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Summary
1. Despite its central importance in organismal physiology, we have poor understanding of
how metabolic rate is inﬂuenced by two key factors – food nutritional content and an
organism’s physiological characteristics.
2. We examined how variation in nutrients and physiological aspects of life history aﬀect standard metabolic rate in Gryllus firmus cricket morphs that diﬀer dramatically in ﬂight capability
and early-age fecundity.
3. Newly moulted female morphs were fed one of 13 diets that diﬀered in concentrations of
protein and carbohydrate. Carbon dioxide production, respiratory exchange ratios (RERs),
nutrient intake and mass and lipid levels were measured.
4. CO2 production and RERs increased to a similar degree in both morphs as food macronutrient content increased. In contrast, no diﬀerence in whole-organism O2 consumption was
observed across the protein–carbohydrate landscape or between morphs. Both morphs
similarly increased food intake as nutrient concentration – particularly protein – decreased,
but diﬀered in mass and lipid gains, across the diets.
5. Modulation of the substrate used for respiration coupled with compensating aspects of
morph-speciﬁc metabolism appears to buﬀer the eﬀects of variable nutrient intake and life history on standard metabolic rate. That is, respiration rate can be highly canalized in the face of
dramatic variation in both the external nutritional environment and internal aspects of intermediary metabolism.
Key-words: feeding behaviour, life-history trade-oﬀs, nutritional physiology, respirometry
Introduction
An animal’s metabolic rate (sensu Burton et al. 2011) is a
key aspect of animal energetics (Glazier 2005; Karasov &
Martınez del Rio 2007; Swallow et al. 2009). Researchers
use metabolic rate to provide information about current
energetic state, and an overriding assumption is that metabolic rate is linked to many features of organismal function and life history (Burton et al. 2011). Despite decades
of study at the interspeciﬁc level (Glazier 2005), and more
recently at the intraspeciﬁc level (Cruz-Neto & Bozinovic
2004; Steyermark et al. 2005; Bozinovic, Mu~
noz &
Cruz-Neto 2007; Burton et al. 2011; Konarzewski &
Ksiaz z_ ek 2013), we still have poor understanding of the
factors that inﬂuence metabolic rate (Glazier 2015). There
is good reason to suspect nutritional inputs aﬀect metabolic rate (Cruz-Neto & Bozinovic 2004; Burton et al.
2011; Simpson & Raubenheimer 2012; Huang et al. 2013;
*Correspondence author. E-mail: s-behmer@tamu.edu

Konarzewski & Ksiaz z_ ek 2013), especially given the clear
evolutionary correlation between food habits and masscorrected basal metabolic rate in endotherms (Cruz-Neto
& Bozinovic 2004; Bozinovic, Mu~
noz & Cruz-Neto 2007).
Life history could also inﬂuence metabolic rate (or vice
versa; Crnokrak & Roﬀ 2002; Ksiaz z_ ek, Konarzewski &
Łapo 2004), although some studies have generated equivocal results (Djawdan et al. 1996; Djawdan, Rose & Bradley
1997; Chappell et al. 2009).
Most investigations of the interplay between nutrition
and metabolic rate have either focused on animals fed ad libitum without quantifying food intake, or relied on starvation or food deprivation protocols. In the real world,
animals are likely to experience nutritional variation along
multiple continua – especially nutrient concentration (low
to high) and nutrient ratio (balanced to imbalanced)
(Behmer 2009; Simpson & Raubenheimer 2012). Proper
understanding of how feeding and metabolic rates are
linked requires a sophisticated approach that maps metabolic rates over an animal’s full nutritional landscape and
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that precisely quantiﬁes intake (Cruz-Neto & Bozinovic
2004; Simpson & Raubenheimer 2012).
Animals require a suite of nutrients that vary in energetic and functional characteristics (Raubenheimer &
Simpson 1999; Karasov & Martınez del Rio 2007). Multiple studies have shown that two major nutrients – protein
(p) and dietary carbohydrates (c) – have large phenotypic
eﬀects, and their intake is prioritized over other
nutrients (Behmer 2009; Simpson & Raubenheimer
2012). Organisms show preferences for speciﬁc ratios of
protein-to-carbohydrate, and feeding behaviour and measures such as mass gain, life span and reproductive output
are aﬀected by the degree of matching between a given diet
and the preferred ratio and concentration (Maklakov et al.
2008; Roeder & Behmer 2014). Because protein and carbohydrates have interactive eﬀects on feeding behaviour and
performance, interactive eﬀects on metabolic rates are also
likely, particularly with respect to allocation between storage, energy and tissue construction (Raubenheimer &
Simpson 1999; Warbrick-Smith et al. 2006; Behmer 2009;
Zera & Harshman 2009; Simpson & Raubenheimer 2012).
Wing-polymorphic insects have been a powerful model
system for addressing questions about associations
between genetics, diet quality, physiology and metabolism
because morphs have highly divergent physiological specialization (Zera & Zhao 2006). Adult female sand crickets
(Gryllus firmus) occur as one of two genetically distinct
morphs that trade oﬀ ﬂight capability with reproduction;
long-winged, ﬂight-capable individuals [long-winged LW
(f)] possess metabolically active, pink ﬂight muscles and
can ﬂy, while short-winged crickets (SW) have white,
underdeveloped ﬂight muscle, but 100–400% larger ovaries
by day 5 of adulthood (Zera, Sall & Grudzinski 1997;
Zera, Potts & Kobus 1998; Zera & Brink 2000; Zera &
Harshman 2001). The morphs diﬀer in feeding strategy, as
well as in mass gain patterns, allocation patterns and
numerous aspects of intermediary metabolism (Zera &
Brink 2000; Zera 2005; Zera & Zhao 2006; Clark et al.
2013; Clark, Zera & Behmer 2015a). In both morphs, mass
gains are a function of food protein content, suggesting
that protein and carbohydrate will aﬀect other whole-animal characteristics (Clark et al. 2013). The LW(f) morph’s
pink ﬂight muscle is more metabolically active than the
white SW ﬂight muscle (Zera, Sall & Grudzinski 1997),
and the morphs may also diﬀer in overall energy expenditure (Crnokrak & Roﬀ 2002). These factors raise the possibility that the morphs could diﬀer dramatically in standard
metabolic rate. However, because of the numerous factors
involved, it is not possible to predict a priori the degree or
direction of diﬀerence in metabolic rate between the
morphs.
To address the hypothesis that food protein–carbohydrate content aﬀects metabolic rates, feeding and nutrient
utilization, we used an experimental design that employs a
large array of diets that vary in both total macronutrient
concentration and protein–carbohydrate ratio. We tested
this diet array in wing-polymorphic crickets, to assess how

whole-animal metabolic rates interact with the genetically
based life-history trade-oﬀ between dispersal and reproduction. We expected that diet quality and morph-speciﬁc
physiological diﬀerences would inﬂuence whole-animal
standard metabolic rates, mass gain and body composition. Based on prior ﬁndings, we also predicted that crickets would practice partial compensatory feeding when
eating imbalanced diets or diets with low total macronutrient content (Clark, Zera & Behmer 2015a). We discuss our
results in the context of the evolution and physiological
ecology of metabolic rates.

Materials and methods
CRICKET MAINTENANCE AND DIETS

Crickets originated from large, outbred, artiﬁcially selected laboratory populations (>200 breeders per generation) that are nearly
true-breeding for the ﬂight-capable morph (LW) or the ﬂight-incapable morph (SW). Details about selection and rearing of these
populations can be found in Clark, Zera & Behmer (2015a) and
references therein.
Immediately after juvenile female crickets moulted into adults
(day 0; n = 80 LW, 50 SW), they were weighed and placed in individual plastic cages (as described in Clark et al. 2013). Each cage
contained a pre-weighed, spill-resistant dish of one of 13 dry synthetic diets that varied in protein (p), carbohydrate (c) and total
macronutrient content (Table 1; Fig. 1, panel (a); Clark et al.
2013 for diet preparation details). The self-selected p : c ratio for
both cricket morphs is ~p3 : c4 (Clark et al. 2013), so this ratio
was used as a centring food rail for diets in the current experiment. Five p : c ratios were represented, characterized relative to
cricket preferences: (i) balanced, (ii) carbohydrate-biased, (iii) protein-biased, (iv) very carbohydrate-biased and (v) very proteinbiased. For each p : c ratio, two or three total macronutrient
levels were used, such that food macronutrient content ranged
from dilute (21%) to concentrated (63%).

RESPIROMETRY MEASUREMENTS AND
PHYSIOLOGICAL CHARACTERIZATION

We used ﬂow-through respirometry to measure cricket carbon
dioxide (CO2) production, which is commonly used as an indirect
estimate of an organism’s metabolic rate (Lighton 2008). Oxygen
consumption rates are directly proportional to metabolic rates,
while the relationship between CO2 production and metabolic rate
depends on whether protein, carbohydrate or lipid is being utilized
(Karasov & Martınez del Rio 2007; Sinclair et al. 2011; Harrison,
Woods & Roberts 2012). Crickets may shift between carbohydrate, lipid and protein oxidation as a function of diet (Sinclair
et al. 2011). Thus, it was important to have an estimate of O2 consumption as well as CO2 production. Because the ﬂow rate and O2
analyser we employed could not reliably distinguish the O2 signal
from background noise during ﬂow-through measurements
(Lighton 2008), we used a novel ‘alternating ﬂow’ approach to
estimate O2 consumption. This approach (detailed below) combined the standard ﬂow-through measurements of CO2 production
with a short-duration stop-ﬂow procedure to measure CO2 production and O2 consumption, allowing estimation of respiratory
exchange ratios (RERs). We then used the RER values to calculate O2 consumption rates from CO2 production during the standard ‘ﬂow-through’ measurement period.
Within one hour of lights-on on day 5, crickets were removed
from cages, placed into small glass metabolic chambers (3 cm
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Table 1. Dietary treatments expressed as protein : carbohydrate
(p : c) ratios, with contents expressed as a percentage of dry mass
(e.g. p4 : c17 = 4% protein and 17% carbohydrate, yielding total
macronutrient content = 21%). The p : c ratio of each diet is
described relative to the nutritional requirements of our crickets.
Treatment sample sizes for ﬂight-capable [long-winged(f)] and
ﬂightless short-winged crickets on each treatment are given, and
letters indicating the position of the diets are also depicted in
panel (a) of Fig. 1

Diet protein : carbohydrate
content

Total
macronutrients
(% dry mass)

(a) p4 : c17

21

(b) p9 : c12
(c) p14 : c7
(d) p9.75 :
c21.75
(e) p17.25 :
c14.25
(f) p8 : c34

(g) p13 : c29
(h) p18 : c24
(i) p23 : c19
(j) p28 : c14
(k) p16.25 :
c36.25
(l) p28.75 :
c23.75
(m) p27 : c36
Total

Very
carbohydratebiased
Balanced
Very
protein-biased
Carbohydratebiased
Protein-biased
Very
carbohydratebiased
Carbohydratebiased
Balanced
Protein-biased
Very proteinbiased
Carbohydratebiased
Protein-biased
Balanced

LW(f)

(a)

SW

5

4

3
3

3
4

2

4

5

4

5

4

5

4

4
4
4

4
4
3

4

4

1

4

2
47

4
50

(b)
315

42

525

63

diameter, 95 cm long) and acclimated for one hour prior to measurements, as crickets tend to move around for the ﬁrst 30 min
after handling. Feeding in insects increases respiration rate, which,
in locusts, returns to pre-feeding levels by 10 min after feeding
ends (Gouveia et al. 2000). Thus, the 1-h acclimation period
should also eliminate confounding eﬀects of feeding per se on respiration rates. Six metabolic chambers at a time were connected to
a Multiplexer (Sable Systems Intelligent Multiplexer V5, Las
Vegas, NV, USA). Following acclimation, cricket respiratory rates
were measured at 28  1 °C (temperature maintained by a Sable
Systems Pelt5 controller). Dry, CO2-free air from a tank was
passed through the chambers. Air ﬂow rate was regulated by a
Sable Systems MFC2 Mass Flow Control Unit connected to two
Tylan 2900 series ﬂow valves each conﬁgured to maintain ﬂow
rates of 100 mL min 1, monitored by a mass ﬂow meter (Sable
Systems Mass Flow System). One air stream was directed through
the chambers for respiratory measurements, while the other provided continuous air to crickets during non-measurement periods
(purge input; ~20 mL min 1 per chamber). Excurrent air passed
through a magnesium perchlorate scrubber column to remove
water vapour, before CO2 content was measured with a CA-10a
CO2 analyser (Sable Systems). Air from the CO2 analyser travelled
through an ascarite column to remove CO2 before passage
through a single fuel-cell O2 analyser (Sable Systems FC-10). Both
analysers interfaced with Sable Systems hardware and software
(ExpeData; Sable Systems) such that a PC recorded one air sam-

Fig. 1. Cricket respiration rates. Residuals of the best-ﬁt line of
the regression of carbon dioxide production against day zero adult
cricket mass were used to construct a response surface for ‘massindependent’ CO2 production, shown in panel (a) as a function of
food protein and carbohydrate content, for a total of 47 ﬂightcapable [long-winged(f)] and 50 ﬂightless, short-winged individuals. Data from both morphs have been combined into one plot
because morphs showed similar patterns of CO2 production in
response to diet treatments. The letters in panel (a) and open circles denote locations, in protein–carbohydrate nutrient space, of
the 13 diet treatments; the dashed line indicates the average selfselected protein-to-carbohydrate ratio (Clark et al. 2013). Panel
(b) shows the corresponding respiratory exchange ratio (RER)
between CO2 and O2 across diets. Food carbohydrate content is
signiﬁcantly and positively associated with CO2 production and
RER (Tables 2 and S1 for statistics).

ple per second from each analyser. Each cricket’s average CO2
production was measured over the ﬁnal 6 min (360 samples) from
a 500-sample (08:20) recording. Baseline air measurements were
taken between successive crickets to correct for analyser drift.
As mentioned above, cricket O2 consumption rates are diﬃcult
to reliably distinguish from background ﬂuctuations in O2 readings at a ﬂow rate of 100 mL min 1 (Fig. S1, Supporting Information, for example traces). However, the reduced air ﬂow rate from
the purge input created clear, strong initial spikes in CO2 production and O2 utilization at the beginning of each recording, allowing precise calculation of RERs. RERs were then used to calculate
O2 consumption rates from the measured CO2 production rates
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during the ‘ﬂow-through’ period. It should be noted that this
stop-ﬂow-like condition could not be used to measure respiration
rate because air ﬂow rates from the purge input were unknown.
O2 measurements were baseline- and lag-corrected before calculations (Fig. S1).
After respirometry, crickets were weighed to the nearest 01 mg
and frozen for characterization of muscle morphology. A subset
of LW females are cryptically ﬂightless and possess white, histolysed (non-functional) ﬂight muscle [designated LW(h), as in previous publications]. All LW(h) crickets were excluded from analysis
(n = 34) as our focus was on comparisons between the wellstudied ﬂight-capable [LW(f)] vs. ﬂightless (SW) morphs. There is
no association between diet treatment and early ﬂight muscle histolysis in LW females (Clark, Zera & Behmer 2015a). Sample sizes
reported in Table 1 include only the remaining ﬂight-capable LW
(f) crickets retained in the analysis.
LW(f) and SW crickets were then dried for 3 days at 60 °C and
re-weighed, and total lipids were extracted with chloroform in a
series of three 24-h washes (as in Clark, Zera & Behmer 2015a).
Lipid content was calculated as the diﬀerence between dry mass
and lean mass (mass after lipid extraction). This provided information about total lipid content, without distinguishing between
somatic and ovarian lipid, in contrast to a previous experiment
(Clark, Zera & Behmer 2015a). Four crickets did not eat during
feeding trials and were removed from analysis. Leftover diet was
kept at room temperature for 24 h to stabilize humidity and then
re-weighed to determine the amount eaten. Total calorie ingestion
was calculated as the product of the total amount of food eaten,
the diet’s total macronutrient content and the average calorie content of protein and carbohydrate (4 kcal g 1).

STATISTICAL ANALYSIS

Diet eﬀects were characterized using linear models of response surfaces, with the cricket’s initial mass as a size covariate, as described
previously (Clark, Zera & Behmer 2015a). Response surface models included linear and quadratic terms for diet protein and carbohydrate content and a protein-by-carbohydrate interaction term.
Structuring the response surface shape based on the diet treatments
rather than amount of food consumed allows for direct characterization of responses to treatments, which enables straightforward
comparisons between the morphs. The bulk cellulose used to dilute
the diets may be costly to ingest and process, so even if crickets on
diﬀerent treatments consume the same total amounts of protein
and carbohydrate, they do so in diﬀerent physiological contexts.
To test for diﬀerences between cricket morphs, ‘morph’ and ﬁve
‘morph 9 ____’ interaction terms were added to a given model.
This full model was compared to the reduced model lacking
‘morph’ terms, with a partial F-test. Where signiﬁcant, ‘morph’
terms were retained in the ﬁnal model; otherwise, the reduced
model is reported. Nonparametric response surface ﬁgures were
visualized as thin-plate splines. Cricket ﬁnal masses and CO2 production were log-transformed to examine the overall intraspeciﬁc
scaling of respiratory rates across dietary treatments. Residuals
from the regression of CO2 production and ﬁnal mass were then
used as a measurement of mass-independent respiratory rate for
comparison between morphs and across dietary treatments. An
equivalent procedure was used for O2 consumption.

all three analyses, we report reduced models that omit all
‘morph’ terms (Tables 2 and S1). On a log–log scale, resting CO2 production scaled positively with ﬁnal cricket wet
mass, with a slope signiﬁcantly greater than one (Fig. S2;
slope: 155  019 SEM; 95% slope conﬁdence range
117–192; intercept = 651  055; F1,95 = 673, P <
00001; adj. R2 = 041). The residuals from this regression,
which represent mass-independent CO2 production, were
positively and signiﬁcantly associated with the amount of
digestible carbohydrate in the diet, as indicated by a significant positive linear carbohydrate term in the response surface model (Fig. 1, Tables 2 and S1). There were no
signiﬁcant eﬀects of protein, or interactions between main
eﬀects, on mass-independent CO2 production (Fig. 1,
Tables 2 and S1). Mass-independent CO2 production was
uniformly high across four concentrated diets, p13 : c29,
p18 : c24, p16.25 : c36.25 and p28.75 : c23.75 (diets g, h,
k and l, Fig. 1a), and lowest on the low-macronutrient,
protein-biased diet p14:c7 (diet c).
Dietary carbohydrate was also signiﬁcantly and positively associated with RER, as indicated by a signiﬁcant linear carbohydrate response surface term (Fig. 1b,
Tables 2 and S1). On high-carbohydrate, high-nutrient
diets (e.g. diet k, p16.25 : c36.25), mean RERs were near
10, indicating utilization of carbohydrate as the main
metabolic fuel. On low-carbohydrate diets (e.g. diet c,
p14 : c7), mean RERs were close to 07. The ‘protein’
terms were not signiﬁcant in the linear response surface
model for RERs.
Finally, calculated O2 consumption was positively associated with ﬁnal cricket wet mass, but with a slope not signiﬁcantly diﬀerent from one on a log–log scale (Fig. S2;
slope: 086  020 SEM; 95% slope conﬁdence range
047–125; intercept = 442  058; F1,95 = 189, P <
00001; adj. R2 = 016). Residuals from this regression
were not signiﬁcantly associated with any response surface
model terms, and the model showed extremely low goodness-of-ﬁt (adj. R2 = 003; Tables 2 and S1). The quantity of stored molecules, such as water, lipids and
carbohydrates, can aﬀect estimates of metabolic rate, so
diﬀerences in the accumulation of storage compounds
across treatments could obscure associations between the
diet treatments and O2 consumption (Djawdan, Rose &
Bradley 1997). However, regression models where ﬁnal
cricket mass was subdivided into constituent components
in various ways (e.g. separate model terms that allowed
lean dry mass and lipid mass to vary independently of each
other; a model using dry mass only) did not measurably
improve any aspect of the analysis (Clark, Zera & Behmer
2015b data ﬁle in Dryad and script ﬁle in Appendix S1).

Results
FOOD CONSUMPTION, MASS GAIN AND LIPID LEVELS
DIET BUT NOT MORPH INFLUENCES ON RESPIRATION
AND METABOLIC RATE

There were no morph diﬀerences in mass-independent CO2
production, RERs and calculated O2 consumption, so for

Whether analysed from the perspective of total food consumed or total macronutrients ingested, feeding patterns
were similar between LW(f) and SW morphs, so the
reduced response surface models are reported (Table 3).
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Table 2. Statistical results for response surface models testing the eﬀects of diet protein and carbohydrate content, and morph type [shortwinged vs. long-winged(f)] on CO2 production, respiratory exchange ratio and calculated O2 consumption

Model terms
Full model
Intercept
Initial cricket
mass (covariate)
Protein
Carbohydrate
Protein2
Carbohydrate2
Protein 9
carbohydrate
Model adjusted R2
Morph diﬀerences:
partial F-test against
model without ‘morph’

Mass-independent
CO2 production

Respiratory exchange
ratio

Mass-independent
O2 consumption

F6,90 = 252
P = 003
F1,90 = 176
P = 019
F1,90 = 083
P = 036
F1,90 = 131
P = 025
F1,90 = 1050
P = 0002
F1,90 = 127
P = 026
F1,90 = 145
P = 023
F1,90 = 018
P = 067
009
F6,84 = 198
P = 0078

F6,90 = 460
P = 00004
F1,90 = 137
P = 00004
F1,90 = 883
P = 0004
F1,90 = 203
P = 016
F1,90 = 1595
P = 00001
F1,90 = 001
P = 093
F1,90 = 021
P = 066
F1,90 = 062
P = 043
018
F6,84 = 048
P = 082

F6,90 = 054
P = 077
F1,90 = 043
P = 052
F1,90 = 013
P = 072
F1,90 = 067
P = 042
F1,90 = 078
P = 038
F1,90 = 169
P = 020
F1,90 = 017
P = 068
F1,90 = 055
P = 046
003
F6,84 = 098
P = 044

Initial cricket mass was included in models as a covariate.
Bold indicates signiﬁcance at the a = 005 level.
Italics indicate marginal signiﬁcance (a < 0.10).

Crickets appeared to adjust food intake in response to diet
protein content, as indicated by a marginally signiﬁcant
negative quadratic protein term (Fig. 2a, Tables 3 and S1).
Both morphs consumed more food when diet protein levels
and total nutrient density were intermediate to low (e.g.
they ate 767  50 mg on p17.25 : c14.25, compared to
518  55 mg on p27 : c36; Fig. 2a). Consumption tapered
oﬀ across diets containing >20% protein. Despite ingesting
greater amounts of low-protein foods, crickets did not fully
compensate for nutrient dilution; total macronutrient
intake (and therefore calorie intake) was more than double
on the most nutrient-dense foods compared to nutrient-dilute foods (e.g. 373  29 mg macronutrients on p16.25 :
c36.25; 327  33 mg on p27 : c36; vs. 141  10 mg on
p9 : c12). Total caloric intake was a signiﬁcant negative
quadratic function of protein content and positive linear
function of food carbohydrate content (Tables 3 and S1).
Final mass was associated with diet protein and carbohydrate content, as indicated by signiﬁcant linear protein and
carbohydrate terms (Fig. 3a, Tables 3 and S2). At day 0 of
adulthood, LW(f) crickets were signiﬁcantly heavier than
SW crickets (
xSW = 597  13 mg; xLW = 676  15 mg wet
mass; t = 393, d.f. = 93, P = 00002). However, by day 5,
SW crickets had gained more mass on a percentage basis
compared to LW(f) crickets on 11 out of 13 diet treatments,
thereby achieving similar ﬁnal masses (ﬁnal wet mass averaged across diets: xSW = 829  20 mg; xLW = 859 
22 mg). Mass gains on the remaining two diets were similar
between the morphs (p9.75 : c21.75 and p28.75 : c23.75).
Final masses were highest for LW(f) crickets on protein-biased diet p17.25 : c14.25 and for SW crickets on carbohy-

drate-biased, high-nutrient diet p16.25 : c36.25. Crickets
given protein-biased diets also tended to gain more mass
compared to those fed low concentration, carbohydratebiased diets (e.g. diet a, p4 : c17).
Morph lean masses and lipid levels indicated morphand nutrient-speciﬁc responses to the dietary treatments.
In the lean mass response surface model, both the morphby-protein and linear protein terms were signiﬁcant
(Tables 3 and S2). SW crickets had higher ﬁnal lean
masses (partial F-test, F6,84 = 587, P < 00001), and for
both morphs, lean masses were higher on very proteinbiased foods relative to most other treatments (e.g. on diet
p28 : c14,
xSW = 296  20 mg;
xLW = 234  28 mg;
Fig. 3c,d). Morph type and dietary protein and dietary
carbohydrate content also inﬂuenced lipid levels (signiﬁcant linear response to carbohydrate; signiﬁcant morphby-protein2 interaction; Tables 3 and S2). Across all diets,
LW(f) crickets had consistently higher lipid levels (>10 mg
more except on diet k, p16.25 :c36.25; than SW crickets
Fig. 3c, Table 2; partial F-test, F6,84 = 689, P < 00001).
On the most nutrient-dense diet (p27 : c36), LW(f) crickets
had over double the lipid content of LW(f) crickets on the
most nutrient-dilute, very protein-biased food (e.g.
136  1 mg lipids on diet p27 : c36; 51  9 mg lipids on
diet p14 : c7). SW crickets had peak lipid levels on the
high-nutrient, carbohydrate-biased diet p16.25 : c36.25.

Discussion
Life-history traits and nutrition have been cited, but rarely
or thoroughly vetted, as factors that inﬂuence metabolic

© 2015 The Authors. Functional Ecology © 2015 British Ecological Society, Functional Ecology, 30, 922–931

Metabolism, life history, and nutrition 927
Table 3. Statistical results for response surface models testing the eﬀects of diet protein and carbohydrate content, and morph type [shortwinged vs. long-winged(f)] on days 0–5 feeding, calorie intake, mass gain, lean mass and lipid level in crickets
Model terms

Feeding

Calorie intake

Mass gain

Lean mass

Lipid levels

Full model

F6,90 = 584
P < 00001
F1,90 = 793
P = 0006
F1,90 = 2381
P < 00001

F6,90 = 239
P < 00001
F1,90 = 700
P = 001
F1,90 = 207
P < 00001

F6,90 = 291
P < 00001
F1,90 = 145
P = 00003
F1,90 = 1274
P < 00001

F1,90 = 303
P = 008
F1,90 = 092
P = 034
F1,90 = 294
P = 009
F1,90 = 081
P = 037
F1,90 = 019
P = 066

F1,90 = 372
P < 00001
F1,90 = 812
p < 00001
F1,90 = 530
P = 002
F1,90 = 139
P = 024
F1,90 = 020
P = 065

F1,90 = 189
P < 00001
F1,90 = 442
P = 004
F1,90 = 163
P = 021
F1,90 = 179
P = 018
F1,90 = 092
P = 034

023
F6,84 = 149
P = 019

059
F6,84 = 123
P = 030

064
F6,84 = 183
P = 010

F12,84 = 245
P < 00001
F1,84 = 120
P = 027
F1,84 = 1519
P < 00001
F1,84 = 974
P = 0002
F1,84 = 205
P < 00001
F1,84 = 002
P = 089
F1,84 = 279
P = 010
F1,84 = 016
P = 069
F1,84 = 166
P = 020
F1,84 = 820
P = 0005
F1,84 = 007
P = 078
F1,84 = 045
P = 051
F1,84 = 0.04
P = 084
F1,84 = 183
P = 018
075
F6,84 = 587
P < 00001

F12,84 = 223
P < 00001
F1,84 = 003
P = 086
F1,84=509
P < 00001
F1,84 = 225
P = 014
F1,84 = 221
P = 014
F1,84 = 795
P < 00001
F1,84 = 195
P = 017
F1,84 = 045
P = 050
F1,84 = 060
P = 044
F1,84 = 027
P = 061
F1,84 = 143
P = 024
F1,84 = 476
P = 003
F1,84 = 056
P = 046
F1,84 = 040
P = 053
073
F6,84 = 689
P < 00001

Intercept
Initial mass (covariate)
Morph
Protein
Carbohydrate
Protein2
Carbohydrate2
Protein 9 carbohydrate
Morph 9 protein
Morph 9 carbohydrate
Morph 9 protein2
Morph 9 carbohydrate2
Morph 9 protein 9
carbohydrate
Model adjusted R2
Morph diﬀerences: partial
F-test against model without ‘morph’

Initial cricket mass was included in models as a covariate.
Bold indicates signiﬁcance at the a = 005 level.
Italics indicate marginal signiﬁcance (a < 0.10).

(b) Calories ingested (kCal)

Total food consumed (mg)

Food carbohydrate content (%)

Fig. 2. Food consumption (a) and calorie
ingestion (b) by ﬂight-capable [long-winged
(f), N = 47] and ﬂightless (short-winged,
N = 50) crickets each given one of 13 diets
containing diﬀerent amounts of protein and
carbohydrate. Symbol meanings are the
same as in Fig. 1. Feeding appears dependent on diet protein content (marginally
signiﬁcant quadratic protein term), while
calorie ingestion was a function of both
dietary protein and carbohydrate content
(signiﬁcant quadratic protein term and linear carbohydrate term; statistics in Tables 3
and S2).
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rates (Cruz-Neto & Bozinovic 2004; Burton et al. 2011;
Konarzewski & Ksiaz z_ ek 2013). Our results, however, show
that standard metabolic rate can in fact be completely
dissociated from both a major life-history trade-oﬀ and
food quality. The two cricket morphs, which diﬀer dramatically in life history, exhibited statistically indistinguishable
standard metabolic rates. In other words, the physiological
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mechanisms generating the life-history trade-oﬀ between
the morphs occur in the absence of any measurable diﬀerential eﬀect at the level of whole-animal standard metabolic rate. Moreover, crickets appeared to have shifted
metabolic fuels for respiration (carbohydrate vs. protein),
across the diets. This resulted in invariant whole-animal
standard metabolic rates across the diets even as diet
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protein–carbohydrate content continued to aﬀect food
intake, mass gain and lipid levels.
Evolutionary biologists have long been interested in
determining the mechanistic nature of connections between
fundamental life-history characteristics (Zera & Harshman
2001), particularly how various processes are linked to
metabolic energetic demand (Burton et al. 2011; Glazier
2015). The cricket morphs diﬀer in features that should
inﬂuence metabolic rates, including feeding strategy (Clark
et al. 2013; Clark, Zera & Behmer 2015a) and numerous
aspects of physiology and intermediary metabolism. For
example, ﬂight muscles of LW(f) individuals exhibit 10
times greater resting metabolic rate than the underdeveloped ﬂight muscles of the SW morph or ovaries of that
morph (Zera, Sall & Grudzinski 1997). Additionally,
biosynthesis of yolk protein and oxidation of fatty acid are
greater in the SW morph, while amino acid oxidation and
lipid biosynthesis are greater in the LW(f) morph (Zhao &
Zera 2002, 2006; Zera & Zhao 2006).
Because of these morph diﬀerences, we expected to see
morph-speciﬁc consequences for standard metabolic rate.
That this was not observed indicates a remarkable

Fig. 3. Response surfaces for wet mass
gains (panels a and b), ﬁnal lean mass (dry
mass; panels c and d) and lipid levels (panels e and f), across diets for ﬂight-capable
[long-winged(f), N = 47] vs. ﬂightless
(short-winged, N = 50) crickets given one
of 13 diets with diﬀerent amounts of protein and carbohydrate. See Fig. 1 for symbol meanings. Final lean masses and lipid
levels diﬀered across diets and between
cricket morphs (Tables 3 and S2 for statistics). Mass gains were similar between
morphs, but were a function of diet protein
and carbohydrate content (signiﬁcant linear
protein and carbohydrate terms). Individual panels are shown for each morph to
facilitate comparison with lean mass and
lipid ﬁndings.

morph-speciﬁc counterbalancing of energy allocation to
various aspects of morph physiology resulting in no
observed trade-oﬀ at the level of whole-organism metabolic rate. This ﬁnding has several important consequences. On the one hand, it indicates that phenotypes
that do not diﬀer in whole-organism metabolic rate can
nevertheless diﬀer dramatically in aspects of intermediary
metabolism that contribute signiﬁcantly to metabolic rate.
On the other hand, measuring various phenotype-speciﬁc
aspects of intermediary metabolism does not necessarily
allow inferences to be drawn regarding diﬀerences in overall energy metabolism between the phenotypes. Measuring
both whole-organism respiration rate and aspects of intermediary metabolism is required to obtain a comprehensive
understanding of important components of intermediary
metabolism that have been modiﬁed to produce life-history
adaptations, and their contribution to whole-organism
energetics.
Related experimental studies of life-history physiology
have included the following: direct selection on resting
metabolic rate in mice, with measures of anatomic and
energetic correlates (reviewed in Konarzewski & Ksiaz z_ ek
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2013); selection for herbivorous or carnivorous diets in
bank voles (reviewed in Swallow et al. 2009); or selection
in Drosophila on longevity, starvation resistance or stress
resistance (Djawdan, Rose & Bradley 1997; Van Voorhies,
Khazaeli & Curtsinger 2004; Khazaeli, Van Voorhies &
Curtsinger 2005; Baldal, Brakeﬁeld & Zwaan 2006; Rion
& Kawecki 2007). Aside from some organ- and tissuespeciﬁc responses in mice, no direct, mechanistic associations have been found between metabolic rates as a whole
and changes in these major life-history characteristics. In
Drosophila, for instance, laboratory selection experiments
have not found connections between metabolic rate and
longevity (Djawdan et al. 1996; Van Voorhies, Khazaeli &
Curtsinger 2003, 2004), stress resistance (Djawdan, Rose
& Bradley 1997) or starvation resistance (Djawdan, Rose &
Bradley 1997; Harshman & Schmid 1998; Baldal, Brakeﬁeld & Zwaan 2006; Rion & Kawecki 2007). However,
selection for increased starvation resistance did cause a
reduction in activity levels of metabolic enzymes and in
overall movement in the absence of eﬀects on metabolic
rate (Harshman & Schmid 1998; Schwasinger-Schmidt,
Kachman & Harshman 2012).
A number of investigators have argued that behavioural
mechanisms, rather than resting metabolism, may be a
more common direct target of selection on energetics
(Swallow et al. 2009). Activity such as locomotion or ﬂying can comprise a substantial fraction of an animal’s
metabolic budget (Steyermark et al. 2005), and locomotor
behaviour can be altered substantially by selection
pressures (Rion & Kawecki 2007; Schwasinger-Schmidt,
Kachman & Harshman 2012).
Crnokrak & Roﬀ (2002) reported higher residual CO2
production rates in days 5–7 LW compared to SW G. firmus. They measured CO2 production in non-quiescent
crickets and corrected rates for diﬀerences in activity levels
and body size, concluding that residual respiration rate was
higher in the LW morph. While this diﬀerence may have
important implications for morph energetics, it is diﬃcult to
ascertain which factors generated the observed morph difference. Speciﬁcally, a diﬀerence may occur because respiration does not scale linearly with activity, or scales diﬀerently
with activity for each morph. The morph diﬀerence could
also be associated with metabolic substrate switching. The
ﬁndings of Crnokrak & Roﬀ (2002) bring up two important
caveats for the present study. First, we only measured
respiration rates during one short time window on day 5 –
important morph diﬀerences in respiration could occur at
other times that were not measured. Secondly, we have
not yet quantiﬁed activity diﬀerences between the morphs,
and their contribution to morph-speciﬁc respiration.
In addition to morph similarities, metabolic rate was
strongly canalized across the nutrient landscape, due to a
shift in metabolic fuel use in response to food carbohydrate content. Resting CO2 production and RERs
increased as diet carbohydrate content increased. Since our
synthetic diets contain almost no lipid, it is most likely that
crickets on low-carbohydrate foods have lower RERs than

crickets on high-carbohydrate foods because they switched
to utilizing dietary protein or stored lipid for energy. The
observed shift towards lower CO2 production on nutrientdilute foods matches previous observations that food
deprivation lowers CO2 production in crickets (Nespolo,
Casta~
neda & Roﬀ 2005; Sinclair et al. 2011). However,
Sinclair and colleagues determined that this could be
explained by a switch in fuel use from carbohydrates to
lipids. It remains an open question whether this switch
serves as a mechanism for dissipating a nutrient eaten in
excess of requirements (Simpson et al. 2004; WarbrickSmith et al. 2006), as opposed to a morph-speciﬁc adaptation for using a substrate for energy production that is in
lower demand for biosynthesis (Zera & Harshman 2009).
An unusual ﬁnding of the present study was the high ﬁnal
body mass – CO2 scaling exponent for G. firmus (155),
which is higher than most of those reported elsewhere
(Withers 1992, Chown et al. 2007). This high scaling exponent could be due to some constitutive size-based diﬀerence
in metabolism, or alternatively could be associated with
diet-induced diﬀerences in mass and lipid gains. Crucially,
the residuals of this mass–CO2 scaling relationship were
only associated with food carbohydrate content. Further,
food carbohydrate content was positively associated with
RER, mass gains and lipid gains. A consistent positive association between food carbohydrate content, mass gains,
RER and CO2 suggests that unusually elevated CO2 production in larger crickets, or low CO2 production in smaller
crickets, is due to respiratory substrate switching in response
to food carbohydrate content. Thus, this high scaling exponent should be interpreted cautiously relative to other
reports of intraspeciﬁc metabolic scaling exponents (Glazier
2005, Chown et al. 2007), where either no diet information
is reported, or nutritionally uniform diets were used.
Nutrition and metabolic rates are undoubtedly important in shaping an organism’s ﬁtness, but the detailed
interactions between diet and metabolic rates are just
beginning to be understood (Cruz-Neto & Bozinovic 2004;
Burton et al. 2011). To date, most studies exploring links
between metabolic rates and ﬁtness have been conducted
in limited contexts, where animals have access to abundant, high-quality food (Zera & Harshman 2001; Burton
et al. 2011). There is growing recognition, however, that
metabolic rates should be characterized in settings that
mirror the environmental heterogeneity that organisms
experience, including heterogeneity in nutrient content.
Recent studies in mice (Huang et al. 2013) and spiders
(Jensen et al. 2010) reveal that organisms adjust speciﬁc
aspects of respiration in response to changes in nutrient
content, but eﬀorts to fully tie details of animal nutrition
to whole-animal metabolic consequences remain in their
infancy. Instead of diet quality driving resting metabolic
rates, other aspects of an organism’s physiology, such as
metabolic control mechanisms outlined by Glazier (2015),
may form the underlying connections between feeding
ecology and metabolic rate. The present results suggest
that variation in metabolic rates may be best considered as
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a consequence of factors other than variation in food
nutrient content, especially given our demonstration that
standard metabolic rates can be decoupled from both key
life-history traits and nutrient variation.
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