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The primary driving force of all animals is the necessity 
of finding the right kind of food and enough of it. Food 
is the burning question in animal society, and the whole 
structure and activities of the community are dependent 
on questions of food-supply.

Elton (1935; Animal Ecology, Chapter V, p. 56)

1  |  INTRODUC TION

Food consumption is the fundamental process that fuels an animal's 
energy budget because it provides the energy and nutrients neces-
sary for their survival, growth and reproduction. Together with for-
aging and food processing behaviour (i.e. strategies animals use to 
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Abstract
1.	 Measuring how temperature and body size drive individual consumption rates 

is fundamental to predict how climate change might shape population-level 
consumption pressure. Yet, such measurements remain rare. Here we fill this gap 
by parametrizing a theoretical model inspired by the Metabolic Theory of Ecology 
with laboratory experiments using an abundant cryptobenthic herbivorous-
detritivorous fish, Scartella cristata.

2.	 We derive corollaries of the theory at the population level, which allow 
researchers to quantify how population-level consumption rates might change 
under alternative scenarios of thermal regime and size distribution. We simulate 
multiple future scenarios by combining our model parameter estimates with field 
surveys of S. cristata size structure at different years and thermal regimes.

3.	 We find that while body size exhibits stronger effects across individuals of 
different sizes, small increments in average thermal regime are more likely to alter 
population-level consumption pressure.

4.	 Our study helps quantify and formalize how heterotrophic metabolism will further 
constrain primary production in a changing world.
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locate, capture and process food), actual food consumption rates—
consumed mass or energy per unit time—largely define the ecologi-
cal function of an individual (Barneche & Allen, 2018; Elton, 1935; 
Garvey & Whiles, 2016; Hou et al., 2008; Pawar et  al., 2012; Rall 
et al., 2012). Despite its fundamental ecological relevance, the con-
sumption rate is a relatively less studied component of individual 
energy budgets—particularly when compared to metabolic rates 
(Hou et al., 2008; Marshall & White, 2019; Pawar et al., 2012)—be-
cause it is logistically challenging to measure, especially for highly 
mobile organisms such as fish (Ferreira et  al.,  1998; Garvey & 
Whiles, 2016; Nunes et al., 2021). In ectothermic vertebrates, mul-
tiple physiological processes such as metabolic and growth rates are 
strongly influenced by body size and environmental temperature 
(Barneche et al., 2014; Barneche & Allen, 2018; Brown et al., 2004; 
Clarke,  2004; Clarke & Johnston,  1999; Dell et  al.,  2011; Farrell-
Gray & Gotelli,  2005; Gillooly et  al.,  2001; Glazier,  2005; Killen 
et  al.,  2010, 2016; Savage et  al.,  2004). Characterizing consump-
tion rates and how they change with these fundamental variables 
constitutes an essential step towards predicting ecological function 
in a changing world because both size structure and temperature 
regime are strongly affected by warming (Audzijonyte et al., 2020; 
O'Connor, 2009; Sheridan & Bickford, 2011).

In most vertebrates, the relationship between metabolic rates and 
body mass is sub-linear (Barneche et  al.,  2014; Brown et  al.,  2004; 
Farrell-Gray & Gotelli, 2005; Savage et al., 2004), such that larger an-
imals have a lower mass-specific metabolic rate than do smaller ones. 
However, this relationship can vary among different taxa, and by eco-
logical factors and life history characteristics (Barneche et al., 2014; 
Glazier,  2022; Isaac & Carbone,  2010; Killen et  al.,  2010, 2016). 
Compared to metabolic rates, the allometry of consumption rates has 
been less explored, with fewer empirical tests available (e.g. Ghedini 
et al., 2017; Glazier et al., 2020; Iles, 2014; Nunes et al., 2021). Existing 
evidence suggests that scaling exponents tend to be higher for con-
sumption rates than for metabolic rates because the latter tend to be 
measured in resting organisms, whereas consumption rates reflect 
conditions closer to maximal metabolic rate (Pawar et al., 2012). Theory 
predicts that consumption rates can exhibit either sub- or super-linear 
allometric scaling depending on the feeding dimensionality of an an-
imal (2D vs. 3D, respectively; Pawar et  al.,  2012; Rall et  al.,  2012). 
Specifically, super-linear scaling for consumption rates arises because 
search radius, and therefore search rate at a given size, is higher in 3D 
environments (Pawar et al., 2012). Estimating this scaling relationship 
is crucial because mass-specific consumption rates will increase for 
smaller or larger individuals when scaling is sub- or super-linear, re-
spectively. By extension, this individual-level mass scaling relationship 
will have a direct bearing on the carrying capacity of a population, and 
how it might change with warming (Bernhardt et al., 2018).

Temperature is another critical factor regulating physiolog-
ical rates and, consequently, animal consumption rates (Brown 
et  al.,  2004; Dell et  al.,  2011; Lemoine & Burkepile,  2012; Nunes 
et al., 2021; Rall et al., 2010; Schaum et al., 2018). It has an expo-
nential effect on physiological and behavioural rates when within 

ordinary environmental temperatures (Barneche et  al.,  2014; 
Clarke, 2004; Dell et al., 2014; Gillooly et al., 2001; Rall et al., 2012). 
However, different physiological rates do not respond equally to 
changes in temperature, and these responses can also vary substan-
tially among taxa and life history strategies, acclimation and adapta-
tion (Barneche et al., 2014; Dell et al., 2011; Iles, 2014; Jutfelt, 2020; 
Lemoine & Burkepile,  2012; Nunes et  al.,  2021; Rall et  al.,  2010; 
Schaum et al., 2018). For example, consumption rates may not ex-
hibit the same temperature dependence when compared with met-
abolic rates, with studies presenting both relatively weaker and 
stronger dependencies for consumption rates (Iles, 2014; Lemoine 
& Burkepile, 2012; Nunes et al., 2021; Rall et al., 2010). The match 
(or lack thereof) in these temperature dependencies takes partic-
ular importance because it can determine the survival and fitness 
of species under different thermal regimes (Bernhardt et al., 2018; 
Lemoine & Burkepile, 2012; Rall et al., 2010).

Cryptobenthic reef fishes comprise the bulk of fish species in 
reefs worldwide. They exhibit small body sizes, short life cycles, 
and suffer high predation mortality, thus contributing to a substan-
tial portion of energy transfer in coral reefs (Brandl et  al.,  2019; 
Depczynski et al., 2007; Mihalitsis et al., 2021). Indeed, cryptoben-
thic fishes may constitute the primary trophic link on coral reefs, 
comprising up to 60% of the consumed reef fish biomass (Brandl 
et al., 2019). Cryptobenthic reef fishes are among the smallest ver-
tebrates on the planet, and understanding the relationship between 
consumption rates, temperature, and body size within this group will 
improve our understanding of how animals function at the shortest 
end of the size spectrum.

In the present study, we test experimentally how body mass 
and temperature change the consumption rates of Scartella cristata 
(Blenniiformes: Blenniidae), an herbivorous-detritivorous crypto-
benthic reef fish species that is abundant throughout shallow reefs 
of the Southwestern Atlantic Ocean. We use the Metabolic Theory 
of Ecology (MTE) as a guiding framework to test the following hy-
potheses: (H1): consumption rate of S. cristata scales sub-linearly 
with body mass due to a 2D foraging strategy; (H2): consumption 
rate of S. cristata will exhibit the same temperature dependence of 
metabolic rate. We then combine our model parameter estimates 
with field surveys to simulate, with uncertainty, historical and future 
changes in population-level consumption pressure of S. cristata on a 
subtropical rocky reef. In doing so, we discuss the relative roles of 
size structure and thermal regime in potentially shaping heterotro-
phic consumption pressure under future warming.

2  |  MATERIAL S AND METHODS

Scale of 
inference

Scale at which the 
factor of interest is 
applied

Number of replicates 
at the appropriate 
scale

Individuals Individuals 45
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2.1  |  Theory, hypotheses and corollary

Body size and environmental temperature are key determinants 
of respiration rates in ectothermic animals including fish (Barneche 
et  al.,  2014; Brown et  al.,  2004; Clarke & Johnston,  1999; Killen 
et al., 2010). Assuming that the functional forms with which body size 
and temperature drive consumption rate are mirrored by those of res-
piration rate, we can mathematically express the daily consumption 
rate in Ci (Joules day−1), of an individual i , through the equation:

in which co
(
Ts
)
 (J g−α day−1) is the consumption rate for an individual of 

1 g at a given standard temperature, Ts (K); Mi (g) is the mass of the indi-
vidual i , � is the (dimensionless) mass scaling exponent of consumption 
rates and I(T) is a function of temperature defined by the Boltzmann–
Arrhenius exponential equation (Brown et al., 2004; see Equation (2) 
below).

Hypothesis H1. Consumption rate of Scartella cristata 
scales sub-linearly with body mass due to a 2D foraging 
strategy. The mass-scaling exponent of physiological 
rates can vary substantially among different taxa and 
by ecological factors and life history characteristics, 
and it is often 0.5–1 for metabolic and growth rates 
(Barneche et  al.,  2014; Barneche & Allen,  2018; 
Brown et  al.,  2004; Farrell-Gray & Gotelli,  2005; 
Glazier,  2014, 2022; Glazier et  al.,  2011; Isaac & 
Carbone, 2010; Killen et al., 2010; Savage et al., 2004). 
For consumption rates, Pawar et  al.  (2012) have 
demonstrated that species which forage primarily 
on 2D surfaces exhibit sub-linear allometric scaling, 
with an across-species average of 0.85. S. cristata is 
a benthic dweller with strong substratum association 
and therefore we expect it to exhibit sub-linear 
allometric scaling (i.e., 0.5 < � < 1) of consumption 
rates.

Hypothesis H2. Consumption rate of S. cristata 
will exhibit the same temperature dependence of 
metabolic rate. Physiological rates usually exhibit a 
positive exponential relationship with temperature if 
temperatures remain within suboptimal conditions. 
In Equation  (1), the temperature dependence term 
I(T) could assume several mathematical functions, 
but in the canonical MTE formulation it is usually 
represented by the Boltzmann–Arrhenius exponential 
equation (Barneche et al., 2014; Gillooly et al., 2001):

in which k is the Boltzmann constant (8.62 × 10−5 eV K−1), Ec is 
the activation energy (eV), T (K) is absolute temperature and 
Ts (K) is an arbitrarily chosen standard absolute temperature. 
According to the MTE, I(T), through the activation energy Ec,  
captures the average effect of several metabolic reactions in 
the cell (Ec ranges from 0.2 to 1.2 eV, with a mean between 0.6 
and 0.7 eV; Gillooly et al., 2001), which might propagate through 
to emergent rates, such as individual growth (e.g. Barneche & 
Allen, 2018) and consumption rates (e.g. Dell et al., 2011, 2014), 
or even processes at more complex scales of biological organiza-
tion (Brown et al., 2004). However, empirical evidence suggests 
that substantial mismatches in Ec can occur between metabolic 
and consumption rates (Iles, 2014; Lemoine & Burkepile, 2012; 
Rall et al., 2010). Therefore, Hypothesis H2 serves as a null hy-
pothesis, and under that framework we expect the tempera-
ture dependence of consumption rates, captured by Ec, to be 
approximately 0.6 eV—an across-species average for marine 
fishes (Barneche et al., 2014) as a specific Ec is not available for 
S. cristata. We refer to Ec as an ‘apparent’ activation energy be-
cause consumption rates are an emergent rate, which results 
from complex whole-body biochemical responses to tempera-
ture. Nevertheless, parametrising our model according to the 
Boltzmann–Arrhenius equation allows us to directly place our 
results in the context of MTE.

The original MTE metabolic rate model did not account for 
an explicit temperature dependence of the mass-scaling expo-
nent; however, increasing empirical evidence has supported 
that possibility (see e.g. Glazier, 2005; Glazier et al., 2020). We 
therefore contemplated this additional hypothesis, but did not 
find evidence for a temperature-dependent mass scaling ex-
ponent of consumption rates in our study system (Supporting 
Information S1).

Corollary C1. If Hypotheses H1 and H2 are true, a 
few degrees of warming is likely to have a stronger 
effect on population consumption pressure than 
potential warming-driven changes in size structure. 
The consumption pressure of a population is equal to 
the sum of the consumption rates of all individuals 
from that population. We can formalize a new equa-
tion that captures the annual consumption pressure of 
a population, CT (J m−2 year−1), for JT individuals within 
an area A (m2), equals the sum of the time-integrated 
individual-level consumption rates, ∫ t=�

t=0
Ci(t)dt, over 

the time interval t  = 0 day to t  = � = 365 days.

(1)Ci = co
(
Ts
)
M�

i
I(T),

(2)I(T) = e
Ec

k

(
1

Ts
−

1

T

)

,

(3)CT = (1∕A)

JT�

i= 1

t=�

∫
t=0

Ci(t)dt = �co
�
Ts
�
MT

�
M�−1

i

�
T
⟨I(T)⟩� ,



4  |    ZAÚ et al.

where ⟨I(T)⟩� is time-averaged temperature kinetics (Barneche 
et al., 2014; Yvon-Durocher et al., 2012), which is calculated by inte-
grating temperature variation through time, T(t)

(
= (1∕�) ∫ t=�

t=0
I(T(t))dt

)
.  

Population-level size structure is characterized as MT

�
M�−1

i

�
T
= (1∕A)

JT∑
i= 1

M�
i , 

where MT is total community biomass per unit area 
�

= (1∕A)
JT∑
i= 1

Mi

�

, and 
⟨
M�−1

i

⟩
T
 is the biomass-weighted average for M�−1

i
 
�

=

�
JT∑
i= 1

M�
i

�
∕

�
JT∑
i= 1

Mi

��
 

(Allen et al., 2005). Equation (3) assumes no change in size structure 
over the period of 1 year.

Sea-surface temperature is predicted to rise by up to 2.5°C 
by 2050 at the study location in Arraial do Cabo, Southwestern 
Atlantic (Roberts,  2019; see Supporting Information  S1). Warming 
has a known effect on the average size of individuals of reef fishes 
(Audzijonyte et al., 2020; Sheridan & Bickford, 2011), thus implying 
that over longer time scales (i.e. multiple generations), the size struc-
ture term in Equation  (3), MT

⟨
M�−1

i

⟩
T
, will be temperature depen-

dent. Because Equation (3) is primarily based on the effects of body 
size and temperature, we can use it to derive ratios of CT, relative to 
some baseline, based on predicted warming-driven changes in pop-
ulation size structure and/or temperature:

The ratios Z1−3 formalize calculations of both marginal and 
total effects of size structure and temperature on population-
level consumption pressure based on an average future warming 
regime (T + ΔT). Z1 compares CT with warming-driven changes in 
size structure only, Z2 with warming-driven changes in consump-
tion only and Z3 with both. We note that MT

⟨
M�−1

i

⟩
T
 can change 

in many ways with warming; for example, not only the average 
size of individuals, but also their distribution and total abundance 
may change with warming because of changes in primary pro-
duction and predation. Given these caveats, for the purposes of 
the following corollary, we maintain population abundance fixed 
based on observed data but decrease the average total length 
of individuals by 1.4% (and therefore body mass by 4%) assum-
ing ΔT = 2.5°C (van Rijn et al., 2017; Supporting Information S1). 
Assuming Hypotheses  H1 and H2 are true—for example, � ≈ 
0.75 and Ec ≈ 0.6 eV, respectively—it follows from ratios Z1−3 that 
changes in size structure will be much less impactful than changes 
in per capita consumption rates under a 2.5°C increase in tem-
perature (Supporting Information S1). This ‘naïve’ expectation of 
Corollary C1 sets a benchmark against which empirical evaluations 
can be pursued. For example, after estimating the values of � and 
Ec from data, changes in consumption pressure can be evaluated 
for a single population over time, when a population size structure 

might have changed or the average temperature regime might 
have shifted a few degrees; or, it can be evaluated across different 
locations along a latitudinal gradient because at such scale both 
temperature and size structure (abundance and average size) are 
expected to vary substantially.

2.2  |  Testing hypotheses

2.2.1  |  Animal model and study location

We chose to work with Scartella cristata (Blenniiformes: Blenniidae) 
because it exhibits a wide geographical distribution (Araujo 
et al., 2020), and it is often observed at high densities at the study 
location, the subtropical rocky reef of Praia Grande in Arraial do 
Cabo (Rio de Janeiro, Brazil; 23°44′ S–42° W; Mendes et al., 2009)—
in the first 2 m of the water column, the species can be found in 
high abundance, with up to 10 individuals per square meter (Mendes 
et  al.,  2009). S. cristata is a nominal herbivorous species, that is, 
through its feeding activity, it impacts the matrix of epilithic algae 
(aka turf) which harbours invertebrates and detritus—its diet com-
prises mostly detritus (up to 65%) and filamentous algae (Mendes 
et  al.,  2009). Therefore, from a functional perspective, S. cristata 
imposes pressure on primary production and constitutes an impor-
tant resource to higher order carnivores. According to FishBase, 
the species' preferred temperature range is 19.3°C–29.1°C (Froese 
& Pauly, 2024), which also matches the range of temperatures ob-
served in the study location (Figure S1; Ferreira et al., 1998).

The marine ecosystem of Arraial do Cabo, which is composed 
of an isthmus and four islands, is subjected to a coastal upwelling 
of cold nutrient-rich water (<18°C), coming from the South Atlantic 
Central Water, most frequently in the summer and spring seasons 
(Ferreira et al., 1998; Mendes et al., 2009). Therefore, this geograph-
ically restricted region experiences a wide temperature range at 
both daily (e.g. from 22°C to 16°C within an hour, then back to 22°C 
within 5 h) and annual (16°C–26°C) timescales (Ferreira et al., 1998), 
supporting a remarkably rich reef community, with species of tropi-
cal and subtropical affinities.

2.2.2  |  Experimental setup

We conducted controlled experiments with individuals of differ-
ent sizes (ranging between 0.40 and 27.13 g) at six temperatures 
(18°C, 20°C, 22°C, 24°C, 26°C and 28°C—covering most of the 
preferred thermal range of S. cristata and the acute changes in 
temperature experienced by this species at the study location) 
to characterize how body size and ambient temperature affect 
individual consumption. The collections were made during low 
tide. Fieldwork and experimental procedures were carried out 
in accordance with ethical guidelines and approved by SISBIO 
(55911-12). Individuals (n = 52) were captured using hand nets 
and sealable bags. Individuals were promptly moved to a dark 

Z1=
CT

�
MT

�
M�−1

i

�
T
(T+ΔT), ⟨I(T)⟩�

�

CT

�
MT

�
M�−1

i

�
T
, ⟨I(T)⟩�

�

Z2=
CT

�
MT

�
M�−1

i

�
T
, ⟨I(T+ΔT)⟩�

�
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�
MT

�
M�−1

i

�
T
, ⟨I(T)⟩�

�

(4)Z3=
CT

�
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�
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i

�
T
(T+ΔT), ⟨I(T+ΔT)⟩�
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�
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container to reduce stress before being immediately transported 
to the laboratory. To avoid thermal stress, water from the natu-
ral environment and the aquarium system were gradually mixed. 
The individuals were moved to individual aquaria once the water 
reached a temperature of 21°C. Then, individuals were offered 
food pellets using a method adapted from Hay et al. (1998). Pellets 
were prepared from seaweed, sardines, laboratory agar powder 
and water. To achieve correct dilution, the laboratory agar was 
initially dissolved in water at a concentration of 3% and simmered 
until boiling. Sardines and Ulva spp. were processed together and 
then applied to agar that had already been diluted in water. We 
used 40 g of frozen Ulva spp. and 10 g of frozen sardines for every 
200 mL of agar solution (3%). To prevent material loss during han-
dling, the mixture was then moved to containers for solidifica-
tion, with the final consistency demonstrating adequate firmness 
to preserve consistency and cohesiveness in water (Fabbrocini 
et al., 2011). The plates were then divided into pellets of approxi-
mately 10 g, which were made available to the individuals for a 
total of 5 h and then compared to control pellets, which were kept 
in empty aquaria (same water and temperature).

Consumption trials were initiated after each individual had 
spent a minimum of 72 h at 21°C to acclimate to the tank and food 
pellets. Each round had four individuals in separate aquaria, con-
nected in the same system, sharing water at the same temperature. 
Each individual was submitted to six experimental temperatures 
(18°C, 20°C, 22°C, 24°C, 26°C or 28°C). The initial temperature 
was 18°C, with an increase of 2°C for each new trial. The indi-
vidual was exposed to each temperature for a minimum of 22 h 
during each round, changing to the next temperature at a rate of 
1°C/h—this constitutes a conservative, gradual rate of change in 
temperature when contrasted with abrupt changes that this spe-
cies can experience at the study location due to upwelling events 
(up to ±6°C variation within a day; Ferreira et al., 1998). Once the 
water had reached the target temperature, the individual stayed 
under these conditions for at least 15 h before starting the mea-
surements. After this time, a food pellet was provided. After 5 h the 
pellet was removed, dried and weighed again, with the difference 
between initial weight and final weight being considered the total 
consumption. We deducted any weight gain or loss from moisture 
based on control pellets. Seven individuals did not eat or exhibited 
poor health and were therefore excluded from the data analysis.

2.2.3  |  Statistical analyses

To analyse the effects of mass and temperature on the individual 
consumption rate, we transformed Equation (1) to a natural log scale 
to fit experimental data to a Bayesian multilevel model:

where i  is individual observation, N is the normal distribution (lo-
cation and scale). Each individual j had a unique mass value, so � 
represents a size scaling exponent across individuals. On the other 
hand, each individual was tested at all temperatures, such that the 
normalization constant on the log scale, ln co

(
Ts
)
, and the apparent 

activation energy, Ec, were allowed to vary by individual (respec-
tively Δln co(Ts) and ΔEc

). These individual-level deviations were as-
sumed to have standard deviations �Δln co(Ts)

 and �ΔEc
, respectively. We 

used the brms version 2.21.0 (Bürkner, 2017) package in R version 
4.4.2 (R Core Team, 2024) to implement the model and determine 
the posterior distributions and the 95% highest density intervals 
for the fitted parameters. We employed four independent chains 
of 2000 draws each, with 1000 warm-up draws and therefore we 
retained a total of 4000 draws to estimate posterior distributions 
(i.e. 4 × (2000 − 1000) = 4000). Models achieved satisfactory con-
vergence when all parameters achieved a Gelman-Rubin (R̂) statistic 
sufficiently close to 1. Bayesian R2 (Gelman et al., 2019) was used to 
estimate the amount of variation explained by the model. Posterior 
predictive checks are provided in Figure S2.

Both Hypotheses  H1 and H2 were evaluated based on the 
region of practical equivalence (ROPE) and the higher proba-
bility density values of each parameter's posterior distribution 
(Kruschke, 2018). The method consists of accepting the hypoth-
esis if the 95% of the parameter's posterior mass is within the 
ROPE and rejecting the hypothesis if 95% of the posterior mass 
falls outside the ROPE. Alternatively, if a 95% of the parameter's 
posterior mass is neither completely inside nor outside ROPE, we 
have insufficient evidence to accept or reject the hypothesis. With 
ROPE, we specify the range of parameter values that are equiva-
lent to the null value based on theoretical and empirical experi-
ence (Kruschke, 2018). For Hypothesis H1, we considered a ROPE 
of 0 < � < 1.0 because of the benthic foraging strategy of S. cristata 
(i.e., theory expects that a 2D foraging behaviour causes the mass 
scaling of consumption rates to be sub-linear; Pawar et al., 2012). 
In Hypothesis H2, a ROPE of 0.4 ≤ Ec ≤ 0.8 eV was considered for 
the uncertainty interval based on empirically observed values of 
the temperature dependence for fish metabolic rates (Barneche 
et al., 2014).

2.2.4  |  Evaluating Corollary C1

We characterized population-level consumption pressure from a 
population survey in the same area where fish were collected to as-
sess Hypotheses H1 and H2. In January 2022, we tallied the abun-
dance and size distribution of individuals of S. cristata, estimated to 
the closest centimetre, along 15 visual transects of 5 m2 (5 m × 1 m). 
Then, following Equation (3), we scaled consumption pressure from 
individuals to the population level by combining parameters' poste-
rior distributions from Equation (5) with the size structure data from 
visual transects and satellite-derived sea surface temperature (JPL 

lnCi,j ∼N
(
�i,j , �

)

�i,j =
(
Δln co(Ts),j+ ln co

(
Ts
))

+� lnMi+

(
ΔEc ,j

+Ec
)

k

(
1

Ts
−
1

Ti

)
,

ln co
(
Ts
)
∼N(0, 1); �∼N(0, 1); Ec∼N(0, 1)

(5)�Δln co(Ts)
∼N(0.5, 0.1); �ΔEc

∼N(0.5, 0.1); �∼N(0.5, 0.1)
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MUR MEaSUREs Project, 2015). We then calculated the ratios Z1−3 
using simulated data scenarios based on the size structure data from 
2022. Z1 was calculated by simulating a 4% decline in body mass 
(MT

⟨
M�−1

i

⟩
T
(T + ΔT)) across all individuals surveyed in 2022 (van 

Rijn et al., 2017); Z2 was calculated by using projected temperatures 
for 2050 (⟨I(T+ΔT)⟩�) (Roberts,  2019). Z3 was calculated between 
2050 and 2022, but additionally assuming a 4% decline in body mass 
in 2050 (MT

�
M�−1

i

�
T
(T + ΔT), ⟨I(T+ΔT)⟩�). We then calculated a 

‘data-based’ Z3 (Zobs) by dividing consumption pressure from 2022 by 
that from 2008 (data from the same population published in Mendes 
et  al.  (2009)). Therefore, Zobs also incorporates effects that would 
emerge from differences in population abundance. Z{2,3,obs} were cal-
culated for each month between years, assuming a fixed size struc-
ture across all months of each year.

3  |  RESULTS

3.1  |  Hypotheses H1 and H2

Consumption rates of S. cristata were well explained by individual 
mass and the environmental temperature (R2 = 0.81; Figure  1), 
with parameter estimates detailed in Table  1. Corroborating 
Hypothesis H1, the mass scaling exponent of consumption rate was 
sub-linear (mean � = 0.59; 95% highest density interval [HDI] = 0.49–
0.69; Table 1; Figure 1a), with 100% of the posterior mass within the 
expected ROPE of 0 < � < 1.0.

The temperature effect on individual consumption rates 
was characterized by an apparent activation energy Ec = 0.76 eV, 
greater than the mean expected value of 0.6 eV, but within the 

expected ROPE interval of 0.4–0.8 eV (Figure  1b). However, be-
cause the 95% HDI (0.61–0.91 eV) of the estimated parameter was 
not completely inside nor outside the ROPE, it was not possible 
to accept or reject Hypothesis H2. Specifically, 100% of Ec's pos-
terior distribution was above the lower ROPE threshold of 0.4 eV, 
while 69% was within the ROPE, and thus 31% was above 0.8 eV. 
Moreover, Ec varied on average by 3.14-fold among individuals 

F I G U R E  1  Scaling of consumption rates of Scartella cristata individuals (n = 45) with respect to body mass (left) and temperature (right). 
Parameter estimates (Table 1) were obtained using Bayesian methods. The effect of temperature on consumption rate was controlled for in 
(a) by standardizing the temperature measures, T (in°C) to 23.09°C (=296.24 K) based on mean temperature of experimental measurement 
dataset, where k is the Boltzmann constant (8.62 × 10−5 eV K−1). The effect of body mass was controlled for in (b) by standardizing measures 
to the individual mean body size on the natural log scale (ln (5.41) g).
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TA B L E  1  Average estimates with the 95% highest density 
intervals of Bayesian posterior distributions for fixed-effects and 
random-effects parameters in the model of Equation (1).

Parameter Estimate L-95% U-95% ESS R̂

ln co
(
Ts

)
−2.29 −2.47 −2.08 1356 1.00

� 0.59 0.49 0.69 1456 1.00

Ec (eV) 0.76 0.61 0.91 2698 1.00

�Δln co(Ts)
0.34 0.25 0.43 1199 1.00

�ΔEc

0.37 0.25 0.50 2252 1.01

cor(�Δln co(Ts)
, �ΔEc

) −0.34 −0.80 0.15 1400 1.00

� 0.39 0.36 0.43 3915 1.00

Note: Fixed-effect parameters are: ln co
(
Ts

)
, the consumption rate for an 

individual of 1 g at a standard temperature T (in°C) to 23.09°C; �,  
the mass scaling exponent of consumption rate; Ec (eV) is the average 
for the temperature dependence of consumption rate; Hierarchical 
parameters are: �Δln co(Ts)

, the estimate of the among-individual standard 
deviation for the normalization constant; �ΔEc

 , the estimate of the 
among-individual standard deviation for the temperature dependence 
of consumption rate; cor(�Δln co(Ts)

, �ΔEc

), correlation of �Δln co(Ts)
 and �ΔEc

; �, 
overall model standard deviation.
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(95% HDI = 1.67–5.25), calculated from the posterior distribution 
of (

(
Ec + �ΔEc

)
∕
(
Ec − �ΔEc

)
).

We observed a substantial variation in consumption rates among 
individuals (n = 45) after accounting for the effects of mass and tem-
perature. The estimate of the among-individual standard deviation 
for the normalization constant, �Δln co(Ts)

 (0.34; 95% HDI = 0.25–0.43; 
Table  1) implied that consumption rates varied by 1.99-fold (95% 
HDI = 1.65–2.37, calculated from the posterior distribution of 

e

(
2×�Δ

ln co(Ts)

)

) among individuals.

3.2  |  Corollary C1

With the parameters estimated to determine the individual con-
sumption rate, we used the population size structure to estimate the 
2022 consumption pressure and evaluate it against different sce-
narios, with uncertainty, following Z1−3 ratios (Figure 2).

The posterior distribution of Z1 indicated that a 4% decrease in 
individual body mass, without changes in abundance, imposed a re-
duction in annual population-level consumption pressure with a 79% 
chance (mean Z1 = 0.98; 95% HDI = 0.91–1.04; Figure 2). The Z2 pos-
terior distribution, which was calculated based on 2050 temperature 
projections without changing the body size of the individuals, pre-
dicted an increase in consumption in most months of the year, ex-
cept for the months when the mean temperature was higher in 2022 
than the projected for 2050 (January, February and November). A 
similar pattern was observed when both projected temperature 

changes for 2050 and a 4% decrease in individual body mass were 
modelled (i.e. Z3 ratio), albeit with an average lower magnitude when 
compared to Z2.

By calculating the ratio of modelled consumption pressure 
between 2022 and 2008 from the same population, Zobs, we ob-
served a decline in estimated population consumption pressure 
in 2022 relative to 2008 in most months of the year, except for 
January (mean Zobs = 0.96; 95% HDI = 0.89–1.02) and November 
(mean Zobs = 0.94; 95% HDI = 0.88–1.01). Such decline was ob-
served even in months when the temperature difference was pos-
itive, and because size structure was similar between both years, 
this suggests an important effect of abundance change between 
years (Figure S3).

4  |  DISCUSSION

Consistent with our Hypothesis H1, consumption rates of S. cris-
tata exhibited sub-linear allometric scaling (� = 0.59). Although � 
was substantially lower than the expected across-species aver-
age of 0.75 (Brown et  al.,  2004; Barneche et  al.,  2014; Table  1), 
it was consistent with what would be expected for an animal that 
forages in two dimensions (Iles, 2014; Pawar et al., 2012), which 
is the case of S. cristata (Mendes et al., 2009). Moreover, our re-
sult is consistent with a previous meta-analysis on the allometry 
of attack rates, which estimated a mass scaling exponent of 0.58 
across multiple ectothermic taxa (Rall et  al.,  2012). Such value 

F I G U R E  2  Z values are ratios between projected and 2022 consumption pressure estimates. Ratios Z1−3 were calculated using simulated 
data scenarios based on the size structure data from 2022. Z1 was calculated by simulating a 4% decline in body mass (MT

⟨
M�−1

i

⟩
T
(T + ΔT))  

across all individuals surveyed in 2022 (van Rijn et al., 2017) and comparing it to 2022 consumption pressure. Z2 was calculated by using 
projected temperatures for 2050 (⟨I(T+ΔT)⟩�) (Roberts, 2019), also comparing it with 2022 consumption pressure. Z3 was also calculated 
between 2050 and 2022, but assuming the 4% decline in body mass in 2050 (MT

�
M�−1

i

�
T
(T + ΔT), ⟨I(T+ΔT)⟩�). Zobs (same formulation as Z3)  

was calculated by dividing consumption pressure from 2022 by that from 2008 (Mendes et al., 2009). Z{2,3,obs} were calculated for each 
month between years, and a fixed size structure was assumed across all months of each year.

0.8

1.0

1.2

3
Size decline (%)

Z
 v

al
ue

Z  type:

Z1

0.8

1.0

1.2

−1 0 1 2
Temperature difference �C

Z  type:

Z2

Z3

Zobs



8  |    ZAÚ et al.

implies that consumption rates increase 12-fold between the ex-
treme body sizes observed in the experimental population (i.e. 
27.13α/0.40α). If metabolic rates of S. cristata exhibit ¾ power mass 
scaling (family-level estimates suggest 0.79 scaling for Blenniidae; 
Barneche et al., 2014), our results would imply that consumption 
rates differ from individual metabolic rates in their mass scaling, at 
least in this model organism. Alternatively, it is also possible that 
cryptobenthic fish such as S. cristata exhibit a lower mass-scaling 
exponent of metabolic rates (no intra-specific data available). 
Mass scaling exponents can vary depending on a species' life-
style (Depczynski et al., 2007; Glazier, 2005; Killen et al., 2010), 
and cryptobenthic fish are often minute in body size (Depczynski 
et al., 2007). Nunes et al. (2021) conducted a recent study on feed-
ing rates using a related Blenniidae species (genus Ophioblennius) 
and reported a much higher mass scaling exponent of consump-
tion rates (mean = 1.06). Although this discrepancy might be real, 
caution must be exercised because their study used an indirect 
methodology—combining field-observed bite rates with maximum 
mouth volume—to infer consumption rates across multiple popula-
tions along a latitudinal gradient.

Our estimated mean acute temperature dependence of in-
dividual consumption rates (Ec = 0.76 eV) was consistent with 
Hypothesis H2. However, we could not accept H2 due to a large 
parameter uncertainty. Given this caveat, our estimate of tem-
perature dependence of consumption rates is consistent with 
previously reported values for fish physiological rates (Barneche 
& Allen, 2018; Dell et al., 2011). This estimate implies that over 
the range of experimental temperature variation (from 18°C to 
28°C) individual consumption rates increased 2.7-fold. However, 
other empirical studies reported comparatively weaker tem-
perature dependencies for consumption and attack rates when 
compared with metabolic rates for a range of invertebrates 
(Iles, 2014; Lemoine & Burkepile, 2012; Rall et al., 2010, 2012). 
Variation in activation energies across studies is a common find-
ing in the metabolic literature (Dell et al., 2011, 2014), and arti-
ficial variation in temperature dependence can be observed, for 
example, when pooling multiple temperature dependencies and 
range of measurements across taxa (Pawar et al., 2016). In addi-
tion, the temperature dependence of consumption rates might 
be even stronger across different populations which are adapted 
to warmer thermal regimes (e.g. 1.06 eV; Schaum et  al.,  2018; 
Nunes et  al.,  2021), implying stronger population-level con-
sumption pressures than estimated from our experimental acute 
challenges. Scartella cristata can acclimate to warmer thermal re-
gimes, although in many of its natural habitats such as extremely 
shallow reefs and tidal pools it may be already reaching its maxi-
mum thermal tolerance (Madeira et al., 2017). This suggests that 
this species might be at risk from increasing frequency and inten-
sity of heat waves associated with climate change (Culumber & 
Monks, 2014).

Our results indicate that the size and temperature effects on 
consumption rates take different quantitative importance at the pop-
ulation level. Population consumption rates will only drop by 2.4% 

following a predicted 4% body mass decline (i.e. assuming fixed abun-
dance and temperature; 

�
JT∑
i= 1

�
Mi×0.96

��
∕

JT∑
i= 1

M�
i

�
; Z1 in Figure 2). This slight 

reduction in size (and therefore in consumption rates) is important 
because temperature is expected to impact individual body sizes (e.g. 
Temperature-Size rule) and, consequently, population abundance 
and size structure (Angilletta, 2004; Bernhardt et al., 2018; van Rijn 
et al., 2017), although the magnitude of the temperature-size effect 
varies according to the species' life history (Audzijonyte et al., 2020; 
Sheridan & Bickford,  2011). However, for a given size structure, 
temperature seems to exert a stronger effect (i.e. Z3 is lower than Z2 
in Figure 2), with consumption rates increasing by 28% following a 
2.5°C temperature rise (Z2) or 25% if a 4% decline in body mass is in-
troduced (Z3 in Figure 2). This offset is consistent with studies which 
highlight that for different ectothermic groups the decrease in body 
size (and therefore in overall energy demands) is not enough to com-
pensate for the higher energetic requirements resulting from warmer 
temperatures (Riemer et al., 2018).

It is worth noting that the expectations for ratios Z2−3 are de-
pendent on our experimentally characterized acute temperature 
dependence of consumption rates. If, instead, we were to contem-
plate a thermal adaptation process in which the temperature depen-
dence steepened, following existing studies (e.g. 1.06 eV; Schaum 
et al., 2018; Nunes et al., 2021), we would expect substantially larger 
increases in population consumption pressure of 42% and 38% for 
Z2 and Z2, respectively. These figures further aggravate the progno-
sis for heterotrophic carrying capacity under climate change for two 
main reasons. First, temperature is expected to directly diminish the 
carrying capacity of populations and communities through increases 
in per-capita energy demands (Barneche et  al.,  2014; Bernhardt 
et al., 2018; O'Connor, 2009). Second, net primary production is also 
likely to decline due to climate change in many parts of the globe 
(Moore et  al.,  2018), further constraining the amount of energy 
available to heterotrophs.

Although corollaries from ratios Z1−3 are useful to set initial 
benchmarks, wild populations, including of reef fishes, exhibit sub-
stantial fluctuations in abundance (Barneche et  al.,  2016; Lande 
et al., 2003). In our comparison of estimated population consump-
tion across two time points (Zobs), we observed stronger declines in 
calculated population consumption rates (as low as 24%, Figure 2) 
because abundance was lower in 2022 relative to 2008 despite a rel-
atively similar size structure (Figure S3) and average thermal regime 
(the average daily temperature difference between both years was 
only 0.18°C; JPL MUR MEaSUREs Project,  2015). Understanding 
the interplay among size, temperature and abundance on the energy 
flow at different levels will further improve models and predictions 
about the effects of climate change on reef communities.

Before drawing generalized conclusions from our study, it is im-
portant to consider two important limitations. First, a substantial 
proportion of our experimental diet included animal protein, which 
may not be representative of a field-based diet. However, S. cristata 
consumes a large portion of detritus and invertebrates that are asso-
ciated with algal turfs (Mendes et al., 2009), and these may contain a 
significant proportion of protein (Wilson et al., 2003). Second, when 
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scaling consumption from individuals to populations, our model as-
sumes no effect of density dependence. Environmental variation 
and life history characteristics might alter physiological rates in 
fish (Glazier et  al.,  2011; Killen et  al.,  2010, 2016) and scaling ex-
periments suggest that higher population densities are associated 
with reduced individual-level rates (Ghedini et al., 2017). Future field 
manipulations will be needed to understand how warming will alter 
the density of these important cryptobenthic fish, as well as the cas-
cading effects on population-level consumption.

5  |  CONCLUSIONS

Here we developed a general model, inspired by the MTE, which 
can be used to estimate the effects of body mass and tempera-
ture on animal consumption rates within a population. Building 
on these effects, we expanded this theoretical framework to cast 
general predictions of population-level consumption rates based 
on changes in population size structure and temperature regime. 
We parametrised our general model via an experiment using an 
abundant cryptobenthic herbivorous-detritivorous reef fish spe-
cies (Figure  1). By doing so, our results contribute to a growing 
body of literature aimed at resolving similarities (or lack of thereof) 
of scaling parameters among multiple physiological rates. Such at-
tempts are fundamental if we are to improve our predictive ability 
regarding the effects of climate change on ecosystem function-
ing. For example, by drawing on our estimated effects and given 
our simplifying assumptions, we were able to calculate how dif-
ferent scenarios of thermal regime and size structure might af-
fect population-level consumption rates. These estimates as well 
as their associated uncertainty—made possible by employing a 
Bayesian approach—set expectations for the future impact that 
animals could have on ecosystem primary producers (S. cristata im-
pacts turf algae through its feeding activity) and vice versa. Recent 
projections suggest that animal biomass will decline in the world's 
oceans under multiple emissions-mitigation scenarios (Tittensor 
et al., 2021). Our findings are consistent with these predictions be-
cause they indicate that consumption pressure would increase by 
an average 25%–28% following a 2.5°C temperature rise coupled 
with a 4% reduction in individual body mass (Z2−3 in Figure 2), but 
marine NPP might dwindle across many parts of the tropical belt 
in this century (Moore et al., 2018). Therefore, the carrying capac-
ity of herbivorous-detritivorous fish—and therefore the tropho-
dynamics of entire reef systems (Brandl et al., 2019; Depczynski 
et al., 2007)—may soon be substantially impacted.
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