
Journal of Insect Physiology 79 (2015) 27–35
Contents lists available at ScienceDirect

Journal of Insect Physiology

journal homepage: www.elsevier .com/ locate/ j insphys
Increasing metabolic rate despite declining body weight in an adult
parasitoid wasp
http://dx.doi.org/10.1016/j.jinsphys.2015.05.005
0022-1910/� 2015 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: casas@univ-tours.fr (J. Casas).

1 Present address: Division of Plant Sciences, Christopher S. Bond Life Sciences
Center, 1201 Rollins Street, University of Missouri, Columbia, MO, 65201, United
States.

2 Present address: Faculty of Life Sciences, University of Manchester, Manchester,
M21 0RG, United Kingdom.
Jérôme Casas a,b,⇑, Mélanie Body a,1, Florence Gutzwiller a,2, David Giron a, Claudio R. Lazzari a,
Sylvain Pincebourde a, Romain Richard a, Ana L. Llandres a

a Institut de Recherche sur la Biologie de l’Insecte, UMR 7261, CNRS/Université François-Rabelais de Tours, Parc Grandmont, 37200 Tours, France
b Institut Universitaire de France, UMR 7261, CNRS/Université François-Rabelais de Tours, Parc Grandmont, 37200 Tours, France
a r t i c l e i n f o

Article history:
Received 2 April 2015
Received in revised form 22 May 2015
Accepted 25 May 2015
Available online 27 May 2015

Keywords:
Respirometry
Metabolic ecology
Ecological energetics
Structural mass
Reserves
Starvation
Parasitoids
Host-feeding
Respiratory Quotient (RQ)
Dynamic Energy Budget (DEB)
a b s t r a c t

Metabolic rate is a positive function of body weight, a rule valid for most organisms and the basis of sev-
eral theories of metabolic ecology. For adult insects, however, the diversity of relationships between body
mass and respiration remains unexplained. The aim of this study is to relate the respiratory metabolism
of a parasitoid with body weight and foraging activity.

We compared the metabolic rate of groups of starving and host-fed females of the parasitoid Eupelmus
vuilleti recorded with respirometry for 7 days, corresponding to the mean lifetime of starving females and
over half of the lifetime of foraging females. The dynamics of carbohydrate, lipid and protein in the body
of foraging females were quantified with biochemical techniques. Body mass and all body nutrients
declined sharply from the first day onwards. By contrast, the CO2 produced and the O2 consumed
increased steadily. Starving females showed the opposite trend, identifying foraging as the reason for
the respiration increase of feeding females.

Two complementary physiological processes explain the unexpected relationship between increasing
metabolic rate and declining body weight. First, host hemolymph is a highly unbalanced food, and the
excess nutrients (protein and carbohydrate) need to be voided, partially through excretion and partially
through respiration. Second, a foraging young female produces eggs at an increasing rate during the first
half of its lifetime, a process that also increases respiration. We posit that the time-varying metabolic rate
contributions of the feeding and reproductive processes supplements the contribution of the structural
mass and lead to the observed trend. We extend our explanations to other insect groups and discuss
the potential for unification using Dynamic Energy Budget theory.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Metabolic rate has been studied across many organisms, during
ontogeny within a species or over short periods of time related to
behavioral activities of individuals (Nisbet et al., 2012; Maino and
Kearney, 2014). Metabolic rate has been found to increase with
body mass, a phenomenon named metabolic scaling that is wide-
spread in nature (West et al., 1997; Ehnes et al., 2011). Metabolic
rate is defined as the energy turnover of an organism and is usually
quantified using either heat production with calorimetry or CO2
production and O2 consumption with respirometry (Sibly et al.,
2012). The simplest mechanistic explanations for metabolic scaling
do however not apply to growth of individuals for many insect spe-
cies (Maino and Kearney, 2014). For example, respiration rate
increases while body mass decreases through time during the
embryonic stage (see Kooijman, 1986; Kooijman, 2010). Another
case is the pupal stage of holometabolous insects, which shows a
U-shaped respiration curve through time while the body mass of
the animal decreases (Maino and Kearney, 2014). Thus, the general
rule of increased metabolic rate with increased body weight
requires refinements for these cases. The Dynamic Energy Budget
(DEB) theory of Kooijman (Kooijman, 2010; Llandres et al., in
press), in which biomass is the sum of contributions of the reserve
and structure compartments, can explain the patterns of respira-
tion in these cases. Reserve is the sum of intermediary materials
between the uptake of food and their use for organism’s function-
ing. This includes the growth and maintenance of structure and
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reproduction (if any). The remaining tissue (e.g. cuticle, muscles,
structural lipids, etc.) make up the structure compartment.
Reserve biomass does not need any maintenance, only structural
mass does. Thus, if one follows the development of an insect, one
observes that a recently laid egg is composed almost entirely of
reserve, with very little structure, so it hardly respires. Structural
mass and respiration both increase with egg development
(Woods, 2010), even though the total biomass declines, due to
the costs associated with the growing structure (Kooijman,
1986). In the larval stage, vigorous growth implies a marked
increase in structural mass, implying in turn an increase in respira-
tion. The U-curve of respiration of pupae of holometabolous insects
is explained by the histolysis of reserves first, followed by the
buildup of the adult structure. Thus, a positive relationship
between structural mass and metabolic rate eventually holds for
all those cases, from embryos to pupae (Maino and Kearney, 2014).

For adults, the picture is blurred, because metabolic rate and
changes in mass, and more importantly mass distribution between
structure and reserves, are usually not reported together and rarely
on long time spans. Three schemes can be however identified. First,
adults are observed losing weight while their metabolic rates is
declining over time. This scheme is common, see Woods et al.
(2010) and Niitepold et al. (2014; for Speyeria sp., once the
mass-corrected RMR is multiplied by the mass), for example.
Second, the reverse is also observed: feeding adults increasing
weight and CO2 outputs (see Calabrese and Stoffolano, 1974 for
example). Third, a constant metabolic rate despite increasing body
weight has also been observed (e.g., Gray and Bradley, 2003). In the
discussion, we interpret these three schemes in the light of our
results, and add a fourth pattern. In conclusion, adult insects show
several patterns of association between total body weight and
metabolic rate, and their dynamics over time. Detailed nutrient
and energy budgets are thus required to explain this diversity of
dynamic relationships, as successfully done for immature stages.

The aim of our work is to examine the relationship between
metabolic rate and body mass in insect adulthood by understand-
ing the lifelong management of nutrient and energy. We already
benefit from a large experimental basis on the nutrient and ener-
getic metabolism for the adult parasitoid Eupelmus vuilleti
(Hymenoptera: Eupelmidae) (Casas et al., 2005). The state of
knowledge on this system is summarized below. Here, we specifi-
cally compared CO2 production, O2 consumption and the
Respiratory Quotient (RQ) between starving and foraging females,
understood both as food intake through host-feeding and egg lay-
ing (Godfray, 1994). We relate the findings to the dynamics of body
contents, assessed using colorimetric techniques, and to feeding
and reproduction. The respirometry measurements lasted 7 days,
corresponding to the mean lifetime of starving females and over
half of the lifetime of foraging females (Casas et al., 2005). Any
divergence between the two groups should be apparent by then.
2. Current state of the overall program

E. vuilleti (Crawford) (Hymenoptera: Eupelmidae) is a tropical
solitary wasp. This species is an ectoparasitoid of third- to
fourth-instar larvae of Callosobruchus maculatus (Fabricius)
(Coleoptera: Bruchidae), infesting the cowpea Vigna unguiculata
(Fabaceae) seeds and pods. It also feeds from some of its hosts.
Females obtain nutrients by extracting hemolymph during
host-feeding, in particular substantial amounts of carbohydrate
and protein, but little lipid (Giron et al., 2002). In an earlier paper
(Casas et al., 2005), we quantified carbohydrate, protein, and lipid
reserves of females at birth and death and their daily maintenance
needs in the absence of hosts and food, i.e. under starving condi-
tions. In another set of experiments, each host-feeding and
oviposition event was recorded over the entire lifetime of another
group of females in the presence of hosts, and the amounts
acquired and invested in each egg was quantified (Giron and
Casas, 2003a; Giron et al., 2004). Model simulations with hosts
showed that the nutrient budget originally developed for starving
females had to be drastically altered to match the observed data of
foraging females (Casas et al., 2005). Energy gains through host
feeding, and losses from egg laying, are large and had to be taken
into account. More unexpectedly, nutrient-specific allocation rules
had to be altered. For the budget to be balanced, the protein gained
through host-feeding would have to be excreted or respired, possi-
bly replacing some of the lipid and carbohydrate used during star-
vation. However, there are no data confirming such a shift in fuel
type. These previous studies did not directly measure the meta-
bolic rate of the adult, nor its dynamics, and thus relied on indirect
measurement and logical inference. As the discussion below
shows, however, there are multiple pathways for managing excess
nutrients, making the existence of multiple hypotheses built on
logical grounds possible and measurements even more necessary.
3. Material and methods

3.1. Biology of species and rearing

Rearing and experiments were carried out in a
controlled-environment room with a 13:11 light:dark photoperiod,
a light:dark temperature cycle of 33 �C:23 �C, and a mean of 75%
relative humidity.

For both the respirometry experiments and the biochemical
essays, females were isolated at emergence and kept with water
ad libitum on cotton balls in individual Petri dishes of 8.5 cm diam-
eter. Each female was put in presence of six new cowpea seeds har-
boring beetle larvae of 3rd or 4th instar every day for six hours,
from 08:30 to 14:30 over the duration of the experiments (7 days
for the respiration experiment) or their entire lifetime (for the
nutrient and energy budget experiment). Females had no other
dietary source than hosts. This treatment is thereafter called ‘‘feed-
ing’’. A single feeding event enables a female to gather up to 20% of
its own weight (Giron et al., 2004) so that a handful of host-feeding
events is sufficient to attain full satiation.
3.2. Respirometry

Five groups of five foraging females were isolated at emergence
and processed as above. Five other groups of 5 newly emerged
females were deprived of hosts during the experimental duration
of 7 days. These starving females acted as control group. The meta-
bolic rate of each group of 5 E. vuilleti females was measured each
day in a longitudinal fashion (i.e. the same females in each pooled
were used over the entire duration of the experiment) using a
flow-through respirometry system (Sable Systems International,
SSI; Las Vegas, Nevada, USA). The large number of possible config-
urations of the instrument implies that our results cannot be repli-
cated or interpreted without a detailed explanation of the set-up
(Fig. 1) and the ensuing calculations (see Lighton, 2008).

Immediately before data collection, the carbon dioxide analyzer
was calibrated with two known gas samples, CO2-free nitrogen gas
(zero gas) and 0.5% CO2 in nitrogen gas (span gas) (CAN-Gas,
Messer France S.A.). The oxygen analyzer was daily spanned using
the air taken from outside and assumed to be 20.95% O2. Outside
air was pumped through two columns containing water vapor
and CO2 scrubbers, Drierite (CaSO4; W.A. Hammond Drierite Co.
LTD, OHIO, USA) and Soda Lime (>75% CaOH2, <3.5% NaOH) respec-
tively, to obtain a stable baseline. Dry and CO2-free air passed
through SS3 subsamplers, followed by the mass flow controller



Fig. 1. Experimental set-up for the respirometry.
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(Sierra Instruments, USA) at a regulated flow rate of
19.74 ± 0.20 ml min�1 (10% of the maximum flow rate
200 ml min�1) controlled by a Sierra mass-flow controller (Sierra
Instruments, USA). After that, the air entered the experimental
chambers of the multiplexer V5. Two chambers were attached to
the multiplexer: an empty chamber (for baseline estimation) and
an experimental chamber containing five insects. The difference
between the baseline air and the chambers air is attributed to
the presence of insects. The air leaving the experimental chambers
passed into the RH-300 relative humidity analyzer (range of
sensitivity 0–10% RH), into a H2O scrubber (anhydrone Cl2MgO2;
Sigma–Aldrich, Saint-Quentin Fallavier, FRANCE), into the infrared
CA-10a carbon dioxide analyzer (range of sensitivity 0–0.01%), into
a soda lime CO2 scrubber and finally, into the Oxzilla II dual
fuel oxygen analyzer (range of sensitivity 19–21.5% for O2 and
±0.5% for DO2). Low permeability tubing (Pharmed BPT NSF-51;
internal diameter 1/8, external diameter 1/4) was used for the
entire setup to minimize gas (CO2 and O2) and water vapor
absorbance errors. Data recorded were stored on a computer
using ExpeData 1.2.2. acquisition and analysis software. The UI-2
interface and software also controlled the switching of the air
stream between the chambers and the blank circuit for automatic
baseline estimation (empty chamber). With this respirometry
system (Sable Systems International, SSI; Las Vegas, Nevada,
USA), we recorded simultaneously, with a frequency of one sample
per second, the evaporative water loss ( _VH2O, not used in this
study), the carbon dioxide production ( _VCO2) and the oxygen
consumption ( _VO2).

We used the respirometer in the stop-flow mode instead of
flow-through mode in order to increase the sensitivity of the
instrument. First, we put five females in a chamber and let a con-
stant gas flow eliminate the no-scrubbed ambient air (due to
chamber opening). Then, we let gas accumulate in the closed
chamber containing females during 15 min, while concurrently
recording the baseline in an empty chamber. Finally, the chamber
containing females was opened to allow for gas analysis. An exper-
iment began with a baseline cleaning. For each of the 2 experimen-
tal chambers, the sequence was identical: a chamber cleaning
period of 5 min, a 10 min baseline estimation (for gas accumula-
tion in the experimental chamber), a 15 min period for gas
analysis, a 10 min baseline. Baseline values were used to provide
accurate zero values corrected for instrumental drift.

Sable Systems Expedata acquisition and analysis software
(version 1.2.2) was used to process _VCO2 and _VO2 measurements.
Each record of CO2, O2 and DO2 was corrected for drift deviations.
Both amounts of CO2 released and O2 consumed during the
recording time as well as DO2 were calculated from the inte-
grated area under respectively each CO2 emission peak and O2

absorption peak, after subtracting the baseline. The rates of gas
exchanged were obtained by dividing the volume (in ml) of CO2

or O2 by the length of recording time. The latter is the sum of
the closed chamber period (for gas accumulation and baseline
estimation, i.e. 15 min) and the opened chamber period (for
direct respiration, i.e. 5 min).

Volumes of respired CO2 ( _VCO2) and consumed O2 ( _VO2) were
measured between 08:30 and 14:30 (local time) each day under
a constant temperature of 35 �C (through a circulating,
temperature-controlled bath) in order to match the diurnal tem-
perature regime of the controlled-environment room. Females
were placed in sealed glass/metal cylindrical respirometry cham-
bers of 7.2 ml. An adaptation time of at least 30 min was given to
the females before measurements. Thus, there is the potential of
having pools of females which had not eaten since the last period
with hosts (i.e. the day before) mixed with females which had
eaten a few hours ago. Our respirometry experiments assumed
that gas exchange measured during a short recording window of
15 min are representative of daily rates. Wasps did not fly or forage
during measurements, activities known to increase CO2 release by
a large amount (Amat et al., 2012). The Respiratory Quotient (RQ)
corresponds to the ratio of the volumes of carbon dioxide released
to oxygen consumed. Its main use is to estimate the fuel type
(lipids, carbohydrates, proteins or a mixture of nutrient types) used
for respiration.
3.3. Energy reserves of foraging females

For the biochemical analyses of body reserves of foraging
females using colorimetric techniques, 318 females were used.
30 randomly chosen females were killed the day of emergence
and stored at �80 �C for subsequent analyses. Every other day,
12 individuals were killed, always between 07:30 and 10:30
(N = 162 in total). Naturally dead females were individually frozen
(N = 156 in total). All females (incl. ovaries and eggs) were weighed
(fresh weight) to ±1 lg (Supermicro Sartorius) before biochemical
analyses. Quantification of lipids, carbohydrates, and proteins was
carried out on killed females using the colorimetric techniques
developed for mosquito analysis as modified by Giron et al.
(2002) for this parasitoid species. Carbohydrates comprise simple
sugars and glycogen. Quantification was realized on pools of 3 ran-
domly chosen females (N = 54 pools of 3 individuals; 10 pools on
day 1, 4 pools between day 2 to 20, 3 pools on day 22 and one pool
on day 24). The number of pools decreases due to aging.
3.4. Statistics and definition

Statistical analyses were performed using R version 2.13.1 free-
ware (R Development Core Team, 2011). Semiparametric regres-
sion based on penalized splines (Ruppert et al., 2003), as
implemented in the SemiPar R-package (version 1.0-3, Wand
et al., 2005) were used throughout the study. Linear mixed effect
models, as implemented in the R-package subroutine nlme were
used to fit the O2 and CO2 released amounts. We kept the most
common name ‘adult’ for the last reproductive instar, instead of
the more appropriate but less common name of ‘‘imago’’.
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4. Results

4.1. Respiration rates and body weight

The statistical analysis was done in two steps. First, we ran
mixed effects analyses of covariance, with rates of CO2 produced
and O2 consumed being function of a categorical explanatory vari-
able (feeding status), of two levels, and of a continuous explanatory
variable (time, in days). These two variables were fixed. The ran-
dom effect was the identity of the group, taking care of the highly
correlated data for a single group. For the CO2 produced, both
explanatory variables were highly significant (P < 0.002) and the
interaction between them even more so (P < 0.0001). For the O2

consumed, both explanatory variables were significant or nearly
so (P = 0.034 and P = 0.052, respectively) and the interaction
between them if highly significant (P < 0.0033). Thus, we conclude
that feeding and starving groups are behaving differently over
time. As our final interest lies in the dynamics of the feeding group,
the next steps consisted in running, for each treatment separately,
a simpler mixed effects linear regression with a single continuous
variable (time) and a random effect for the group identity.

For feeding females (Fig. 2, left column, 6 groups with a total of
42 observations), rates of both CO2 produced and as O2 consumed
(both in ml min�1 insect�1) increased significantly over time (for
CO2, fixed effect, _VCO2 = 1.84�10�6�days + 7.22�10�5, P = 0.0007,
t-value = 3.7, df = 35; for O2, fixed effect, _VO2 = 2.8 5�10�6�
days + 8.65�10�5, t-value = 2.4, P = 0.02, df = 35). Because the
slopes of the two lines were similar, the RQ did not vary signifi-
cantly with time, with a mean value of 0.83 (s.d. = 0.11)
(RQ = �0.0029�days + 0.838, t-value = �0.32, P = 0.74, df = 35). The
body weight of foraging females declined markedly over the first
7 days, and was constant thereafter (Fig. 2, bottom).

For starving females (Fig. 2, right column, 6 groups with a total
of 42 observations), the observed rates of CO2 release decreased
significantly over time (fixed effect, _VCO2 = �1.3 2�10�6�
days + 8.23�10�5, t-value = �4.3, P = 0.0001, df = 35), while the
consumed O2 did only marginally so (fixed effect,
_VO2 = �2.42�10�6�days + 1.08�10�4, t-value = �1.9, P = 0.065,
df = 35). Here too, the RQ stayed constant, with a mean value of
0.79 (s.d. = 0.11) (fixed effect, RQ = �0.001�days + 0.79,
t-value = 0.18, P = 0.855, df = 35).
4.2. Energy reserves under continuous access to hosts

At emergence, the mean amounts of body constituents per
female were 53.66 lg of lipids (s.d. = 6.53), 15.26 lg (s.d. = 3.77)
of proteins and 36.17 lg (s.d. = 5.38) of carbohydrates (N = 10). At
death, the mean amounts were 16.04 lg (s.d. = 3.45) for lipids,
4.92 lg (s.d. = 2.34) for proteins and 2.34 lg (s.d. = 2.14) for carbo-
hydrates (N = 52). Females lost weight rapidly (about 25% of initial
body mass from day 1 to day 5, Fig. 3) and non-parametric regres-
sions show that the decline was stronger earlier in life than later
(Fig. 3). Lipids made up nearly 70% of the energy at birth. An energy
and nutrients budget of foraging females over the first 7 days
showed that much more energy was gathered from food than
invested in the eggs, and that lipids, proteins and carbohydrates
were managed very differently (Table 1). Gains in lipids did not
quite cover investment in eggs, while proteins and carbohydrates
were still plentiful even after investment in reproduction.
Comparison of starving and foraging females shows the marked
shifts in nutrient use in the two groups, lipids and proteins in
particular (Table 2).
5. Discussion

5.1. Increased respiration despite declining body weight

The continuous increase in metabolic rate of foraging females
occurred despite strongly declining body weight. This counterintu-
itive result implies, if carried ad absurdum, an infinite metabolic
rate just as the body disappears! Such a phenomenon is explained
for eggs and pupa, two instars which are non-feeding but growing
during part (pupa) or all (eggs) of the life-stage by considering the
dynamics of reserves and structure (see Introduction). Our result is
however doubly puzzling given that female adults fed every day;
the increased respiration in feeding and non-growing adults thus
warrants explanation. Why did foraging females, whose structural
mass did not increase, increased their respiration rate and at the
same time lost weight? By contrast to foraging females, the respi-
ration of starving females decreased over time. While a common
observation, it is still in need of an explanation. The body weight
of those females was not measured in the respirometry experi-
ment, but logical argumentation forces us to posit that the body
weight of females without food must lie below or at the same level
as the one of feeding females. The comparison between the two
treatments thus identifies foraging as the reason for our counterin-
tuitive result regarding foraging females.

Dedicated experiments are required to identify the mechanisms
leading to these trends, but we can offer possible scenario based on
an energy and nutrient budget (Tables 1 and 2). Turning first to
food intake, one observes that host hemolymph is a highly unbal-
anced food source in regards to the metabolic needs of Eupelmus, as
protein and carbohydrate are eaten in excess. Second, because for-
aging females lose weight even while eating, substantial amounts
of nutrients must be used up. Females lose weight not because
they do not get sufficient food but because they do not store most
of it, as the increased respiration shows. The decline of body nutri-
ents covers the investments in reproduction, for both protein and
carbohydrate, leading to a budget in which the respired and
excreted amounts correspond to the food intake. By contrast,
host-feeding enables females to gather just enough lipids to cover
the costs of egg production, as the net gain is slightly negative.
Capital lipid reserves therefore must be tapped to cover mainte-
nance costs as the wasp is unable to synthesis lipids from the sugar
offered (Giron and Casas, 2003b; Casas et al., 2005). This work con-
firms that there are marked shifts in allocation rules of all nutrient
classes in the presence of hosts for food acquisition and egg laying,
as hypothesized by Casas et al. (2005). Why females do not spare
lipids for reproduction or somatic repair, and use exclusively pro-
teins and carbohydrates to cover metabolic needs, is unknown
but may reflect their restricted ability to fully swap fuels.
Foraging females, compared to starving ones, show increase pro-
tein use for respiration and excretion by five folds, while decreas-
ing lipid use by half (Table 2). Thus, the shift in fuel use for
respiration and excretion from starving to well-fed is impressive,
if not complete. For lipids, it shifted from nearly half of the total
energy to a fifth.

The metabolic route for getting rid of the excess protein and
carbohydrate is unknown. Assuming that the observed increase
in CO2 released is due to the oxidation of excess proteins, that pro-
cess would amount to only less than half of the net gain (intake
minus reproduction). This is strong evidence that proteins disap-
pear mainly through excretion/egestion, as discussed below. The
situation for carbohydrates is similar. Assuming that the observed
increase in CO2 released is exclusively due to the oxidation of
excess carbohydrates, it would again amount to only half the car-
bohydrate net gain. We conclude that carbohydrates are also
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mainly excreted/egested. In other words, the increase in respira-
tion rate, while real, is not sufficient to account for the marked
increase in intake for both proteins and carbohydrates. Wastage
respiration of excess nutrients remains however a possibility, of
secondary importance (Zanotto et al., 1993).

Following the reasoning laid out in the Introduction relative to
the metabolic processes in reserves and structural mass, we can
envision three origins for the decreased respiration in starving
females. First, muscle resorption, leading to a decrease in structural
mass, is known to occur in starving parasitoids (Sandlan, 1979).
Second, egg resorption was observed to start on the third day in
starving Eupelmus (Bodin et al., 2009), with an expected similar
impact on the metabolic rate. Finally, decrease of activity levels
in starving parasitoids has been reported (Pompanon et al., 1999;
Jenner et al., 2012).
The increased respiration in foraging females might have two
origins. The first hypothesis lies with the very active reproductive
processes occurring in young females (Fig. 4). Oocyte maturation is
a physiological process leading to increased respiration (Kooijman,
1986). Eupelmus is synovigenic, has 6 ovarioles and produces at
least as many large yolky eggs per day, sometimes twice as many
at peak time. One might expect related differences in respiration
between treatments because well fed females are actively search-
ing for hosts to lay their ripe eggs, as observed in other parasitoid
species (Pompanon et al., 1999; Jenner et al., 2012) or to gain
access to limiting lipids. Two physiological processes, ovarian
activity and wastage respiration related to food intake, as well as
possible associated changes in behavior activity, could thus explain
the increase in metabolic rate concomitant to a decrease in body
mass. Measurements during the second portion of the life of



Fig. 3. Observed amounts of nutrients and energy in the body of foraging females over time. Lines and standard error bands are fitted using a penalized splines scatterplot
smoother. The available energy is the estimated energy minus the energy at death. In the energy graph, lipids are the thin solid line, proteins are the dashed line,
carbohydrates are the dotted line and total energy is the thick line.

Table 1
Cumulative energy and nutrient budget of Eupelmus foraging females, over the first 7 days of life (all in Joules). Data for food intake and egg laying are from Casas et al. (2005).
Data for the decline in body constituents are from this study. Data for respiration and excretion are obtained by deduction, with decline in body = gathered from food – invested in
eggs – (respiration + excretion).

Nutrient class Body contents at day
1

Body contents at day
7

Decline in body over
7 days

Gathered from
food

Invested in
eggs

Deduced
respiration + excretion

Lipids 1.39 0.88 0.51 0.22 0.25 0.48
Proteins 0.15 0.08 0.07 0.95 0.11 0.91
Carbohydrates 0.48 0.19 0.29 1.14 0.30 1.13
Total energy 2.02 1.15 0.87 2.31 0.66 2.52

Table 2
Proportion of each nutrient class in the energy spent in respiration and excretion, for
foraging and starving females (%). Data for respiration and excretion of foraging
females are deduced from Table 1 and data for starving females are from Casas et al.
(2005).

Nutrient class Foraging females Starving females

Lipids 19 42
Proteins 36 7
Carbohydrates 45 51
Total (in %) 100 100
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foraging females, when reproduction rate decreases, could test this
idea directly. Such measurements were not carried out in these
experiments, the primary aim of the work being on the comparison
of starving and foraging females, with the lifetime of the former
setting the duration of the experiments.

5.2. Respiratory Quotient within hymenoptera

With a mean value of RQ = 0.81, Eupelmus is unusual among the
Hymenoptera, as ants and bees have RQ of 0.9 and higher (Suarez
et al., 1996; Vogt et al., 2000). Carbohydrates (RQ = 1) represent the
largest source of energy for the studied Hymenoptera, bees in par-
ticular. For Eupelmus, which feeds on a diet rich in sugar and pro-
tein, a first explanation relies on the assumption formulated above
that excess nitrogen is excreted. The RQ would thus merely reflect
a balance between lipid and carbohydrate respiration. The



Fig. 4. Number of host-feeding events and ovipositions and corresponding energy gained and invested over time. Lipids in solid line, proteins in dashed line and
carbohydrates in dotted line. Lines and standard error bands are fitted using a penalized splines scatterplot smoother and grey boxes highlight the first 7 days. Data are from
Giron et al. (2002), Giron and Casas (2003) and Casas et al. (2005).
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excretion pathway of nitrogen in insects is mainly as uric acid and
sometimes as protein (Klowden, 2013). The budget for proteins
indicates excretion but we do not have experimental data support-
ing this hypothesis. A second explanation is that Eupelmus uses
protein partially for maintenance (RQ = 0.8). Some insects, includ-
ing within Hymenoptera, are indeed known to use proline and
other amino acids as metabolic fuel (Micheu et al., 2000; Arrese
and Soulages, 2010), so that proteins might have been used for res-
piration by Eupelmus too. There is no published information on
adult excretion for any parasitic wasp, an area worth investigating
in the future.

5.3. Metabolic ecology of adult insects

The diversity of patterns of metabolic rates of embryonic,
immature and pupal stages of insects has been recently unified
within the DEB framework by Maino and Kearney (2014) on the
basis of the distinction between two compartments, reserves and
structure, the latter being the only contributor to respiration
(Fig. 5 top). We described three respiration patterns of adult
insects in the Introduction. This study adds a fourth pattern, an
increasing metabolic rate in the early portion of an adult which
loses weight (Fig. 5 bottom). While the dynamics of growing
immature stages imply higher respiration rates at the end of the
larval stage, the converse is true for adults: the large investment
in reproduction implies dying without reserves left over and some-
times with structural mass (flight muscles, ovarian system) par-
tially resorbed. A declining respiration rate is an outcome of such
a strategy. Expressed in terms of trajectories in Fig. 5, the above
reasoning implies that the end points of the trajectories of imma-
ture stages are bounded to be at the top of the diagram.
Conversely, the end points of the adult stage have to lie at the bot-
tom left corner. The path of the trajectories between starting and
ending points will be function of the feeding and reproductive
dynamics. Expanding the scheme of Maino and Kearney (2014)
to insect imagos implies that we should consider the dynamics of
three compartments – reserves and structure as before, supple-
mented with reproduction – and should quantify the relative con-
tribution to respiration of the last two processes. For Euplemus, we
predict a lifelong inverted U-shape of respiration over mass and
time. The first increasing phase would peak at a time correspond-
ing roughly to the peak egg production and host-feeding rates. We
predict a decline of respiration in the second half of their lives,
from day 10 onwards, due to the observed decline in reproduction
and feeding. Thus, we posit that the metabolic rate contributions of
the feeding and reproductive processes, including the possibly
enhanced respiration due to well-fed females actively searching
for hosts, supplement the contribution of the structural mass.
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Fig. 5. Scaling of metabolic rate over ontogeny in holometabolous insects. The time
course is given by the arrows. The upper graph for immature intars is from Maino
and Kearney (2014). The previously known dynamics for adults are listed in
Section 1 (solid arrows, numbers correspond to the order in which the different
cases are treated). The new pattern for Eupelmus vuilleti (number 4) is observed for
the increasing portion and predicted for the decline in the second half of the adult
life.
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They can at times dominate the contribution of the structure, as
observed in other species (Halsey et al., 2015). They are also those
contributions which vary most in time, leading to the observed
relationship.

Despite the observation of a negative relationship between total
body mass and metabolic rate, the positive relationship between
structural mass and respiration observed for immature stages
(Maino and Kearney, 2014) and fundamental to DEB theory should
also apply to adults of all insect species, as their cellular metabo-
lism does not differ. The DEB formalism we applied successfully
to Eupelmus adults can thus be used to interpret the three dynam-
ical relationships identified in the introduction. The first two cases
differ only in their dynamics over time, but show otherwise the
expected positive relationship between weight and metabolic rate
and thus fit DEB theory. The Drosophila flies of strain ‘‘O’’ also
belong to this scheme, with the additional characteristics of chang-
ing the arrow of time after peak reproduction (Djawdan et al.,
1996). The third scheme seems first at odds, with a metabolic rate
per feeding mosquito fairly steady with age (Gray and Bradley,
2003). The insects accumulate fat and glycogen in fat body with
age, materials which are not metabolically active (T. Bradley, pers.
comm.). Thus, this scheme eventually also fits DEB theory.

In conclusion, our work identified a new dynamical relationship
between total body mass and respiration which was counterintu-
itive in two ways. The elucidation of the physiological underpin-
nings of this relationship led us to extend our explanation to
other insect groups. Eupelmus’ adult biology is indeed widespread
among insects and we expect other species to show a negative
relationship between total body mass and metabolic rate. The
reproductive processes in other insects are quite similar to
Eupelmus – eclosion, rapid maturation of eggs, peak of egg produc-
tion after a few days, then a decline. Most insects will also be losing
weight at least at the end of their adult lifetimes. The paucity of
studies reporting concurrent measurements of respiration, repro-
duction and body weight dynamics precludes any quantification
of the relative frequencies of the four schemes identified among
adult insects. Several studies do not report whether the metabolic
rate is mass-specific, and whether the mass is dry or fresh, making
comparisons difficult. We consequently expect a reduction of the
variety of dynamical relationships between metabolic rate and
body weight observed in insect adults around a few schemes only,
depending on the dynamics of the reproductive machinery and the
feeding activity and on their contribution to respiration relative to
the contribution of structural mass. A deeper analysis of the rela-
tionship between the dynamics of respiration patterns, body mass
and its constituents, and importance of reproductive activity over
varying time scales will more firmly link metabolic ecology to life
history strategies of adult insects.
Summary statement

Foraging parasitoid wasps show increasing metabolic rates even
while their body mass declines, whereas starving females show
opposite trends.
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