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Abstract

The balance between energy acquisition and expenditure is critical to the survival and reproductive success of animals. Here we

investigate the long-term effects of diet quality on physiological and life-history flexibility in the harvestman, Pachylus paessleri. We used

cow meal as a protein-rich diet and potatoes as a carbohydrate-rich diet in order to reproduce two extreme conditions regarding food

quality in harvestmen natural habitat. As proxy variables of the energy expenditure process, we quantified standard metabolic rate

(maintenance), changes in body mass (somatic condition), and fecundity (reproduction). We found that animals consuming the protein-

rich diet were able to increase both their body condition and fecundity. However, the increment in these two life-history traits was

correlated with higher maintenance costs. In contrast, the carbohydrate-rich diet did not provide enough specific nutrients for

reproductive events, although it may have allowed animals to survive for a long time. Thus, according to the quality of the diet available

in the environment, harvestman females can adopt different life-history strategies correlated with phenotypic adjustments at anatomical

and physiological levels. In the Mediterranean region, spatial and temporal changes in food quality are typical, so greater phenotypic

flexibility is expected to cope with this kind of environmental variation.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The balance between energy acquisition and expenditure
is critical to the survival and reproductive success of
animals (Pough, 1989; Sibly, 1991). This balance depends
on the interplay between matter intake, digestion, and the
allocation of acquired energy to various functions such as
maintenance, growth, and reproduction (Karasov, 1986).
Wiener (1992) proposed the ‘‘barrel model’’ to graphically
represent these processes. In this model an organism is
represented by a barrel, with constraints on energy input
(e.g., foraging, digestion and absorption) symbolized by
funnels connected in tandem, and energy outputs (e.g.,
maintenance, growth, reproduction) symbolized by a series
of spouts arranged in parallel. Although Wiener’s model is
e front matter r 2006 Elsevier Ltd. All rights reserved.
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conceptually easy to understand, acquisition, storage, and
expenditure of energy embrace a myriad of intercorrelated
venues that complicate the proximal understanding of how
organisms adjust their energy balance to changing condi-
tions (Stearns, 1992; Roff, 2002).
Since animals obtain energy and nutrients from food,

diet can be considered a key factor that potentially affects
all life-history components (Sterner and Schulz, 1998;
Taylor et al., 2005). Thus, experimental modification of
animal diets has played a key role in the study of how
organisms adjust their energy allocation (Chown and
Nicolson, 2004; Cruz-Neto and Bozinovic, 2004). How-
ever, the quantification of the output processes comprises a
more complex issue. This is because what we usually refer
to as energy output (i.e., maintenance, growth and
reproduction) are, in fact, broad categories of energy
expenditure which integrate several particular processes
(Ashby, 1998). This means that many different (proxy)
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Table 1

Chemical composition of experimental diets for the harvestman Pachylus

paessleri a

Diet composition PRD CRD

Water (%) 72.7 78.0

Carbohydrates (%) 1.1 18.8

Proteins (%) 21.2 2.7

Lipids (%) 3.9 0.1

Energy (KJ/g) 5.19 3.60

PRD ¼ protein�rich diet; CRD ¼ carbohydrate�rich diet.
aFrom Food and Agriculture Organization of the United Nations,

www.fao.org/documents/infoods/directory_en.stm.
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variables can be used as indicators of the same category of
expenditure, which, in turn, can affect the interpretation of
how adjustments in energy allocation may occur.
The standard metabolic rate (SMR) (i.e., the metabolic

rate of post-absorptive animals during resting) comprises a
major component of daily energy expenditure and, thus, it
is taken as a good indicator of the energetic cost of
maintenance (Ashby, 1998). Therefore, SMR is essential
for determining whether animals modulate metabolic rates
in response to different environmental circumstances
(Chown and Gaston, 1999). In arthropods, the effects of
diet quality on SMR arise as the consequences of several
processes taking place at different temporal scales. In the
short-term (hours to days) metabolic rate can change due
to variations in food processing, which involves different
mechanisms, such as mechanical degradation of food,
secretion of digestive enzymes, and nutrient transport
(Roces and Lighton, 1995; Nespolo et al., 2005). In the
medium-term (days to weeks) SMR can change due to
protein synthesis for detoxification and tissue repair,
including the production of enzymes for biotransformation
(Brattsten, 1988). Finally, in the long-term (weeks to
months) the metabolic rate can be affected by processes of
acclimation or acclimatization to chemical and structural
features of the food, including the synthesis of central
organ tissues (Anderson, 1993; Yang and Joern, 1994).
Fecundity (i.e., the number or mass of offspring

produced during each reproductive episode) comprises
one of the most energetically expensive processes involved
in reproduction, and usually is taken as a proxy value for
the total reproductive effort (Clarke, 1987; Ashby, 1998).
For invertebrates animals, changes in fecundity due to
dietary effects have been recorded for different systems and
taxa, including changes associated with food limitation
(Zera et al., 1998; Roff and Gélinas, 2003), moisture
content in the diet (Ryne et al., 2004), specific nutrient
deficiency (Sterner and Schulz, 1998; Chang, 2004), diet
composition (Kyneb and Toft, 2004; Allard and Yeargan,
2005; Helland et al., 2003), and presence of inhibitory
secondary metabolites (Miralto et al., 1999; Pompermayer
et al., 2001).
The aim of the present study was to evaluate the

physiological adjustments and the life-history effects of
changes in energy allocation under different diet regimens.
Specifically, we investigated the effect of diet quality on the
investment in maintenance cost (SMR), somatic condition
(changes in body mass) and reproduction (fecundity) in the
harvestman Pachylus paessleri (Opiliones, Laniatores,
Gonyleptidae).

2. Materials and methods

2.1. Animals and experimental design

Twenty-three P. paessleri adult female were collected
from under stones, fallen tree trunks, and leaf litter in San
Carlos de Apoquindo (33�230 S, 70�310 W; 800masl),
Santiago de Chile, during July 2004. The vegetation at the
study site is sclerophyllous, described physiognomically as
evergreen scrub, and locally known as matorral. The
climate is Mediterranean, with an annual mean precipita-
tion of 376mm which is concentrated (65% of total
precipitation) in austral winter from June to August.
Precipitation is minimal from December to March,
contributing only 3% of the yearly total. Temperatures
are highest from December to March, corresponding to the
austral summer, and lowest from June to August during
the austral winter (for more information see www.bio.
puc.cl/sca/).
During the same day of capture, animals were trans-

ported to the laboratory and housed individually in
cylindrical plastic containers (5 cm diameter� 4 cm height).
Initial body mass (mbIÞ of each individual was measured to
the nearest 0.0001 g with an analytical electronic balance
(Chyo JK-180, Kyoto Japan). Then, animals were ran-
domly assigned to one of the two experimental groups: the
protein-rich diet (PRD) group (n ¼ 12) and the carbohy-
drate-rich diet (CRD) group (n ¼ 11). We used small cubes
of cow meal as the PRD and potatoes slices as the CRD
(Table 1). We chose these contrasting diets to reproduce
two extreme conditions regarding assumed food quality in
harvestmen natural habitat. Sufficient fresh food was
supplied three to four times each week such that the
harvestmen were feeding ad libitum. In addition, water was
periodically added (four to five times each week) to a
cotton swab placed at the bottom of the container.
Throughout the experiment, the environmental tempera-
ture was 20� 4 �C (mean � range) and photoperiod was
L : D ¼ 12 : 12.
Studies on harvestman trophic ecology indicate that

these organisms consume a wide spectrum of dietary items
in their natural environments, ranging from plants to small
animals (Gnaspini, 1996; Nyffeler and Symondson, 2001;
Allard and Yeargan, 2005). However, since data were
unavailable regarding the natural diet of P. paessleri, we
tested whether individuals would consume the experimen-
tal diets prior to the beginning of the experiment. For this
test five adult females were reared on the CRD and five on
the PRD, and food ingestion (I) and faecal output (F) were

http://www.fao.org/documents/infoods/directory_en.stm
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measured during one week. Faeces and remaining food
were collected every two days, dried at 60 �C for three days,
and then weighed (�0:0001 g). Digestible food intake
(DFI) was calculated as DFI ðg=dÞ ¼ I ðg=dÞ � Fðg=dÞ,
and dry-matter digestibility (DMD) as DMD ð%Þ ¼

ðI ðg=dÞ � Fðg=dÞÞ=Iðg=dÞ. Animals on the CRD had
greater ingesta and egesta values, but did not differ in
DFI or DMD when compared with PRD animals (Fig. 1,
Table 2). In addition, combining DFI data with the two
diets’ energy content, and assuming that faeces energy
content did not differ between groups, it follows that
animals in the CRD group ingested nearly two times more
energy (12:45� 4:14 J=d, n ¼ 5, mean �SEM) than those
in the PRD group (6:81� 1:02 J=d, n ¼ 5, mean �SEM).
Food ingestion (mg d-1)
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Fig. 1. The relationship between the amount of food ingested and faecal

output for each group of Pachylus paessleri fed a protein-rich diet (PRD;

open circles; n ¼ 5) or carbohydrate-rich diet (CRD; solid circles; n ¼ 5).

Table 2

Mean body mass and digestive variables (� 1SEM) for the harvestman

Pachylus paessleri fed a protein-rich diet (PRD; n ¼ 5) or carbohydrate-

rich diet (CRD; n ¼ 5)

Attribute PRD CRD F and P values

Initial body

mass (mg)

291.5 (16.8) 280.3 (16.8) F1;8 ¼ 0:22,
P40:05

Final body mass

(mg)

293.2 (18.2) 278.0 (10.9) F1;8 ¼ 0:52,
P40:05

Food ingestion

(mg/day)

2.0 (0.2) 4.6 (1.3) F1;8 ¼ 7:35,
Po0:05

Fecal output

(mg/day)

0.7 (0.1) 1.2 (0.2) F1;8 ¼ 6:05,
Po0:05

DFI (mg/day) 1.3 (0.2) 3.4 (1.2) F1;8 ¼ 3:24,
P40:05

DMD (%) 64.8 (7.0) 69.1 (7.1) F1;8 ¼ 0:25,
P40:05

Values of F and P are results from one-way analyses of variance on

arcsine square-root transformed data (dry-matter digestibility, DMD) or

log-transformed data (all the other variables except body size). DFI ¼

digestible food intake.
2.2. SMR

SMR was measured after five months of acclimation to
both diets. In short, carbon dioxide production (VCO2)
was measured in a computerized open-flow respirometry
system (Sable Systems, NV, USA) using an acrylic
metabolic chamber of 10mL, at an ambient temperature
of 20:0� 0:5 �C. The metabolic chamber received dried
ambient air at a rate of 100mLmin�1 from mass flow
controllers (Sierra Instruments, CA, USA). The air was
passed through CO2 absorbent granules (Baralyme

s, MO,
USA) before entering the chamber and then through H2O
absorbent granules (Drierites, OH, USA) after passing
through the chamber. Baseline measurements for each run
were made in the same experimental chamber both at the
beginning and at the end of each measurement period using
certificated gas standards. Carbon dioxide production was
monitored four times per second during a 30min period,
and each record was automatically transformed in the
Datacan software (Sable Systems, NV, USA), in order to
transform the measure from parts per-million to ml-CO2

per hour, taking into account the flow rate. Animal activity
inside the metabolic chamber was determined directly by
visual observation. We estimated the SMR as the average
of the 3–5min steady-state VCO2 consumption during
periods of inactivity. Before and after each measurement,
body mass was recorded (�0:0001 g), and an average of
both measurements was calculated (mbSMRÞ. To avoid any
temporal effects on the treatment, individuals belonging to
different groups were measured sequentially. In all cases,
individuals were fasted for two days prior to the measure-
ment of SMR.

2.3. Fecundity, visceral mass, and somatic condition

Animals were weighed (mbFÞ following VCO2 determina-
tions and then sacrificed for dissection. We separated the
superior part of the carapace (opisthosomal tergum) from
the rest of the body and, using forceps, we removed all of
the visceral tissue together. In the case of ovigerous
females, eggs were separated from the visceral tissue and
counted under a binocular microscope. The carcass,
viscera, and egg clutches were dried in an oven for three
days at 60 �C and then weighed in an analytical electronic
balance (�0:0001 g). Since the species under study does not
have a flexible exoskeleton, and experimental animals did
not molt during the experimental period (i.e., animal
volume remained constant), we estimated somatic condi-
tion as the change in body mass (i.e., the difference between
mbF and mbIÞ.

2.4. Statistical analyses

Differences between groups in mbI and body condition
were evaluated using one-way ANOVAs. Changes in all
remaining dependent variables were evaluated separately
by one-way ANCOVAs, using mbSMR (for SMR) or carcass
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mass (for visceral mass, egg mass, and egg number) as
covariates. Prior to all statistical analyses, data were
examined for assumptions of normality and homogeneity
of variance using Kolmogorov–Smirnov and Levene tests,
respectively. Interactions between covariates and factors
(parallelism test) were also tested. Differences among
groups (post hoc comparisons) were evaluated by Tukey
HSD tests. Values given throughout the text are means �
SEM. Statistical significance was established at the a ¼

0:05 level. All of the analyses were performed using the
‘‘General Linear Models’’ module of STATISTICAs

version 6.0 (StatSoft, OK, USA).

3. Results

All the harvestmen used in the experiment survived,
except one individual in the CRD group that died from
accidental causes shortly after the commencement of the
study. No significant differences in mbI between groups
were observed (F1;20 ¼ 3:00, P40:10; Fig. 2a). However,
the body condition of animals in the PRD group was
higher than those in the CRD group (F 1;20 ¼ 8:11,
Po0:01). After five months, animals in the PRD group
gained 8:57ð�3:07Þ% of their mbI, whereas animals in CRD
group showed a reduction of 4:46ð�3:36Þ% in their mbI

(Fig. 2a). SMR varied markedly between groups
(F1;18 ¼ 10:07, Po0:005), where animals maintained with
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the CRD showed lower values than animals feeding on the
PRD (Fig. 2b). Dry visceral mass also showed significant
differences between groups (F 1;19 ¼ 4:65, Po0:04), follow-
ing the same pattern of variation observed for SMR
(Fig. 2c). Eggs were found in 10 of the 12 females in the
PRD group, but only in two of the 10 females in the CRD
group. This resulted in significantly greater clutch mass
(F 1;19 ¼ 6:12, Po0:02; Fig. 2c) and egg number (F1;19 ¼

14:29, Po0:001; Fig. 2d) for the PRD group than the CRD
group. However, the two ovigerous females from the CRD
group had clutches masses (4.1 and 10.7mg) and egg
numbers (14 and 23 eggs) within the range of values
recorded for the PRD group.

4. Discussion

4.1. The interplay between diet quality, SMR, and visceral

mass

The long-term effects of diet quality on metabolic rates
are poorly known and, moreover, difficult to predict from
either an evolutionary or a physiological perspective
(Nussear et al., 1998; Cruz-Neto and Bozinovic, 2004).
On one hand, it could be expected that animals eating low-
quality foods might evolve lower metabolic rates in order
to help meet energetic requirements (McNab, 1986). On the
other hand, a poor diet with high content of indigestible
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material usually produces larger central organ sizes (Yang
and Joern, 1994; Starck, 1999), which simultaneously are
more active metabolically than other body tissues
(McBride and Kelly, 1990; Wang et al., 2001). However,
in our experiment this last finding did not hold since both
harvestman diets had very low contents of indigestible
material with similar digestibility values (Table 2). In this
sense, our data support McNab’s (1986) findings that
animals consuming a low-quality diet (e.g., low protein and
lipid content) reduced their internal organ mass and
showed lower SMR. Although we were unable to separate
gut content from the visceral tissue, there are two reasons
to assume that this did not affect our results. First,
according to digestion theory (sensu Sibly, 1981), animals
eating a low-quality diet should present greater digesta
content than animals feeding on high-quality food. This is
supported by our results on food ingesta and egesta
(greater values in the CRD group), indicating that our
estimation of visceral mass change between groups was
conservative. Second, experimental animals were fasted for
two days before dissection, which may have reduced the
difference in gut content between dietary treatments.

4.2. The interplay between diet quality, body condition, and

fecundity

The most obvious way by which environmental variation
may influence body condition and fecundity is via
nutritional effects resulting from variability in food-type
availability. In general terms, diet effects can be classified
as either quantitative (i.e., food availability) or qualitative
(i.e., food composition). The quantitative effects are
evident since animals obtain energy and other nutritional
requirements from food. Thus, under a natural range of
conditions there is a positive correlation between food
availability and body condition or fecundity. Qualitative
effects often are divided into two categories, namely
nutritional deficiencies and inhibitory metabolites.
Although the consequences of these two nutritional

constraints at the organism and population levels are
expected to be different, it is often difficult to separate them
(Miralto et al., 1999; Lacoste et al., 2001). In our
experiments, we found that animals on the PRD had a
higher body condition and greater fecundity than indivi-
duals on the CRD. Given that both diets were offered ad

libitum to harvestman, food availability is not the source
for variation in body condition and fecundity. Although
the effects of inhibitory metabolites cannot be discarded,
the quality of our experimental diets create a nutrient
deficiency in the CRD. Both protein and lipid contents
were markedly higher in the PRD than the CRD. This is
important because lower increases in body mass and
fecundity have been widely associated with deficiencies in
nitrogen and/or phosphorous (Brent and Traniello, 2002;
Helland et al., 2003; Mgbenka and Ugwu, 2005), or
particular dietary amino and fatty acids in the diet (Sterner
and Schulz, 1998; Chang, 2004). In addition, in arthropods,
differences in soluble carbohydrate has been suggested of
small importance for a life-history trade-off involving
fecundity (Zera and Larsen, 2001).

4.3. The relationship between SMR, fecundity, and body

condition

The theoretical relationship between SMR and fecundity
is not simple. On the one hand, it could be expected that
animals with greater energy investment in reproduction
should reduce energy allocation to maintenance and, thus,
SMR. On the other hand, it could be expected that the
metabolic activity of their own eggs and other tissues that
are usually enlarged during egg synthesis (e.g., central
organs) could result in higher metabolic rates. Therefore,
SMR may experience opposing selective forces in repro-
ductive females (Ashby, 1998). However, empirical evi-
dence shows that females of different invertebrate and
vertebrate species experience an increase in SMR while
incubating eggs (Speakman and McQueenie, 1996; Van-
fleteren and DeVreese, 1996). Furthermore, the fact that
the metabolic rates of harvestmen females increases while
producing and incubating eggs has been known for many
decades (Phillipson, 1962) and has recently been confirmed
(Schmitz, 2005). Thus, in this case our data confirm
previous results, but additionally suggest that an increment
in visceral mass during egg synthesis could explain an
important part of the SMR increase.
The relationship between fecundity and parental body

condition can be considered a classical life-history trade-off
(Williams, 1966). Nevertheless, empirical works usually
have failed to find a negative correlation between these
traits, and several ideas have been proposed to explain this
result (Glazier, 1999). Perhaps individuals able to acquire
more resources or resources of higher quality may support
greater investments in both functions (Van Noordwijk and
De Jong, 1986). In our case, the assigning of harvestman to
experimental groups can be considered as between group
variation in resource quality acquisition and, thus, explains
why the PRD animals presented better body condition and
higher fecundity.

4.4. Phenotypic integration

Although physiological adjustments and the life-history
effects of resource allocation under different environmental
conditions have been extensively studied, they generally
have been examined separately (Boggs, 1992). Here, we
found that harvestmen consuming a PRD were able to
increase both their body condition and fecundity. How-
ever, the increments in these two life-history traits are
correlated with higher maintenance costs. In contrast, a
CRD may not provide enough specific nutrients for
reproductive events, although such a diet may allow
animals to survive for a long time. Thus, P. paessleri

females adopt different life-history strategies (sensu Boggs,
1992) according to the quality of the available diet, which
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are correlated with phenotypic adjustments at anatomical
and physiological levels. In the Mediterranean region,
spatial and temporal changes in food quality and
availability for harvestmen are typical and, thus, greater
phenotypic flexibility is expected to be able to cope with
this kind of environmental variation.
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