associated with the
diversion of nutritional resources, especially protein,
towards ovarian and egg development and away from
somatic function (Zera & Zhao 2006). While both amino
acids and carbohydrates can be metabolized to contribute
towards lipid synthesis (Zera & Larsen 2001; Zhao & Zera
2002; Zera 2005; Zera & Zhao 2006), protein synthesis and
allocation, especially for oogenesis, are dependent on die-
tary protein availability (Wheeler 1996). The early ramping
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up of reproductive output could therefore lead to increased
demand for protein for the reproductive (SW) morph,
reflected in higher protein intake when crickets could self-
select. At the same time, consumption of excess protein
relative to physiological demands can be harmful (Lee
et al. 2008; Cease et al. 2012), especially for organisms pre-
paring for dispersal, where overall storage capacity may be
limited (Zera & Denno 1997). Consistent with this, Zera &
Zhao (2006) showed that amino acid oxidation was higher
in LW(f) compared with the SW morph, which would pro-
mote the elimination of excess ingested protein. Therefore,
high costs of excess protein consumption could contribute
towards relatively lower protein intake observed for the
dispersing (LW(f)) morph.

In natural settings, various constraints (e.g. food scar-
city, competition and predation) can prevent organisms
from reaching their preferred nutrient intake target, mak-
ing it important to characterize organisms’ behavioural
and physiological responses to nutritionally imbalanced
foods (Raubenheimer & Simpson 1999). As with intake
targets, consumption rules on nutritionally imbalanced
foods might reflect an organism’s life-history strategy, and
our no-choice experiments demonstrate that LW(f) and
SW crickets practise different consumption rules as the
protein—carbohydrate content of their food becomes
increasingly imbalanced. For LW(f) crickets, the observed
quadratic relationship between food protein—carbohydrate
content and total protein plus carbohydrate intake (see
Fig. 3b) reflects a consumption strategy that minimizes the
intake of the nonlimiting nutrient (i.e. protein on protein-
biased diets and carbohydrate on carbohydrate-biased
diets). In contrast, the combined protein plus carbohydrate
intake for SW crickets on imbalanced diets was similar to
that observed for crickets allowed to self-select. This
reflects a consumption strategy that prioritizes intake of
the limiting nutrient when confined to a nutritionally
imbalanced food.

Nutrient regulatory strategies are known to vary
depending on the evolutionary history, ecological context
and physiological condition of the organism in question
(Behmer 2009; Simpson & Raubenheimer 2012). For
example, the desert locust (Schistocerca gregaria) is a gen-
eralist herbivore that is phenotypically plastic, existing in
either a solitary or gregarious form. Solitary and gregari-
ous locusts, unlike the LW(f) and SW crickets, exhibit sim-
ilar protein—carbohydrate intake targets (Simpson et al.
2002). However, gregarious locusts, like SW crickets, maxi-
mize total nutrient intake when confined to nutritionally
imbalanced foods, eating similar total amounts of protein
plus carbohydrate across a range of diets with different
protein/carbohydrate ratios (Simpson et al. 2002). In con-
trast, both solitary locusts and LW crickets minimize
nutritional errors by not overeating nutrients that occur in
excess. This raises an interesting question: Why should gre-
garious locusts and SW crickets practise a nutrient maxi-
mization strategy, while solitary locusts and LW(f) crickets
minimize nutritional errors?

The most likely explanation is linked to population den-
sity. Gregarious locusts, like SW crickets, are often found
as part of a large group (Pener & Simpson 2009). High-
density living occurs in gregarious locusts because they are
attracted to one another. Gryllus are also attracted to each
other, and, unlike many other wing-polymorphic insects
such as aphids, high density strongly promotes the induc-
tion of the SW morph in Gryllus, which cannot disperse by
flight (Zera & Tiebel 1988; Zera & Denno 1997). The SW
morph is also associated with high cricket density in the
field (C. Mitra, pers. comm.). In both cases, high density
leads to increased competition for nutritionally optimal
food. Thus, both gregarious locusts and SW crickets
should behave as opportunists, eating what is encountered.
The consequences of being choosy for an animal living as
part of a large group — namely, missing a meal, com-
pounded by having a conspecific eat it — are too great,
especially when food is limiting. On the other hand, when
food is less limiting, choosiness with respect to nutrient
intake should be practised. Indeed, this is the case for soli-
tary locusts, which live in isolation from other locusts
(Pener & Simpson 2009) and LW(f) crickets that can dis-
perse away from places where competition for local
resources is high. Being selective with respect to nutrient
intake is also adaptive if there are costs associated with
overconsuming nutrients that occur in excess of require-
ments (Simpson et al. 2004; Raubenheimer, Lee & Simp-
son 2005; Warbrick-Smith ez al. 2009). Currently, our
understanding of feeding behaviour of LW(f) and SW
crickets in the field is limited — further field studies of
G. firmus feeding ecology should help reveal how patterns
of overall food availability, motility and habitat persis-
tence interact to create different nutrient regulatory
responses for wing-polymorphic crickets (Zera & Denno
1997).

Differential lipid production is a key component of the
dispersal-reproduction life-history trade-off in G. firmus
(Zera & Larsen 2001; Zera 2005). Our lipid data suggest
that SW crickets are well suited to handling/processing
excess nutrients, while LW(f) crickets are particularly effi-
cient at utilizing the nutrients that are ingested. For
instance, even though LW(f) and SW crickets ate similar
total amounts of carbohydrate in the choice experiments,
LW(f) crickets generated significantly more lipid, measured
as per cent body fat. Previous radiotracer studies have
documented that synthesis of new fatty acid is higher, and
oxidation of fatty acid is lower, in the LW(f) morph com-
pared with the SW morph of G. firmus (Zera 2005; Zera &
Zhao 2006). In the no-choice experiments, on the two most
carbohydrate-biased treatments (and especially on the
p7 : ¢35 treatment), LW(f) crickets ingested
amounts of carbohydrate relative to SW crickets, yet both
morphs had identical lipid levels (measured as per cent
body fat) on these two diets. Together, these findings indi-
cate that lipid acquisition and allocation, a key component
of the life-history trade-off in G. firmus, are dependent on
nutrient availability and quality in the environment, and
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on the crickets’ consequent nutrient consumption patterns.
Results obtained in the present study set the stage for
additional investigations. In particular, it would be useful
to relate these findings to SW and LW individuals col-
lected from the same habitats to determine whether dietary
decisions have similar consequences for growth and lipid
acquisition patterns in natural settings. It is also important
to ultimately compare additional LW(f)- and SW-selected
lines to determine the extent to which the phenotypic dif-
ferences identified in the present study are due to genetic
differences between the morphs. Such studies are currently
in progress.

Conclusions

The availability and quality of food can have profound
influences on organismal life history, especially in the con-
text of allocation to reproduction vs. dispersal (reviewed in
Zera & Harshman 2001). The feeding studies reported here
reveal, for the first time, such an influence; morphs of
G. firmus self-select diets have different nutritional compo-
sition (with respect to their protein/carbohydrate ratio)
and employ different consumption rules when encounter-
ing nutritionally imbalanced foods. This demonstrates a
clear link between the expression of life-history trade-offs
and the nutritional environment.
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