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Abstract

Fishes contribute substantially to energy and nutrient fluxes in reef ecosystems, but quantifying
these roles is challenging. Here, we do so by synthesising a large compilation of fish metabolic-
rate data with a comprehensive database on reef-fish community abundance and biomass. Indi-
vidual-level analyses support predictions of Metabolic Theory after accounting for significant
family-level variation, and indicate that some tropical reef fishes may already be experiencing
thermal regimes at or near their temperature optima. Community-level analyses indicate that
total estimated respiratory fluxes of reef-fish communities increase on average ~2-fold from 22
to 28 °C. Comparisons of estimated fluxes among trophic groups highlight striking differences
in resource use by communities in different regions, perhaps partly reflecting distinct evolution-
ary histories, and support the hypothesis that piscivores receive substantial energy subsidies
from outside reefs. Our study demonstrates one approach to synthesising individual- and
community-level data to establish broad-scale trends in contributions of biota to ecosystem

dynamics.
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INTRODUCTION

Reef fishes are a diverse group of vertebrates, comprising
> 6000 species (Parravicini et al. 2013). They play key roles in
the flow of energy and nutrients through many reef ecosys-
tems (Polovina 1984; Arias-Gonzalez et al. 1997; Bozec et al.
2004), but quantifying these roles, and how they may be
affected by future climate change, remains an important
research challenge (Wilson et al. 2010). An essential step in
meeting this challenge entails characterising the trophic struc-
tures and energy fluxes of reef-fish communities, and how they
vary with broad-scale gradients in key variables such as tem-
perature and productivity.

Metabolic rate is a fundamental determinant of an organ-
ism’s contribution to energy and nutrient flux in an ecosys-
tem (Brown et al. 2004; Allen et al. 2005). The metabolic
rate per unit body mass (i.e. mass-specific rate) generally
declines with body mass, but increases with temperature
(Gillooly et al. 2001; Brown et al. 2004). Consequently,
given that the energy flux of a community is equal to the
sum of the individual metabolic rates (Allen et al. 2005),
changes in temperature, size structure and/or standing bio-
mass of a given community may affect its energetics and

resource use, and hence its contribution to ecosystem struc-
ture and function (Sandin et al. 2008; Mora et al. 2011;
McDole et al. 2012). Conversely, communities that are dis-
tinct with respect to these variables may be energetically
similar (Fig. 1). The Metabolic Theory of Ecology (MTE;
Brown et al. 2004) yields predictions for how community
abundance, biomass and energy flux should change with size
structure, temperature and ecosystem productivity (Allen
et al. 2005; Yvon-Durocher & Allen 2012; Trebilco et al.
2013), but there have been few attempts to test such predic-
tions (but see Lopez-Urrutia et al. 2006; O’Connor et al.
2009; McDole et al. 2012), particularly at broad spatial
scales.

Here, we use MTE as a framework to synthesise individ-
ual- and community-level data and analyses (Fig. 1) to esti-
mate energy fluxes and trophic structures of reef-fish
communities and how they change along broad gradients of
temperature and productivity. Our approach builds on other
recent studies that use MTE to quantify the energetics of
marine communities and ecosystems (Lopez-Urrutia et al.
2006; O’Connor et al. 2009; McDole et al. 2012), and a
much larger body of earlier work that yielded predictions on
ecosystem dynamics by summing metabolic rates of individu-
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Figure 1 Scaling from individual-level metabolic rate (B;) to total community-level respiration (R7). Individual-level rates (lower graphs) exhibit sub-linear
power-function scaling with body mass (M,), implying that the scaling exponent o is < 1 and that respiratory capacity (depicted as mitochondria) per
unit body mass declines as size increases. Effects of temperature on rates are exponential well below the optimum. In the hypothetical example, ATP
turnover per mitochondrion (spirals) doubles from 20 °C (blue) to 28 °C (red). Community-level flux (in 1m? area, upper graphs) is similar despite the
fact that communities differ in number of individuals (J7), standing biomass (M7), size-corrected biomass (MﬂMf")T) and temperature. From left to
right, the first and second communities differ in size structure, but are very similar in M7(M?"!'), and environmental temperature (20 °C), and therefore
equivalent in terms of respiration. The third community has low Mz, but is found at 28 °C, and therefore respires similarly. Equations 1-6 are detailed

in Methods.

als (e.g. Polovina 1984). The community-level database we
use encompasses 49 reef sites in eight regions, 496 748 indi-
viduals and 989 species. While a number of studies have
assessed spatial gradients in biomass and abundance for reef
fishes (e.g. Mora et al. 2011), to our knowledge, no studies
have attempted to quantify energy fluxes of reef-fish commu-
nities at such broad spatial scales.

Our analysis entails two distinct components. First, we
quantify metabolic rates of fish and their primary determi-
nants and, in so doing, test three predictions of MTE
(hypotheses HI-H3 detailed in Methods). Second, we scale
up the individual-level scaling relationships to first estimate
energy fluxes of communities (e.g. Allen et al. 2005; Yvon-
Durocher et al. 2012) (Fig. 1), and then derive and test
predictions on how community-level energy flux should vary
with temperature and net primary productivity (NPP) if
specific community- and ecosystem-level assumptions are
upheld (hypotheses H4-HS). For this second component, we
synthesise individual- and community-level data and analyses
using a Bayesian approach, building on recent work (Yvon-
Durocher & Allen 2012).

© 2014 John Wiley & Sons Ltd/CNRS

METHODS

Individual-level hypotheses

Hypothesis Hl: Metabolic rate will increase sub-linearly
with body mass according to a power function with a scal-
ing exponent o, ~ 0.75.

The single best predictor of metabolism across the diversity of
life is body mass (Gillooly et al. 2001; Brown et al. 2004),
which varies by > 6 orders of magnitude among reef fishes
(Froese & Pauly 2012). The effect of individual body mass,
M, (g), on metabolic rate, B; (g C d™"), can be characterised
by a power function of the form

B; = B,M, (1)

where B, is a metabolic normalisation (g C g d~') that var-
ies among taxa and with other variables (Brown ez al. 2004).
The dimensionless scaling exponent o is generally <1 for
metazoans, indicating sub-linear scaling with body mass, and
also varies among metazoan taxa, with an average of ~0.75
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(Savage et al. 2004). Previous analyses suggest that basal met-
abolic rates of fish may exhibit a somewhat steeper size scal-
ing (i.e. o ~ 0.80; Clarke & Johnston 1999). Here, we assess
the scaling of routine metabolic rate, which corresponds to the
rate of energy expenditure required by a fish in the field to
sustain survival, growth and reproduction.

Hypothesis H2: Metabolic-rate temperature dependence
can be approximated by the Boltzmann relationship with
an activation energy E, =~ 0.6-0.7 eV at temperatures
below the optimum, 7,,,.

Another key determinant of metabolic rate is temperature.
In general, metabolic rate exhibits a unimodal response (Huey
& Stevenson 1979) such that the effects of temperature are
positive and exponential at temperatures well below the tem-
perature optimum owing to biochemical kinetics (Gillooly
et al. 2001), but negative above this optimum owing to protein
denaturation and/or other processes that compromise biologi-
cal function (bottom right plot of Fig. 1). Here, we model
these effects of temperature on the metabolic normalisation,
B, from eqn 1, using the following expression (see Supplemen-
tary Information),

B, = b,(T,)e" (=9 (1) (2)

(1) = (1 +(52 E)E(_‘>) 7 ()

where b,(T,) is the value of the metabolic normalisation at
some arbitrary absolute temperature 7, (K), and k is Boltz-
mann’s constant (8.62 x 107> eV K '). In this expression, the
Boltzmann relationship, eE"(ﬁ_#), describes temperature-
induced enhancement of rates using an activation energy, E.
(eV), consistent with previous MTE work (Gillooly ez al.
2001; Allen et al. 2005), whereas I(T) characterises declines in
rates above T,,, using an inactivation parameter £; (School-
field et al. 1981). The existence of a temperature optimum
implies that E>E,. Previous work indicates that E, varies
among taxonomic groups, with an average of ~0.65 eV, which
corresponds closely to the average activation energy of meta-
bolic reactions in the respiratory complex (Gillooly ez al.
2001). In the absence of temperature inactivation, this value
for E, would imply a ~3.3-fold increase in individual energy
flux over the range of temperatures experienced by reef fishes
(~18-32 °C). However, if the upper bound of this range is at
or near the temperature optimum for reef-fish species, as sug-
gested by some recent work (Gardiner et al. 2010), the overall
temperature response will be weaker. We can evaluate this
hypothesis by statistically comparing models fitted with and
without the inactivation term, I(7), in eqns 2 and 3.

Hypothesis H3: The size- and temperature-corrected rate
of metabolism, b,(T,), is independent of average thermal
regime.

While the exponential effects of temperature on biochemical
reaction rates have long been recognised, organisms utilise
diverse physiological mechanisms to maintain homeostasis in
different thermal regimes (Hochachka & Somero 2002).
Consequently, some have argued that physiological acclima-

tion and/or evolutionary adaptation may allow organisms that
occupy distinct thermal regimes to modulate acute tempera-
ture effects, as expressed in eqns 2 and 3, through changes in
bo(T.) (Clarke & Fraser 2004). We can evaluate this hypothe-
sis by fitting a function of the form

bo(T.) = by(T) el —i7), "

where b,(T,) is the size- and temperature-corrected metabolic
rate of an organism whose average thermal regime is (1/kT.),
and E, characterises any changes in this rate with average
thermal regime, (1/kT). We refer to E, as an adaptation
parameter (rather than an activation energy) because it cannot
be justified based on simple biochemical kinetics. Neverthe-
less, it provides a useful benchmark for comparison with the
activation energy, E,, in eqns 2 and 3 above. The evolutionary
adaption hypothesis, as articulated by Clarke & Fraser
(2004), proposes that b,(T.) is generally higher for taxa
adapted to cooler environments, implying that £, > 0 in eqn
4. By contrast, if E, =~ 0, b,(T.) is essentially independent of
thermal regime, as assumed in the original MTE formulation
(Gillooly et al. 2001), meaning that temperature scaling of
rates is similar within and among taxa. Distinguishing
between these alternative hypotheses is particularly relevant
here because the existence of temperature adaptation (E, > 0)
would imply that the overall temperature-induced enhance-
ment of rates for communities that occupy warmer environ-
ments is weaker than would be predicted based solely on the
activation energy E,.

Testing hypotheses HI-H3

The predicted effects of body size (« &~ 0.75), temperature
(E. ~ 0.6-0.7 eV) and thermal regime (£, ~ 0 eV) can be eval-
uated by combining eqns 1-4 and then taking logarithms to
yield

—_ 1 1
InB; =Inb,(T,) +olnM; + Ea((k—T> — kT)

1 1 Er E; (ﬁfﬁ')
+E"<ch_ﬁ> —ln<l—|— (Ei_Er>e .
(5)

We evaluate these predictions using metabolic-rate data
compiled in FishBase (Froese & Pauly 2012), along with addi-
tional reef-fish data compiled from the recent literature
(Supplementary Information). The FishBase data we analyse
include all measurements of routine metabolic rate that have
accompanying size and temperature data, except measure-
ments denoted as being taken under stressful conditions. To
allow for the assessment of differences among families in the
temperature scaling of rates (described below), we only include
data from families with at least five metabolic-rate measure-
ments over at least a 5 °C temperature range. Data for two
families (Carangidae and Coryphaenidae) were, however,
excluded because preliminary analyses indicated that they were
outliers with respect to scaling behaviour, and therefore pre-
vented statistical models (described below) from converging on
stable parameters estimates. In total, our compilation of meta-
bolic-rate data encompasses 2036 measurements taken from 43

© 2014 John Wiley & Sons Ltd/CNRS



1070 D. R. Barneche et al.

Letter

families and 270 species of marine and freshwater fish, includ-
ing 40 reef-fish species.

Effects of size and temperature were assessed by fitting eqn
5 to metabolic-rate data using non-linear mixed-effects model-
ling in the R package /me4 (version 0.999999-0) (Bates et al.
2014, Tables S1-S2). During model fitting, thermal regime
(E,) and temperature inactivation (E;) were treated as having
fixed effects. Size («), temperature activation (E,), optimum
temperature (7,,,) and the size- and temperature-corrected
rate (Inb,(T,)) were treated as having both fixed effects and
random effects that varied by family (Aw, AE, AT,,,
Alnb,(T,)). Random effects were assumed to be normally dis-
tributed, with means of 0, so the fixed effects «, E,, T, and
Inb,(T.) correspond to family-level averages. Given that ther-
mal regime, (1/kT), was calculated based on the average of
the inverse absolute temperature measurements for each fam-
ily, our approach is mathematically similar to the one
described by van de Pol & Wright (2009) for distinguishing
within- vs. between-group effects using mixed-effects models.

A parsimonious model that included only the most informa-
tive parameters was constructed using maximum likelihood
(Zuur et al. 2009) (Table S1). This parsimonious model was
then refitted using a Bayesian procedure by calling JAGS
(version 3.3.0) from the R package R2jags (version 0.04-01)
(Su et al. 2014) to determine posterior distributions and associ-
ated 95% credible intervals (Cls) for the fitted parameters (R
code available at https://github.com/dbarneche/ELEBarneche).
A key advantage of the Bayesian approach for this analysis was
that it allowed us to assess how statistical uncertainties in our
estimates for the size and temperature scaling of fish metabolic
rates influenced the precision of community-level estimates of
size-corrected biomass and energy flux (see hypotheses H4-H5
below). When fitting the models in both JAGS and [me4, rather
than estimate E, directly, we instead estimated the transformed
quantity E,, where E, = E;/(1 +exp(—E})), to ensure that
E; > E,.in eqn 5 (Tables S2-S3).

Community-level hypotheses

Hypothesis H4: Holding ecosystem net primary productiv-
ity constant, size-corrected biomass should decline with
increasing temperature.

Community-level flux is equal to the sum of the individual
fluxes. Thus, annual respiratory carbon flux for a heterotroph
community comprised of J; individuals in an ecosystem of
area A, Ry (2 C m 2 year '), equals the sum of the time-inte-
grated individual-level respiration rates, f;:of B;i(t)dt, over the
time interval 1 = 0 day to ¢t = t = 365 days,

Jr 1=t
Ry = (1/A)i§1:/l_0 Bi(1)dr
= by (T)Mr(M; ) (e I(T))., (6)

where (eE"(kLT«’ﬁ)I(T )), is time-averaged temperature
kinetics (Yvon-Durocher et al. 2012), which is calculated
by integrating temperature variation through time,

1 1

() (=(1/7) ['=F & <"’T'7W’) I(T(t))dt). Community-level size

© 2014 John Wiley & Sons Ltd/CNRS

structure is characterised as MT<M3‘*'>T:(1/A)Z;’:T1 M,
where M7 is total community biomass per unit area
(= (1/A) S My), and (M?7'), is the biomass-weighted
average for M?~! (= (Z;’:Tl Mf‘)/(z;’ll M,-)) (Allen ez al. 2005).

We refer to the product My(M?~'), as ‘size-corrected bio-
mass’ because size correction, by (M?”)T, accounts for
declines in mass-specific metabolic rate, B;/M,, with increasing
size. This size-related decline is, in turn, predicted by MTE to
reflect declines in respiratory capacity (Allen & Gillooly
2009). Consequently, My(M?*'), is predicted to be propor-
tional to the total respiratory capacity of the community on a
per-unit-area basis (Yvon-Durocher & Allen 2012). Thus, cal-
culation of size-corrected biomass facilitates comparisons of
respiratory capacity and energy flux among communities that
differ in size structure and standing biomass (Fig. 1).

To derive hypothesis H4 using eqn 6, we note that the reef-
fish community garners some fraction, €7, of annual NPP,
N7, meaning that e7N7 = Ry, and therefore that

In Mp(M?™ "), = In[er/b,(T.)] + InN7

— In(eE (=) (1) . )

Holding temperature constant, eqn 7 predicts a proportional
increase in total size-corrected biomass with NPP owing to
greater food availability, implying a slope of 1 for the second
term, InN7. Holding NPP constant, it predicts an inverse
relationship with time-averaged temperature kinetics owing to
increases in per-individual metabolic demands, implying a
slope of -1 for the third term. Importantly, these predictions
only hold if the fraction of that carbon consumed by the fish
community, €7, and the size- and temperature-corrected meta-
bolic rate, b,(7T.), are both independent of thermal regime,
and if reefs are relatively closed systems with respect to the
production and consumption of reduced carbon. The closed-
system assumption, in particular, may not hold true (Hamner
et al. 1988; Hatcher 1990), but nevertheless provides a point
of departure for deriving and testing predictions. Thus, eqn 7
provides a useful benchmark for assessing the extent to which
one or more of these assumptions have been violated.

Hypothesis HS5: Size-corrected biomass should be lowest
at the highest trophic level.

Energy is lost from the system as energy is transferred
between trophic levels (Lindeman 1942). Owing to these
losses, if reef fishes consumed only autotrophs or other fish
occurring on the reef, the fraction of reef NPP garnered by
piscivorous fish (€p;) would be constrained by energy balance
to be lower than that of herbivorous fish (ez), meaning that
ep; /ey < 1. Complications arise, however, because reef fishes
consume diverse prey items other than autotrophs and fish,
including gastropods and zooplankton. Moreover, higher tro-
phic levels, particularly top predators such as sharks, may
receive substantial energy subsidies from outside the system
(Trebilco et al. 2013).

Despite these complications, we can extend eqn 7 to empiri-
cally assess whether energy fluxes of piscivores, Rp;, are lower
than those of herbivores, Ry, using data on size-corrected bio-
mass,
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Rp; Mpi(M*1Y .
P MM (8)
Ry Mp(M* ),

1

In

where Mp;(M?71),, (= (1/4) 37" M?) is the size-corrected

1

biomass for Jp; piscivorous individuals in a defined area A,
and My(M*7"), (= (I/A)ij] M?) is the size-corrected bio-
mass for J herbivorous individuals in this same area. Impor-
tantly, productivity, Nz, and time-averaged temperature

kinetics, (eE"(ﬁ’kLT)I(T)T), both drop out of eqn 8. Conse-
quently, ratios of size-corrected biomass for pairs of trophic
groups can be meaningfully compared among communities
that differ in size structure, NPP and temperature. These
ratios provide a useful, albeit indirect, means of assessing the
importance of prey items other than fish. If, for example, the
size-corrected biomass of invertivores was higher than that of
herbivores in a given community, this would represent direct
evidence that the fishes garner more of their energy from
invertebrates than from direct consumption of NPP.

Testing hypotheses H4—H5

We evaluated hypotheses H4-H5 using community-level data
on reef-fish abundances and body lengths collected from 49 sites
(islands, atolls and coastal contiguous reefs), including 14 sites
in the South-western Atlantic and its oceanic islands, 1 site in
the Caribbean, 2 sites in the Tropical Eastern Atlantic, 1 site in
the Tropical Eastern Pacific, 4 sites in the Central Pacific, 2 sites
in the South-eastern Pacific and 25 sites in the South Pacific
(Table S4). Each species was assigned to one of five trophic
groups (herbivores, omnivores, planktivores, invertivores and
piscivores) using information in the published literature, online
databases and expert judgment (Supplementary Information).

Community-level estimates of size-corrected biomass were
inferred from the abundance and body length data by first
estimating wet weights of individuals using power-function
length-weight conversion formulas compiled from the litera-
ture and online databases (Supplementary Information).
Fluxes were then estimated by combining size-corrected bio-
mass values with weekly estimates of mean annual sea-surface
temperature obtained from the CorTAD database between
1997 and 2007 (Selig et al. 2010).

Estimates of ecosystem-level reef NPP are scarce in the liter-
ature (Gattuso et al. 1998; Naumann ez al. 2013). Indeed, we
are aware of only one study that has estimated it (Odum &
Odum 1955). Although many reef studies have reported esti-
mates of net community productivity (NCP; Hatcher 1990),
NCP does not represent the total energy available to the het-
erotrophic community. Rather it is the fixed carbon that
remains after heterotrophic consumption (= gross ecosystem
photosynthesis — total ecosystem respiration). Consequently,
we evaluated Hypothesis H4 for planktivorous fish (i.e. pela-
gic consumers) using estimates of pelagic NPP (hereafter, Np,
g C m 2 year ') derived from SeaWIFS (Behrenfeld & Fal-
kowski 1997). Cautious interpretation is, however, warranted
because planktivores may obtain primary production from a
larger area owing to oceanic currents (Hamner er al. 1988).
Data from Abrolhos (South-western Atlantic) were excluded
from this analysis because no planktivores were recorded.
Uncertainties in the scaling relationships of individual-level

metabolic rates were accounted for by calculating size-cor-
rected biomass, M T(M?H)T, time-averaged temperature kinet-
ics, <eE"(ﬁ’kiT)I(T))T, and community flux, Ry (in g C m™?
yr 1), based on the joint posterior distribution for E,, E;, Topss
o and Inb,(T,) (E, was not significant, see Results), as deter-
mined using Bayesian methods in JAGS.

We evaluated whether the size-corrected biomass of plankti-
vores increased with Np, and declined with increasing time-
average temperature kinetics (hypothesis H4), using standard
multiple regression. Two-tailed -tests were used to assess
whether the observed slopes differed from expected values.
ANCOVA was used to assess whether log ratios of size-corrected
biomass (eqn 8) varied in response to temperature and among
trophic groups (hypothesis H5). Overall differences in commu-
nity structure among regions, as indexed by trophic-specific log
ratios of size-corrected biomass, were assessed using MANOVA,
as is the standard procedure for analysing differences in com-
positional data (Aitchison 2003). Due to a lack of plankti-
vores, Abrolhos was also excluded from this analysis.

RESULTS AND DISCUSSION
Individual-level hypotheses H1-H3

The parsimonious metabolic-rate model yields estimates for
the overall size- and temperature-scaling relationships — repre-
senting family-level averages — that closely match MTE Pre-
dictions (Tables 1,S1-S3; Figs 2,S1-4). Consistent with
hypothesis H1, the overall effect of size, characterized by the
scaling exponent o, is statistically indistinguishable from 0.75,
implying sub-linear scaling (i.e. « < 1), which provides theo-
retical justification for ‘size-correcting’ biomass at the commu-
nity level. Consistent with hypothesis H2, the activation
energy, E,, is statistically indistinguishable from the predicted
range ~0.6-0.7 eV. Consistent with hypothesis H3, the adapta-
tion parameter E, is not significant (likelihood ratio test:
}52:0.98; d.f.=1; P=0.323; Table Sl), and is therefore
excluded from the parsimonious model (Tables 1, S1-S2).
Thus, size- and temperature-corrected rates appear to be lar-
gely independent of thermal regime.

Table 1 Average estimates and 95% credible intervals (of Bayesian poster-
ior distributions) for fixed-effects parameters in the parsimonious model
(model F2 in Table SI; see Table S3 for estimates of random effects).
Fixed-effect parameters include: o, the (family-level) average for the mass
dependence of metabolic rate; E,, the average for the temperature depen-
dence of metabolic rate; Inb,(7,), the average for the size-corrected meta-
bolic rate at temperature 7. = 20 °C; T,,, the temperature optimum of
fish metabolism and E; the inactivation energy describing the rate of
decline in metabolic rate at temperatures >T,,,.

Parameter Estimate 2.5% CI 97.5% CI
Fixed effects
Size, o 0.760 0.676 0.842
Activation energy, E, (eV) 0.589 0.430 0.877
Normalisation, —5.714 —5.980 —5.274
In by(T,) (gCg” dil)
Temperature optimum, T, (K) 306.310 301.721 314.562
Inactivation energy, E; (eV) 2.035 1.248 3.111

© 2014 John Wiley & Sons Ltd/CNRS
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Figure 2 Scaling of routine metabolic rates of fish with respect to (a) body size and (b) temperature. Parameter estimates (listed in Table 1) were obtained
using Bayesian methods. The effect of temperature on routine metabolic rate was controlled for in (a) by standardising the temperature measures, 7' (in K),
to Te=293.15 K (= 20 °C) based on family-level temperature scaling relationships, where k is the Boltzmann constant (8.62 x 107> ¢V K '). The effect
of body mass was controlled for in (b) by standardising measures to 1 gram based on the family-level size scaling relationships. The size-corrected rate at
temperature T, Inb,(T.) = —5.71 g C g~* d~!, corresponds to an average across families.

Importantly, however, the temperature inactivation term
I(T) (eqn 3) is highly significant (likelihood ratio test:
7> =17.04; d.f. = 6; P = 0.009), yielding evidence of a temper-
ature optimum (7,,,) for metabolic rates of fish (Fig. S4). By
incorporating these parameters into the metabolic-rate model,
our analysis expands upon early MTE efforts that described
the temperature dependence of biological rates based solely on
the Boltzmann relationship (e.g. Gillooly er al. 2001; Brown
et al. 2004; Allen & Gillooly 2009), consistent with other
recent MTE work (e.g. Amarasekare & Savage 2012).

Of particular relevance, our estimate for the family-level
average for T, 33 °C (95% CI: 29-41 °C, Table 1), overlaps
with the maximum temperature observed in our sampled tropi-
cal reefs (maximum temperature at the sampled sites from Cor-
TAD: 32.55°C). Analyses of standard metabolic-rate data
yield further evidence of a temperature optimum of similar
magnitude (Fig. S5). These findings represent independent evi-
dence that at least some marine fish taxa are already experienc-
ing thermal regimes at or near their temperature optima
(Gardiner et al. 2010), perhaps constraining the capacity of fish
communities (and reef ecosystems more generally) to respond
to climate change (Rummer ez al. 2013). Still, it is important to
recognise that clear evidence of an optimum is only observed
for a subset of the families included in our analysis, which have
data that span a wide temperature range (e.g. Centrarchidae,
Cyprinidae, Sparidae; Fig. S1). Moreover, the data in our
analysis encompass a mixture of short-term acute temperature
responses and longer term temperature acclimation, which can
occur over multiple generations (Donelson et al. 2012). Thus,
our findings highlight the need for further investigations on the
biochemical mechanisms and timescales of temperature accli-
mation and adaptation in fish.

After accounting for overall trends using fixed effects, our
model reveals substantial family-level variation in size scaling
(Ax), temperature scaling (AE,, AT,,;) and size- and tempera-
ture-corrected rates (Alnb,(7.)) (Figs. 2,S1). Thus, while our
metabolic-rate model supports MTE predictions for fish as a

© 2014 John Wiley & Sons Ltd/CNRS

group, it also quantifies deviations from general trends by
incorporating random effects attributable to taxonomy. For
example, our estimate of 0.58 for the standard deviation of
Alnb,(T,) (Table S3) implies that metabolic rate varies, on
average, by about 3-fold (= ¢**°®) among families after
accounting for size and temperature. By explicitly accounting
for such deviations, modelling approaches such as ours may
help to resolve controversies surrounding the generality of met-
abolic scaling relationships (e.g. Agutter & Wheatley 2004).
While the parsimonious model does indicate family-level devia-
tions from « and E,, 81% of the families had 95% CIs for size-
scaling exponents that included the predicted 0.75, and 98% of
families had 95% ClIs for activation energies that included 0.6—
0.7 eV. And, notably, scaling relationships for reef fishes are
similar to those of other species (Fig. 2, blue circles).

Community-level hypotheses H4-H5

Propagation of the uncertainties from the individual-level met-
abolic-rate model to community-level estimates of size-
corrected biomass demonstrates that this source of uncertainty
introduces error of small magnitude in the estimates of
InM7(M?~") . relative to variation among sites (represented by
95% CI bars in Fig. S7). Posterior distributions were there-
fore averaged to obtain the community-level estimates used in
subsequent analyses.

In disagreement with hypothesis H4 (eqn 7), the logarithm
of size-corrected biomass for planktivores (InMp(M*~1),) is
not correlated with time-averaged temperature kinetics
(In <eE"(i7ﬁ)1(T)>T) or near-pelagic NPP (InNp) in a multiple
regression analysis (F = 0.65, P = 0.53). However, after
excluding from our analysis six coastal sites in the South-wes-
tern Atlantic (below 17 °S), all of which are exceptionally
turbid (Fig. S8), size-corrected biomass increases significantly
(P <0.001) and approximately proportionally with Np, in
agreement with hypothesis H4, as indicated by a log-log slope
near 1 from the multiple regression model (1.74, t-test:
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Figure 3 Relationships of size-corrected biomass of planktivores to (a)
pelagic net primary production and (b) time-averaged temperature kinetics.
(c) Estimated fraction of pelagic net primary productivity respired by
planktivores plotted as a function of mean annual temperature. The fitted
models and associated statistics depicted in the figure were estimated using
multivariate (in a and b) and bivariate (in ¢) OLS (ordinary least squares)
regression, excluding six exceptionally turbid sites (Fig. S8) denoted by ‘X’
(n = 42 sites). The model intercept in panels a and b corresponds to the
estimated logarithm of size-corrected biomass for a planktivore community
receiving 200 g C m? year™ ' at 20 °C. Colours are used to denote sites in
different regions: South Pacific (yellow), Central Pacific (light blue), South-
castern Pacific (black), Tropical Eastern Pacific (purple), Caribbean
(orange), South-western Atlantic (green), South-western Atlantic oceanic
islands (blue), Tropical Eastern Atlantic (red). Coral-dominated reefs are
depicted as circles and rock-dominated reefs are depicted as squares.

P =0.06; Fig. 3). These findings suggest that planktivore
abundances on reefs are constrained by Np provided that
turbidity is not so high that it hampers planktivore feeding

(Johansen & Jones 2013). More generally, they suggest that,
despite evidence indicating that local, site-specific hydrody-
namics can influence food availability to reef planktivores
(Hamner et al. 1988), Np is nevertheless a useful proxy of food
availability for reef planktivores at broad spatial scales.
Excluding the six turbid sites, the log—log slope of the relation-
ship between size-corrected biomass and time-averaged tem-
perature kinetics is also highly significant in the multiple
regression model (P = 0.004), but substantially steeper than
the predicted —1 (—7.86, t-test: P = 0.01), implying that plank-
tivorous reef fishes garner a progressively smaller fraction of
Np as water temperature increases (Fig. 3c).

Community trophic structure, as indexed by four log ratios of
size-corrected biomass (piscivore-to-herbivore, invertivore-to-
herbivore, planktivore-to-herbivore and omnivore-to-herbivore,
following eqn 8), differs significantly between regions (MANOVA:
P <0.0001; Fig. 4), indicating striking differences in
resource use among reef-fish communities. For example,
size-corrected biomass of planktivores is proportionally higher in
the Tropical Eastern Atlantic (63%) than the other regions
(£ 15%; Fig. 4), supporting the idea that plankton can be impor-
tant energy resources to reef fishes (Hamner ez al. 1988).
Remarkably, these differences in trophic structure are uncorrelat-
ed with temperature regime (ANcova: P = 0.5440; Fig. S7), sug-
gesting primary roles for unmeasured historical factors related to
divergent evolutionary histories of distinct fish faunas (Bellwood
& Wainwright 2002; Kulbicki et al. 2013). In addition, fishing
pressure varies considerably among the sites included in our
analysis, and can alter community structure (Jackson et al. 2001;
Sandin et al. 2008; Mora et al. 2011; Friedlander ez al. 2013) in
diverse ways (Kronen et al. 2012). Disentangling human impacts
requires careful selection of sites along disturbance gradients
(e.g. Sandin et al. 2008; McDole et al. 2012), and may be
informed by the energetic approach adopted here.

Size-corrected biomass also differed among trophic groups,
as indicated by significant differences in the averages of the
four log ratios (one-way ANova: P < 0.0001). Consistent with
hypothesis HS, the piscivore-to-herbivore log ratio (eqn 8), as
well as the planktivore-to-herbivore log ratio, had averages
<0 (two-sided r-tests: both P < 0.001), meaning that size-
corrected biomass values (and hence energy fluxes) of both
groups were less than those of herbivores. However, the
mean omnivore-to-herbivore and invertivore-to-herbivore log
ratios were not significantly different from 0 (two-sided
t-tests: P =0.94 and P = 0.29 respectively). Post hoc analyses
[Tukey HSD (Honestly Significant Difference)] of pair-wise
differences among log ratios allow us to construct an average
‘stoichiometry’ of size-corrected biomass: 4.17 invertivores;
3.09 herbivores; 2.77 omnivores; 1.30 piscivores; 1 plankti-
vore. Thus, in terms of size-corrected biomass, and hence
energetics, our results suggest that, on average, invertivores
are the most important trophic group in reef-fish communi-
ties. These findings indicate that reef-fish communities gener-
ally obtain more energy from consumption of invertebrates
than from direct consumption of NPP.

Notably, our calculated stoichiometry for size-corrected bio-
mass implies that, on average, energy flux by piscivores is only
~2.38-fold lower than that of herbivores (i.e. 2.38 ~ 3.09/1.30).
This difference is markedly less than would be predicted if

© 2014 John Wiley & Sons Ltd/CNRS



1074 D. R. Barneche et al.

Letter

W Piscivores [ Invertivores [ Planktivores

B Omnivores @ Herbivores

(a) 100
80—

o

<

]

< 60—

g

8

o

E

<

S

n
20
0_
%°§

(b) 100

<

E\./ 80—

wn)

172}

£

S 60

ks

=

5

O 40+

§ 30%

b

N 204

n
0_
%@&

Figure 4 Average percentage allocations of (a) standing biomass and (b)
size-corrected biomass among trophic groups for communities in different
biogeographic regions. Means of each trophic group were calculated
based on log ratios using MANOVA. Numbers on top of the bars indicate
the number of sites sampled in each biogeographic region. Only
percentages higher than 10% are labelled.

piscivorous reef fish directly or indirectly obtained all of their
energy from herbivorous reef fish: assuming a difference of > 2
trophic-position units between herbivores and piscivores (Hus-
sey et al. 2014) and a Lindeman (1942) efficiency of ~0.10
between adjacent trophic levels, the predicted difference would
be > 100-fold (i.e. > 0.10%). Given that our size-corrected bio-
mass estimates already account for changes in energy use and
biomass turnover related to size, body size alone appears insuf-
ficient to account for the observation that some pristine reefs

© 2014 John Wiley & Sons Ltd/CNRS

are ‘top-heavy’, with most biomass in large, apex predators
(Sandin ez al. 2008; Friedlander ez al. 2013). Rather, our results
support the hypothesis that such top-heavy pyramids arise pri-
marily because higher trophic levels receive substantially
greater energetic subsidies from sources other than reef fish
(Trebilco et al. 2013). Contributing factors may include high
mobility for large piscivores (Werry et al. 2014), which may
allow them to garner more energy from areas outside the reef.

More detailed inspection of our size-corrected biomass
estimates highlights the importance of size correction for
broad-scale comparative analyses. For instance, the percentage
standing biomass of piscivores is very high (47%) at the quasi-
pristine Isla del Coco (only site in the Tropical Eastern Pacific,
Fig. 4a). This pattern reflects the relatively high abundance of
large predators, such as the hammerhead shark Sphyrna lewini
(average biomass of 29.5 kg/sampled individual), which
comprises 5% of the standing biomass, but only 2% of the
size-corrected biomass. Conversely, the territorial damselfish
Stegastes arcifrons (average biomass of 0.078 kg/individual)
contributes 5% of the standing biomass, but 9% of size-
corrected biomass. Consequently, after size correction, relative
biomass of piscivores at Isla del Coco becomes significantly
smaller (Fig. 4b). These calculations support the assertion that
smaller, more abundant fish (e.g. Gobiidae) are often the
primary contributors to energy flux in reef-fish communities
(Ackerman et al. 2004; Depczynski et al. 2007).

Total respiratory fluxes of fish communities (eqn 6) increase,
on average, ~2.3-fold from 22 to 28°C (Fig. 5). Similar results
are obtained if regional effects are explicitly controlled for
(Supplementary Information). These respiratory flux estimates
are conservative because they exclude contributions of noctur-
nal fish and of fish < 10 cm (Fig. S6). Still, they exceed esti-
mates of pelagic NPP for 10 of the 49 sites, consistent with
observations that the vast majority of primary production on
reefs is benthic in origin (Polovina 1984; Naumann et al. 2013)
and that reef productivity is often substantially higher than the
surrounding oceans (Hatcher 1990). The observed increase in
total rates of respiration by reef fish with temperature imposes
important constraints on the dynamics of reef ecosystems
because it implies one or more of the following variables are
increasing moving towards warmer reefs: reef fish are garnering
a larger fraction of reef NPP, reef NPP is increasing and/or reef
fish are receiving greater energy subsidies. Distinguishing
among competing mechanisms will require far more extensive
data on reef NPP, which is estimated using an approach similar
to the one adopted here by first characterising the photosyn-
thetic rates and metabolic demands of autotrophic individuals,
and then scaling these fluxes up to entire reef ecosystems (e.g.
Odum & Odum 1955; Naumann etz al. 2013). Thus, the hierar-
chical statistical approach adopted here, which entails scaling
from individuals to ecosystems by explicitly incorporating
both idiosyncratic random effects (e.g. taxonomy) and general
physiological constraints (e.g. body size, temperature), may
prove useful for other groups and applications.

CONCLUSIONS

Our study demonstrates how individual- and community-level
data can be combined to identify important broad-scale trends
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estimated respiratory flux of fish communities. The fitted dashed line and
associated statistics were estimated using OLS regression (n =49 sites).
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depicted as circles, and rock-dominated reefs are depicted as squares.
Variation in estimates of community-level flux introduced by statistical
uncertainties in the size-temperature scaling of metabolic rate are
represented by 95% CI bars in the figure.

in energy flux (Fig. 1). At the individual level, our analyses
highlight both the generality of MTE predictions with regard to
the size and temperature scaling of metabolic rate, as well as the
limitations of these predictions when applied to particular taxo-
nomic groups (Table 1). Our broad-scale comparative
approach also yields evidence of a temperature optimum in
metabolic rate at ~33 °C for many fish taxa (Fig. 2), and
thereby reinforces and extends previous work suggesting that at
least some tropical reef fishes are already experiencing tempera-
tures near their thermal optima. At the community level, our
study highlights the importance and utility of size correction to
assess broad-scale gradients in energy flux within and among
trophic levels and communities (Fig. 3). Accounting for size in
this way reveals striking differences in trophic structure among
communities in different oceanic regions (Fig. 4). Finally, by
quantifying community-level energy flux, our approach yields
important constraints on ecosystem dynamics (Fig. 5).
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