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Understanding and predicting the consequences of warming for complex ecosystems and indeed
individual species remains a major ecological challenge. Here, we investigated the effect of increased
seawater temperatures on the metabolic and consumption rates of five distinct marine species. The
experimental species reflected different trophic positions within a typical benthic East Atlantic food
web, and included a herbivorous gastropod, a scavenging decapod, a predatory echinoderm, a dec-
apod and a benthic-feeding fish. We examined the metabolism–body mass and consumption–body
mass scaling for each species, and assessed changes in their consumption efficiencies. Our results
indicate that body mass and temperature effects on metabolism were inconsistent across species
and that some species were unable to meet metabolic demand at higher temperatures, thus high-
lighting the vulnerability of individual species to warming. While body size explains a large
proportion of the variation in species’ physiological responses to warming, it is clear that idiosyn-
cratic species responses, irrespective of body size, complicate predictions of population and
ecosystem level response to future scenarios of climate change.

Keywords: metabolic rate; body size; consumption rate; global warming; metabolic theory;
climate change
1. INTRODUCTION
It is estimated that by the end of this century, global
temperature will have increased by 1.8–4.08C [1].
As temperature regulates the basic physiological pro-
cesses that underpin survival, including metabolism,
consumption, reproduction and growth, any thermal
impact may have catastrophic effects on individual
species, and therefore on whole communities. Food
webs are complex, dynamic networks of species that
directly and indirectly interact with each other, and it
is the complexity of these multi-species networks that
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makes understanding and predicting the consequences
of perturbations a major challenge [2].

Studies investigating the impact of warming on bio-
logical processes have varied in focus and scale, from
individual species [3–5] to functionally similar species
[6,7], and from large-scale literature-based multiple
species comparisons [8–10] to measures of entire eco-
system metabolism [11]. Metabolic theory provides a
useful platform to investigate the effects of tempera-
ture and body size on species’ physiological processes
[9,12–14]. Metabolism is an enzyme-catalysed pro-
cess in which food and energy are taken up by an
organism from its environment, transformed via cata-
bolism and anabolism into complex molecules and
subsequently used to fuel growth, reproduction and
other biological processes. In essence, it is the key bio-
logical rate on which all other processes depend.
Metabolic theory predicts that the metabolic rate of
This journal is q 2012 The Royal Society
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a species scales with body mass by a 3
4

power-law [14]
and scales exponentially with temperature [9,13]. This
theory also proposes similar allometrically scaled
relationships for a range of biological processes,
including consumption rate, mortality rate and onto-
genetic growth [13]. While the power-law scaling of
metabolism with body mass is generally accepted,
there has been some debate regarding the value of
the scaling exponent [15–19]. Support for the pre-
dicted consumption relationships has also not been
absolute, as some studies have reported hump-
shaped relationships between consumption rates and
increasing body mass [7,20–23].

Here, we investigate the effect of increased seawater
temperatures on the metabolic rates and consumption
rates of five species that occupy different trophic pos-
itions in subtidal East Atlantic food webs. Using the
metabolic theory framework, we determine the body
mass scalings of metabolism and consumption for
each species, and assess changes in their consumption
efficiencies, i.e. the ratio between consumption and
metabolism, with increasing temperature. To reflect
the diversity of a typical benthic community, the
species studied have been chosen for their intrinsic
trophic, locomotor and anatomical differences, and
include a herbivorous gastropod, a scavenging deca-
pod, a predatory echinoderm, a predatory decapod
and a predatory fish. We explicitly test the hypothesis
that an increase in temperature will lead to an increase
in metabolic rate and that this will translate into
increased rates of consumption.
2. MATERIAL AND METHODS
The metabolic rates and consumption rates of
Marthasterias glacialis (Linnaeus)—a spiny seastar;
Gobius niger (Linnaeus)—a black goby; Carcinus
maenas (Linnaeus)—a shore crab; Palaemon serratus
(Pennant)—a prawn; and Gibbula umbilicalis (da
Costa)—a gastropod—were measured in August
2009. All measurements were made at the Lough
Hyne research facility, Ireland (518290520 N, 98170460

W). Measurements were carried out at two tempera-
tures, 16.58C (the water temperature of the Lough
on the first day of the experiment) and 18.58C (a
28C increase reflecting predicted regional climatic
changes in temperature over the next 50–100 years)
[24]. Animals were starved for 3 days prior to the
experiments. The respiration chambers and feeding
arenas were submerged in a large bath of filtered sea-
water (50 mm), which was continuously circulated at
a constant temperature using a thermocirculator
(TECO TC20).

(a) Metabolic rate measurements

Using an intermittent flow-through system [25], we
measured the standard metabolic rates of seven indi-
viduals of each species, with individuals of each
species varying in size. The aim of this procedure
was to produce a species-specific relationship between
body mass and standard metabolic rate for each
species. Animals were weighed before being placed
into respiration chambers and were left to acclimatize
for 12 h. The chambers were Perspex cylinders with
Phil. Trans. R. Soc. B (2012)
a movable lid, allowing for the adjustment of chamber
volume to accommodate animals of varying size. Each
measurement began with close to 100 per cent oxygen
saturation, after which the chamber was closed and the
oxygen level was monitored using an oxygen meter
(PreSens Fibox 3) until oxygen concentrations
declined to 70 per cent oxygen saturation. During
this time, water was continuously circulated within
the closed system using a peristaltic pump (ISMATEC
MCP—ISM404B). This procedure was repeated three
times for each individual to provide a single average
estimate of metabolic rate (oxygen consumption rate)
for that animal. All oxygen saturation (% air
saturation)–time regressions recorded r2 values were
greater than 0.98.

The oxygen consumption rate in the chambers
containing focal species, O2cons, was calculated as

O2cons½mmol O2 h�1 ind:�1�

¼ ðsatt¼0 � sat70Þ=100�O2sat � V

t
; ð2:1Þ

where satt¼0 is the percentage oxygen saturation at the
beginning of the experiment; sat70 is at 70 per cent
oxygen saturation; O2sat (mmol O2 l–1) is the amount
of oxygen in 1 l of oxygen-saturated (100%) seawater
at the given temperature and atmospheric pressure;
V is the volume of water (l) in the chamber and
tubing used for the experiment (corrected for animal
volume); and t is the time taken to reach sat70 (h).

To account for microbial respiration in the
chambers, three control measurements (no animal pre-
sent in chamber) were taken during each species’ run of
measurements, the average of which was used to correct
the experimental measurement for that species.
Assuming that 1 ml O2 equals 20.1 J [26], we converted
the measured oxygen values (ml O2 s21) to energetic
equivalents (J s–1). To account for the significant
amount of metabolically inert body mass for the crab,
prawn, seastar and gastropod species, soft tissue body
masses were derived from measured wet weights using
published relationships for these species [27–29].

(b) Consumption rate measurements

Given the diversity of consumer species, we used a
range of different prey resources for the feeding trials.
Mussels (Mytilus sp.) were used as prey in the seastar
and crab trials, small prawns (P. serratus) for the black
goby trial, and algal matter for the gastropod trial
(algal biofilms were collected using glass slides, which
were colonized under natural conditions in Lough
Hyne for a number of weeks prior to the experiment).
Because prawns are scavenging omnivores, we used
squid mantle pieces (0.1 g) as a food source for this
species (following a series of preliminary feeding trials).

A 24 h feeding trial was carried out for each consu-
mer species and included 10 individuals of varying
body sizes. Each trial consisted of twelve arenas (includ-
ing two control arenas), measuring 27 � 20 � 10 cm
for large consumer individuals and 24 � 17.5�
8.5 cm for medium and small individuals. All arenas
included one consumer individual and its associated
prey. The control arenas contained only prey species.
The arenas were filled with water from a large,
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constant-temperature water bath, then sealed and sub-
merged in the bath. Each arena was continuously
aerated throughout the trial.

For the seastar and crab feeding trials, 20 mussels
were placed in each arena. The shell-free wet weight
of the consumed prey was calculated as mentioned in
[27]. For the black goby trial, 16 prawns were added
to each arena. Smaller arenas (12 � 12 � 6.5 cm)
were used for the gastropod trials, with two glass
slides placed in each. The glass slides occupied a signifi-
cant portion of each arena, and the gastropods did not
completely remove the biofilm from the slides during
the trials. The percentage algal matter consumed
when compared with control slides was recorded.
Using an unpublished relationship between algal dry
mass (g) and percentage cover of algae (algal
biomass¼ 20.0003 þ 0.0151 � percentage cover, p ,

0.01, r2 ¼ 0.72), we calculated algal consumption by
gastropods. The consumption of algae on the glass
slide was scaled to the inner surface area of the arena
assuming that gastropods graze continuously as they
move. For the prawn feeding trial, 20 squid pieces
were weighed and placed in each arena. The average
mass of a squid piece was calculated for each arena
and the number of pieces consumed per arena was
recorded. Consumer and prey body masses were
recorded pre- and post-experiment, and the average
was used in the analyses. Prey items in the control
arenas were counted and their biomass measured after
the experiments. Consumption rates were calculated
per unit volume of the water-filled arena (J s21 l21) to
discount for any variation due to arena size and by con-
verting the mass of prey consumed to energetic
equivalents, given that the energy content per gram of
prey wet mass and prey dry mass is 7000 and 22 000 J,
respectively [26]. Consumption rates were then com-
pared on a per mass basis, with specific reference to
each individual’s body mass.
(c) Statistical analysis

Following metabolic theory, the effect of body mass on
an individual’s metabolic rate is described by

Ij ¼ i0Mb
j ; ð2:2Þ

where Ij is the metabolic rate for individual j (J s21); i0
is a normalization constant independent of body size
and temperature; Mj is the body mass (g) individual
j; b is an allometric scaling exponent. Similarly,
the effect of body mass on an individual’s rate of
consumption is described by

Cij ¼ c0Mb
j ; ð2:3Þ

where here, Cij is the per capita consumption rate per
unit volume of the water-filled arena (J s21 l21), and
c0 is a normalization constant.

Finally, we calculated the consumption efficiency,
yij [21,30], using the equation

yij ¼
wijCij

lIj

; ð2:4Þ

where wij is the assimilation efficiency (which is inde-
pendent of body size and temperature) [26], and
Phil. Trans. R. Soc. B (2012)
equals 0.45 for herbivores and 0.85 for carnivores
[31]; Cij is consumption rate (J s21); and l is a con-
stant converting basal metabolic rate to field
metabolic rate and equals 3 [16]. Units of energy
and time, but not volume, were used for consumption
in equation (2.4), resulting in a dimensionless value
for consumption efficiency. We were unable to para-
metrize l for ectotherms, and in particular for the
species used here. Consequently, we used a sensitivity
analysis to examine the effect of varying l. This analy-
sis indicated that varying l had no qualitative effect on
our results. Values of yij less than the critical threshold
of 1 indicated that those individuals had not consumed
sufficient food to meet their metabolic demand. The
effect of body mass on per capita consumption effi-
ciency was calculated by

yij ¼ y0Mb
j ð2:5Þ

for both temperatures, and analysed in the same way as
the metabolic and consumption rates above.

The per capita metabolic rate and consumption rate
for each species was calculated at 16.58C and 18.58C.
While different approaches have been used recently to
analyse mass–abundance [32] and mass–metabolism
relationships [33], our aim was to explicitly test
for intraspecific variation in the mass–metabolism
relationships with change in temperature, and we
therefore analysed the metabolism and consumption
rate data using ANCOVA models, treating species,
temperature and body mass as main effects. Species
identity was treated as a fixed effect as it represented
an important source of variation that we wished to
quantify. The model used was

model ¼ lnðaÞ � lnðbody massÞ � temperature

� species identity;

where a was the response variable (i.e. metabolic rate,
consumption rate or consumption efficiency), body
mass was a co-variate, and temperature and species
identity were factors with two and five levels, respect-
ively. The data used in these analyses are available at
http://www.datadryad.org (doi:10.5061/dryad.951j9).
All analyses were conducted using the R statistical
package (v. 2.15.0; http://www.r-project.org/).
3. RESULTS
(a) Metabolism

The metabolism analysis resulted in a significant
three-way interaction term, indicating that the
metabolism–body mass relationships of the five marine
species varied as temperature increased (ANCOVA,
mass� species identity� temperature, p , 0.01, see
electronic supplementary material, table S1). When the
data were pooled for each temperature, irrespective of
species identity, the resulting pre- and post-warming
slopes were 0.25 and 0.33, respectively, which were
both significantly different from the hypothetical metab-
olism–mass scaling coefficient of 0.75 (t-test, p , 0.001,
figure 1). As there is some debate regarding the value of
the scaling exponent [17,33–36], further t-tests were
carried out to compare the metabolism–body mass
slopes with exponents of 0.67 and 1 (table 1). At
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Figure 1. Metabolism (J s21)–body mass (g, soft tissue wet

mass) regressions for each species at 16.58C (solid circles
and solid lines) and 18.58C (open circles and dashed
lines). For clarity, standard error estimates for metabolism
have been added to the species-specific plots, rather than
to the pooled species plot. See table 2 for intercept and

slope values.
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16.58C, the seastar, crab and black goby metabolism–
body mass regressions recorded slopes similar to 0.75,
with slopes of 0.52, 0.35 and 0.64, respectively. There
was no significant warming effect on the metabolism–
mass relationship for seastars, and while body mass
accounted for variation in the metabolic rate of black
gobies at 16.58C (r2¼ 0.92, table 2), warming resulted
in a breakdown of this relationship (r2¼ 0.003, table 2).

(b) Consumption

ANCOVA applied to the consumption rate data
revealed one significant interaction term (consumer
mass� temperature, see electronic supplementary
material, table S1) suggesting that, irrespective of
species identity, warming significantly increased the
slope of the consumption–consumer mass relationship.
(t-test, p , 0.05, figure 2). The non-significant three-
way (mass � temperature � species identity, see
electronic supplementary material, table S1) interaction
term suggests that there is a consistent warming
response across species, with respect to their consump-
tion–body mass relationships. The resultant common
slopes were 0.20 and 0.43, for 16.58C and 18.58C,
respectively; however, the relationships were weak
(table 2). It was interesting to note that at 16.58C,
seastar consumption rates declined at larger body
masses, and no prey was consumed by this species at
the increased temperature of 18.58C.

(c) Consumption efficiency

The consumption efficiency response to increasing temp-
erature was consistent across species (ANCOVA,
consumer mass � temperature � species identity, p ¼
0.23, electronic supplementary material, table S1). The
resultant common consumption efficiency-body mass
slopes at 16.58C and 18.58C were 0.14 and 0.62,
Phil. Trans. R. Soc. B (2012)
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respectively (table 2 and figure 3). The 18.58C slope was
similar to the predicted 0.67 and 0.75 scalings but signifi-
cantly different from 1. Overall, regardless of consumer
identity, efficiencies were seen to decrease with increasing
temperature, with 26 per cent of the individuals not con-
suming sufficient food to meet metabolic demand at
16.58C, compared with 58 per cent at 18.58C.
4. DISCUSSION
Metabolic theory predicts that species metabolism
scales with body mass as a 3

4
power-law [14]. Similarly,

the same theory can be applied to various biological
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rates, including consumption. Several studies, how-
ever, offer alternative predictions [33–36]. Glazier
[37] and Killen et al. [38] suggest that metabolic scal-
ings not only are influenced by temperature and body
mass, but that these scalings can be affected by the
activity level and ecology of organisms. Glazier [37]
has suggested that depending on the activity level of
an animal, the scaling exponent can vary from 0.67
to 1; therefore, as metabolic (activity) level increases,
the scaling exponent decreases from 1 to 0.67 and
then starts to return to 1. This U-shaped relationship
reflects an increase in metabolic rate from low resting
rates to active rates. The animals investigated in our
study vary greatly in their ecological lifestyle, largely
influenced by their functional feeding strategies, and
although standard (resting) metabolic rates were
measured for this study, the intrinsic ecological adap-
tations of these animals may account for some of the
variation found in these results.
(a) Metabolism

Surprisingly, our results show some marked deviations
from the 0.67, 0.75 and 1 scaling predictions, which
require further explanation. Species body-mass–
metabolism relationships did not respond to increasing
temperature, as predicted. Although the scaling expo-
nents of three of the five species (seastar, crab and
black goby) measured at the lower temperature were
consistent with theory, the prawn and gastropod
species had considerably lower exponents that varied
significantly from the predicted 0.67, 0.75 and 1
slopes. The subsequent breakdown of the black goby
metabolic rate–body mass relationship and the unpre-
dictable warming response of seastars suggest that,
in this system, these species may have been close to
their upper thermal tolerances at our lower tempera-
ture. Our experiments were conducted in August to
coincide with a period when temperatures are close
to their seasonal maximum in the study system and
when small increases in temperature would have
large physiological effects.

The seastar was the largest species in the exper-
iment, and yet when corrected for metabolically inert
body mass, it did not have the highest estimates of
metabolic rate. This result may seem surprising, but
in previous studies, echinoderms have been known to
exhibit very low metabolic rates [39,40]. The echino-
derm oxygen transport system is relatively inefficient,
and only a small proportion of the body accounts for
90 per cent of its oxygen consumption. The echino-
derm body also consists of a largely metabolically
inert calcified skeleton and perivisceral fluid, which
when combined with their relatively low activity
levels accounts for their low metabolic capacity [41].

The present study used a relatively narrow range of
body masses in contrast to large-scale synthetic studies
that have quantified mass–metabolism relationships
[13], and this might represent a limitation of the present
study. It is therefore perhaps not surprising that we find
our overarching body-mass–metabolism relationship
deviates from a 3

4
scaling. However, we believe that the

experimental species in this study adequately represent
a typical shallow sub-tidal benthic community, and
Phil. Trans. R. Soc. B (2012)
represent a body size range that would be typically
found at fine spatial scales. Additionally, several pub-
lished studies have investigated body-mass–
metabolism scaling, using equivalent or smaller orders
of magnitude of body mass (see [10,21,42] for
examples).

(b) Consumption

If metabolic demand is to be met, increases in oxygen
consumption due to warming should be reflected in
subsequent increases in trophic impacts of predators
on prey, which our consumption results confirm.
With consumption–body mass scalings of 1.11 and
0.71 respectively, the decapods, C. maenas and
P. serratus, were the only species to scale consistently
with theory. The vulnerability of the seastar to
warming is very apparent from the measures of con-
sumption, as none of the individuals consumed prey
at 18.58C. The feeding rate of the seastar, Pisaster
ochraceus, has been reported to increase with tempera-
ture but plateaus at 168C, with an optimum rate lying
between 158C and 208C [4]. Our feeding trials were
conducted in August at the ambient seawater tempera-
ture of 16.58C in order to ascertain species
physiological rates at the higher limit of the local temp-
erature range. The lack of a feeding response in
seastars suggests that this species’ population may be
close to its maximum temperature tolerance at this
latitude, beyond which animals become stressed and
can no longer meet their metabolic demand. This evo-
lutionarily ancient species may be physiologically ill-
equipped to cope with acute temperature changes.
Interestingly, the shape of the consumption rate–
body mass relationship of the seastar at 16.58C is
consistent with reported hump-shaped consumption
rate–mass relationships [7].

(c) Consumption efficiency

Of the 20 black goby individuals measured during the
experiment, only six consumed sufficient prey to meet
their metabolic requirements. This species is a ‘sit and
wait’ predator, relying largely on its camouflaging
coloration [43]. The increased visibility of the predator
in the arena may have resulted in greater prey avoid-
ance but this should have had negligible impact,
given the high prey densities and the standardized
period of starvation imposed on the fish. It is more
probable that black gobies require a longer acclimatiz-
ation period and may have consumed more if the
experimental period was prolonged. Arena effects on
the consumption rates of the seastar should also have
been negligible owing to high mussel densities and
varying mussel sizes. The largest seastar in the trials
succeeded in consuming prey, suggesting that the
size of the arenas were adequate for the largest
consumers to feed.
5. CONCLUSION
In conclusion, our results support the prediction that
body mass is positively correlated with metabolism,
yet show interspecific mass–metabolism variation
that is consistent with scalings among species reported
elsewhere [36]. In this study, the effect of body mass
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and temperature on metabolic rates was inconsistent
across species, while species identity was highly signifi-
cant in explaining the differences in metabolic rate
across temperature. These results, together with the
inability of some species to meet their metabolic
demand at higher temperatures, strongly suggest
that while body size explains a large proportion of
the variation in species’ physiological responses to
environmental change, much more needs to be con-
sidered when trying to predict the likely responses of
species to global warming, e.g. life history, physiology
(ectotherms and endotherms) and mode of feeding.
Brey [36] questions the validity of universal
scaling factors for the mass–metabolism–temperature
relationship and instead supports the use of a wide
range of species-specific factors, to which the results
of this study offer further support. Our results demon-
strate that species respond idiosyncratically to
warming, around an overarching body-mass-driven
trend. Such responses highlight the vulnerability of
some species to warming and further complicate pre-
dictions regarding population and hence community
and ecosystem level responses to future scenarios of
climate change. It is clear that further investigation is
necessary to understand and characterize deviations
from allometric scalings that have been derived
across several orders of magnitude of body size.
Further examination of species- and taxon-specific
scalings across temperate, polar and tropical ecosys-
tems would be necessary to help fine-tune the scale
at which taxonomic characteristics are represented
yet generalities can be applied.
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