
 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

04
 O

ct
ob

er
 2

02
3 
royalsocietypublishing.org/journal/rspb
Research
Cite this article: Robinson JPW et al. 2023

Trophic distribution of nutrient production in

coral reef fisheries. Proc. R. Soc. B 290:
20231601.

https://doi.org/10.1098/rspb.2023.1601
Received: 18 July 2023

Accepted: 30 August 2023
Subject Category:
Ecology

Subject Areas:
ecology, ecosystems, environmental science

Keywords:
trophic, seafood, productivity, fisheries,

biomass, coral reef
Author for correspondence:
James P. W. Robinson

e-mail: james.robinson@lancaster.ac.uk
© 2023 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.
Electronic supplementary material is available

online at https://doi.org/10.6084/m9.figshare.

c.6836723.
Trophic distribution of nutrient
production in coral reef fisheries

James P. W. Robinson1, Emily S. Darling2,3, Eva Maire1, Mark Hamilton1,
Christina C. Hicks1, Stacy D. Jupiter4, M. Aaron MacNeil5,
Sangeeta Mangubhai4, Tim McClanahan2, Yashika Nand4,6 and
Nicholas A. J. Graham1

1Lancaster Environment Centre, Lancaster University, Lancaster LA1 4YQ, UK
2Wildlife Conservation Society, Global Marine Program, Bronx, NY 10460, USA
3Department of Ecology and Evolutionary Biology, University of Toronto, Toronto, Ontario, Canada
4Melanesia Program, Wildlife Conservation Society, 11 Ma’afu St, Suva, Fiji
5Ocean Frontier Institute, Department of Biology, Dalhousie University, Canada B3H 4R2
6Australian Institute of Marine Science, Townsville, Queensland, Australia

JPWR, 0000-0002-7614-1112; SM, 0000-0002-4728-4421; TM, 0000-0001-5821-3584

Coral reef fisheries supply nutritious catch to tropical coastal communities,
where the quality of reef seafood is determined by both the rate of biomass pro-
duction and nutritional value of reef fishes. Yet our understanding of reef
fisheries typically uses targets of total reef fish biomass rather than individual
growth (i.e. biomass production) and nutrient content (i.e. nutritional value of
reef fish), limiting the ability of management to sustain the productivity
of nutritious catches. Here, we use modelled growth coefficients and nutrient
concentrations to develop a new metric of nutrient productivity of coral reef
fishes. We then evaluate this metric with underwater visual surveys of reef
fish assemblages from four tropical countries to examine nutrient productivity
of reef fish food webs. Species’ growth coefficients were associated with nutri-
ents that vary with body size (calcium, iron, selenium and zinc), but not total
nutrient density. When integrated with fish abundance data, we find that
herbivorous species typically dominate standing biomass, biomass turnover
and nutrient production on coral reefs. Such bottom-heavy trophic distri-
butions of nutrients were consistent across gradients of fishing pressure and
benthic composition. We conclude that management restrictions that
promote sustainability of herbivores and other low trophic-level species can
sustain biomass and nutrient production from reef fisheries that is critical to
the food security of over 500 million people in the tropics.
1. Introduction
Measuring the structure and composition of ecological communities provides
insights into how energy and nutrients flow through food webs [1,2], and how
these processes support ecosystem services to society. Many aquatic ecosystems
provide services through fisheries [3], such as nutrition, food security and coastal
livelihoods, that can vary regionally in response to interacting human and
environmental drivers, and social–cultural contexts. Our understanding of
variation in ecosystem services has developed, in part, through large-scale com-
parative studies of community structure along human and environmental
gradients [4,5], helping to uncover fishing-induced biomass depletion [6,7] and
biodiversity declines [8].

Such ‘space-for-time’ analyses are particularly informative in the tropics,
where highly diverse ecological communities provide essential ecosystem ser-
vices, but management is often data-limited. For example, coral reefs support
important local food systems for an estimated 500 million people worldwide
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[9], and much of our understanding of how coral reef fishes
contribute to fisheries is based on ecological surveys that
measure fish biomass at one point in time in multiple places.
Large-scale comparative analyses of these datasets have
revealed how fish assemblage composition changes along gra-
dients in fishing pressure [10–12] and abiotic processes (e.g.
temperature [13]). However, fish biomass is a static snapshot
of a coral reef assemblage that fails to capture the growth of tar-
geted populations [14,15] responsible for the rate of biomass
production and turnover over days and years [16]. Analyses
of fish biomass alone can also overlook socially important
aspects of reef fisheries, such as the nutrient concentration of
fisheries catches [17]. Considering large-scale associations
between production of biomass and nutrients, and how these
processes vary between fish species, will more accurately cap-
ture potential fisheries service contributions to tropical food
systems and inform management of fisheries under pressure
from climate change and other anthropogenic impacts.

In practice, both growth rate and nutrient concentration
determine the quantity and quality of food production
from coral reefs, but associations between species-level
productivity and nutrient concentration remain unclear.
Recently, empirical models have been developed to predict
growth rates [18] and nutrient concentrations of diverse
reef fish species [3,17], providing insights into production
of nutritious food on coral reefs. For example, population
turnover in smaller, targeted species can increase at moderate
fishing levels, buffering biomass depletion [19], while growth
in herbivore populations rich in iron and zinc can maintain
the nutritional value of reef catch following climate disturb-
ances [17]. Reef fish productivity captures the rate at which
biomass is produced by an individual fish (i.e. somatic
growth), is predictable for any reef fish species, and when
combined with abundance and size survey data allows esti-
mates of assemblage-level biomass production [14,18].
Similarly, nutrient models use ecological and environmental
trait information to predict the concentration of essential diet-
ary nutrients contained in fish muscle, and can be combined
with species’ biomass (or catch) data to estimate the nutrient
availability (or yield) for fisheries, providing information on
the nutritional quality of reef seafood [17].

Growth rates have been combined with elemental stoichi-
ometry to model carbon and nitrogen flux in reef fish [20],
suggesting that productivity and nutrient models could be
similarly combined to estimate nutrient production rates in
reef fishes. Strong effects of size, diet and feeding categories
on growth rate [18] and nutrient concentration [3] suggests
that nutrient productivity on coral reefs is likely governed by
trophic structure. As such, analysis of nutrient productivity
among reefs that vary in benthic composition and fishing
pressure should help improve understanding of how changes
in the reef food web might impact the availability of nutritious
catch for fisheries.

Here, we combine size-based growth models with trait-
based nutrient models to estimate the nutrient productivity of
coral reef fishes from standard biomass surveys. We use estab-
lished predictive frameworks to estimate growth coefficients
(Kmax, rate at which each species approaches its theoretical
maximumsize [18]) and concentrations of six nutrients essential
in human diets (calcium, iron, selenium, zinc, vitamin A and
omega-3 fatty acids) for 541 fish species observed on coral
reef surveys in Belize, Fiji, Madagascar and Solomon Islands.
Our new metric of nutrient productivity combines ecological
and fisheries theory with aspects of food systems and human
health to understand supply of nutritious seafood from coral
reef-associated fisheries. Using underwater visual census data
from 333 reef surveys, we assess fishing and benthic drivers
of three fishery services: standing biomass, biomass turnover
and nutrient production. Surveys were conducted on reefs
spanning 19 kg ha−1 to over 5000 kg ha−1 of fishable biomass,
including no-take areas and areas under fisheries restrictions,
that varied substantially in benthic composition (hard coral,
turf algae, macroalgae and rubble). We used Bayesian multi-
variate models to quantify fishing and benthic drivers of the
trophic distribution of three key fishery services, and use
these models to provide management recommendations and
insights into fisheries supported by future reef habitats.
2. Methods
(a) Underwater surveys
Coral reefs were surveyed at 320 sites between 2016 and 2020
in four countries spanning three marine ecoregions (Tropical
Atlantic: Belize; Western Indian Ocean: Madagascar; Southwest
Pacific: Fiji, Solomon Islands). Reefs included areas without fish-
eries regulations (open-access in Madagascar) and, in all four
countries, those with partial fisheries management (e.g. time
and area closures, gear and access restrictions) and no-take
zones. 22 sites were surveyed in Belize (2019, 2020), 168 sites in
Fiji (2016–2019), 75 sites in Madagascar (2015, 2016, 2020) and
59 sites in the Solomon Islands (2016, 2018, 2019). Some sites
were surveyed in multiple years, such that the total number of
reef surveys was 333. Fish were surveyed using belt transects
(5 × 50 m in 79% of surveys, 10 × 50 m in 14% of surveys, 2 ×
30 m in 7% of surveys), for 1–8 transects at each site (median
replicates = 3). Countries with the highest replication (Belize,
5–8 transects) had smaller transect areas (92% of sites = 60 m2),
whereas countries with the lowest replication (Madagascar, 1–3
transects) had the largest transects (greater than or equal to
250 m2). On each transect, fish were sized to the nearest cm
(Belize, Madagascar) or in 5 cm bins (up to 40 cm, then nearest
cm; Fiji, Solomon Islands), identified to species-level, and enum-
erated. We converted fish lengths to mass using published
length–weight relationships [21], and estimated the biomass
(kg ha−1) of each observed fish. We excluded fish less than
5 cm in length, damselfish species that are not targeted in fish-
eries, and highly mobile elasmobranch species that are difficult
to survey accurately [22]. Benthic surveys were conducted
during fish surveys using point intercept transects, with benthic
taxa identified at every 50 cm point along a 50 m transect line.
All surveys were conducted by the Wildlife Conservation Society
and archived on the MERMAID online data platform (https://
datamermaid.org/).

(b) Nutrient concentrations of fish tissue
Nutrient content in fishes was predicted by phylogeny and mul-
tiple ecological traits, including body size, feeding pathway,
trophic level and habitat use [3,17]. These nutrient predictions
have been statistically robust, and have enabled nutrient concen-
trations and yields to be estimated from survey and fisheries
landings data to address a diversity of questions related to fisheries
and human health [23,24]. We predicted the concentration
(100 g−1) of calcium, iron, selenium, zinc, vitamin A and omega-
3 fatty acids in the raw muscle tissue of each reef fish species,
using a hierarchical Bayesian model, available on Fishbase [3,21].
We then used information on recommended nutrient intakes [25]
to estimate the nutrient density of each species [26,27], defined
as the contribution of one 100 g fillet portion to recommended

https://datamermaid.org/
https://datamermaid.org/
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daily intakes, summed across all six nutrients, for adult women
(18–65 years old). The contribution of each nutrient is capped
at 100%, thus preventing highly concentrated nutrients (e.g.
selenium) from dominating nutrient density values.

(c) Fish biomass production
Following [14], we estimated the daily productivity of each individ-
ual reef fish, using standardized species’ growth coefficients (Kmax)
derived from a meta-analysis of reef fish growth curves [14,18].
This empirical framework has been used to quantify fish pro-
ductivity in data-limited coral reefs around the tropics, advancing
understanding of fishing effects [19], energy flux [28] and ecosystem
functioning [29].Kmax is the growth coefficient of thevonBertalanffy
growth equation, representing the potential growth trajectory of an
individual fish towards its species’ maximum size, that can range
between 0.011 and 16.43 [18]. Using data and model structure in
[18], we predicted Kmax using species’ maximum lengths (Lmax)
and trophic groups for each of the 541 species observed in under-
water surveys. In total, 371 species (66% of total species) were
out-of-sample predictions using published sources for Lmax [21]
and diet group [30]. We then estimated the daily somatic growth
(cm) of each individual fish surveyed, according to its observed
size (body length) and species-level Kmax. Daily somatic growth in
length was converted to daily growth in mass using published
length-weight coefficients [21]. Therefore, this procedure estimated
the daily biomass production potential of each fish observation,
which we used as the basis for estimating potential nutrient pro-
ductivity. Consequently, our analyses focused on a snapshot of the
maximum (potential) daily productivity of reef fishes, excluding
effects of natural mortality and fisheries exploitation.

(d) Fishery services
We combined daily productivity estimates with nutrient concen-
trations to estimate the daily nutrient production of the reef
fish assemblage at each site. Specifically, nutrient productivity
was the daily productivity of each observed fish multiplied by its
edible portion (average value for finfish 87%, [31]) and nutrient
concentration, thus representing the maximum daily potential
production of nutrients contained in edible, muscle tissue of reef
fish, estimated for each of the six nutrients. At each transect, for
each trophic group, we estimated the standing biomass (kg ha−1),
biomass production (g d−1 ha−1), biomass turnover (biomass
production divided by standing biomass, %) and nutrient pro-
duction (calcium, iron, zinc: mg d−1 ha−1, selenium, vitamin A:
μg d−1 ha−1, omega-3 fatty acids: g d−1 ha−1). Trophic groups
were defined according to published schemes and expert knowl-
edge, representing herbivores (scraping detritivores), herbivores
(browsing macroalgal feeders), planktivores, omnivores (mixed-
diets), sessile invertivores, mobile invertivores and piscivores. We
excluded sessile invertivores from all analyses as these species
contributed an average 2% of nutrient production andwere not tar-
geted in fisheries. Transect-level estimates were averaged to give
site-level estimates of standing biomass, biomass turnover and
nutrient production of each trophic group, thus reducing sampling
variability arising from the number and size of transects. These
metrics describe three fisheries services, representing catch avail-
able to fishers (e.g. fishable biomass), long-term catch turnover
(e.g. biomass production and turnover) and the potential contri-
bution of reef fish to diets through fisheries (e.g. nutrient
production). We then converted these estimates into relative contri-
butions of each trophic group to each fishery service (%), which we
use as a representation of fish assemblage trophic structure.

(e) Drivers of fishery services
We developed statistical models to assess the drivers of fishery
service trophic structure: the relative contributions of three
functional fish groups targeted by fishers (herbivores, mobile inver-
tivores, piscivores) to biomass, biomass turnover and nutrient
productivity. As such, we recalculated contributions for each
group, combining browsing and detritivorous herbivores into one
group (herbivores), for each reef site (n = 333). We also estimated
the mean per cent cover of five major benthic groups at each site
(hard coral, turf algae, macroalgae, rubble, bare substrate). These
estimates were fitted to Bayesian models with Dirichlet distri-
butions, using fixed covariates of total fishable biomass (kg ha−1),
benthic cover (hard coral, turf algae, macroalgae, rubble, bare sub-
strate), and depth (m). To capture potential for different fishing (e.g.
selectivity, gear, effort) and environmental effects (e.g. upwelling,
primary productivity) in each country, we fitted country-level
biomass effects (i.e. varying slopes). Management regime was
included as a group-level intercept nested with country.

All continuous variables were centred with a mean of 0 and
scaled by dividing each variable by its standard deviation.
Models were implemented in brms [32] and sampled in Stan,
using R v4.2.0 [33]. We sampled four chains with 3000 iterations
each, and ensuredmodel convergence by inspectingdivergent tran-
sitions and ensuring that Rhat was less than 1.01. For each fishery
service,model posteriorswere sampled to estimate themedian pos-
terior trophic structure at each reef (proportion of herbivore,mobile
invertivore and piscivore). We used these estimates to quantify reef
trophic pyramid structure, where reefs with greater than 50% con-
tributions from herbivores were bottom-heavy and reefs with less
than 50% contributions from herbivores were top-heavy. For nutri-
ent productivity, we also generated out-of-sample predictions of
trophic contributions from herbivores, mobile invertivores and
piscivores along fishable biomass gradients in each country.
3. Results
(a) Associations between growth rate and nutrient

concentration
Most reef fishes had nutrient concentrations that met rec-
ommended intakes of two to three nutrients in a 100 g
portion (nutrient densities between 90 and 250%), including
species with ‘slow’ or ‘fast’ growth coefficients (Kmax between
0.06 and2.8). Specieswith the highest nutrient densities (greater
than 300%) were mostly piscivores and mobile invertivores,
including slow-growing species such as snappers (Lutjanidae)
and groupers (Epinephelidae) with lower Kmax values of 0.3
(figure 1a). The fastest growing species (Kmax > 1) were domi-
nated by mobile invertivores (14 species), sessile invertivores
(10) and planktivores (6), most of which had nutrient densities
between 200 and 250%, while herbivores were generally less
nutritious, with intermediate growth rates (figure 1a). Nutrient
density andKmaxwereweakly associated (r =−0.1), but nutrient
density obscured associations betweenKmax and concentrations
of specific nutrients. For example, nutrients that vary strongly
with body size [3] (electronic supplementary material,
figure S1) were more strongly correlated with Kmax, which
also varied with size. As a result, growth–nutrient relationships
were positive for calcium, iron, and zinc, and negative for sel-
enium (figure 1b). By contrast, omega-3 fatty acid and vitamin
A concentrations were not associated with Kmax.
(b) Fishery services: standing biomass, biomass
turnover and nutrient production

Species-level differences in growth rates and nutrient concen-
trations (figure 1) may not necessarily scale up to influence
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Figure 1. Association between nutrient content and growth potential of 541 coral reef fish species. Points are individual species observed on underwater visual
census surveys conducted in Belize, Fiji, Madagascar and the Solomon Islands, and Kmax is plotted on a log scale. (a) Nutrient density is the combined contribution
to recommended daily women intakes of calcium, iron, selenium, zinc, omega-3 fatty acids and vitamin A [27], using reference values for adult women (18–65
years old). (b) The six nutrient concentrations by Kmax for each species, with fitted GAM smoothers (± 95% confidence interval). Growth coefficient Kmax is the value
of growth coefficient K for each species at its theoretical maximum size, derived from the von Bertalanffy equation [18]. Labels show the top two species with
highest average biomass in the dataset, for each trophic group, and marginal histograms show data distributions on each axis.
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assemblage-level nutrient production,which is also governed by
species’ relative abundances. Next, we estimated standing bio-
mass (kg ha−1), biomass turnover (productivity, kg ha−1 d−1,
divided by standing biomass, %), and nutrient production
(mass of nutrients assimilated in fish tissue d−1 ha−1) by the
reef fish assemblage at 333 sites in Belize, Fiji, Madagascar and
the Solomon Islands. Reefs supported a range of biomass levels
(9 kg ha−1 in one Madagascar site to 5937 kg ha−1 in one Fiji
site, figure 2b), and biomass production generally increased
with fishable biomass (electronic supplementary material,
figure S2). Biomass turnover, however, was highly variable
along the biomass gradient (1–41%), while reefs in Fiji and
the Solomon Islands had the highest nutrient productivity
(at approx. 2000 kg ha−1 of fish biomass), particularly minerals
(calcium, iron, selenium, zinc) (electronic supplementary
material, figure S2). These fishery services were provided by
different fish trophic groups, with the herbivore (detritivore)
fishes dominating nutrient production (mean = 34% across all
six nutrients, ranging from 18% to 50%). Mobile invertivores
were the second highest nutrient producer, with an average of
22% of the production across all nutrients and accounted for
more vitamin A production (35%) than herbivores (detritivore)
(18%) (figure 2a). Other trophic groups had lower contributions
to nutrient production, contributing a mean 16% (planktivore),
13% (piscivore) and 10% (omnivore).

Herbivores (detritivore) and mobile invertivores were
therefore the largest contributors to fishery services, account-
ing for an average 56% of standing biomass and biomass
turnover, and 40–69% of nutrient production (figure 2c).
However, trophic group contributions varied between
countries (electronic supplementary material, figure S3). For
example, piscivores were the largest contributors to standing
biomass and omega-3 and vitamin A production in Belize,
whereas planktivores dominated biomass turnover and pro-
duction of most nutrients in Solomon Islands (figure 2c).
Zinc production was dominated by herbivores (detritivore)
in all countries, likely because this nutrient is more
concentrated in low-trophic species.
(c) Bottom versus top-heavy fishery services
We next fitted multivariate composition models to under-
stand drivers of trophic group contributions to fishery
services. We focus on herbivores (detritivores and macroal-
gal-feeders combined), mobile invertivores and piscivores
because all are typically targeted by fisheries, and simplified
this multivariate trophic structure by defining reefs as
bottom-heavy when the relative biomass of herbivores
exceeds piscivores, and top-heavy when piscivores dominate
over herbivores. Standing biomass, biomass turnover and
productivity of five nutrients (calcium, iron, selenium, zinc
and omega-3) were bottom-heavy at over 93% of reefs, indi-
cating that herbivores contributed a significant proportion
of these fishery services (figure 3). Only two fishing-restricted
reefs had top-heavy biomass distributions (in Madagascar),
whereas vitamin A production was top-heavy at 60% of
reefs (figure 3). Belize had the most top-heavy trophic struc-
ture, where piscivores accounted for 42% of omega-3 fatty
acid production and 62% of vitamin A production.

Variation in the contribution of fishes to nutrient pro-
ductivity was only partly associated with differences in
fishable biomass. For example, trophic distributions varied
between Belize, Fiji and Solomon Islands, but did not change
substantially along the biomass gradient within each country
(electronic supplementary material, figure S4), suggesting
that unmeasured historical processes (e.g. disturbance and



0

herbivore (macroalgae)

herbivore (detritivore)

planktivore

invertivore (mobile)

omnivore

piscivore
(a) (b)

(c)

10

Ca
Fe
Zn

Se
Vit-AO-3

Vit-A

Zn
Ca

Vit-AFe

ZnFeCaO-3 Se Vit-A

Se O-3

CaVit-A Fe
Zn

ZnCaFe SeO-3 Vit-A

Se
O-3

Se O-3 Ca Fe Zn

20 30
proportion of nutrient productivity (%)

40 25

10

vitamin A

omega-3
fatty acids

zinc

selenium

iron

calcium

biomass turnover

standing biomass

0

n 
si

te
s

10
20
30
40
50
60

100

Solomon Islands Fiji Belize Madagascar

1000

1099 kg ha–1

679 kg ha–1

464 kg ha–1
463 kg ha–1

10 100 1000 10 100 1000
biomass (kg ha–1)

10 100 1000

50 75 100 25 50 75100 25 50 75100
proportion of fish assemblage (%)

25 50 75100

Figure 2. Nutrient productivity of fish trophic groups. (a) Mean contribution of each trophic group to site-level nutrient production for each nutrient (small labelled
points) and the average across nutrients (large point ± 2 s.e.m.) (by country in electronic supplementary material, figure S3). (b) Histograms show log10 biomass
distribution across sites in each country (red dashed line is median biomass). (c) Bars show the average contribution of each trophic group to standing biomass,
biomass turnover and nutrient productivity of six nutrients, by country.

20

20

40

60

80

20

40

60

80

40 60

zinc selenium vitamin A omega-3

standing biomass
bottom-heavy

top-heavy

biomass turnover calcium iron

he
rb

iv
or

e 
co

nt
ri

bu
tio

n 
(%

)

20 40 60 20 40 60
piscivore contribution (%)

20 40 60

Figure 3. Contribution of herbivores and piscivores to fishery services. Points show the posterior median predicted herbivore and piscivore contribution (%) to each
fishery service, for all 333 reef surveys. Bolded points represent the mean values in each country (± 2 s.e.m.). Points in the upper-left have bottom-heavy pyramids
(greater contributions from herbivores than piscivores) and points in the bottom-right have top-heavy pyramids (greater contributions from piscivores than
herbivores). S.e.m. is provided in electronic supplementary material, table S1.

royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

290:20231601

5

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

04
 O

ct
ob

er
 2

02
3 
fishery dynamics) or biogeographic differences also govern
assemblage composition of these reefs. By contrast, nutrient
production in Madagascar shifted from dominance by
mobile invertivores at low-biomass to herbivores at high-
biomass (electronic supplementary material, figure S4).
Madagascar’s reefs had the lowest biomass in the dataset,
suggesting that biomass depletion due to fishing has changed
trophic structure. In all four countries, nutrient production
from piscivores increased with fishable biomass but, at most
mid- and low-biomass reefs, piscivores accounted for less
than 10% of nutrient production. However, the management
regime had weak and uncertain effects on the relative contri-
bution of fish groups (electronic supplementary material,
figure S5), with no-take areas and partially managed areas
(e.g. access or gear restrictions) having similar trophic group
contributions within each country (accounting for benthic
effects). Only Madagascar had reefs that were openly fished,
but these were similar in fish composition to no-take and
restricted reefs.

Benthic composition also influenced which fish groups
contributed to nutrient production. Coral cover ranged from
0 to 84%, with low-coral-cover reefs characterized by domi-
nance of macroalgae (Belize, Fiji, Madagascar), rubble (Fiji,
Solomon Islands) or turf algae (Solomon Islands) (electronic
supplementary material, figure S6). Nutrient contributions
from herbivores increased with hard coral and macroalgae
cover, while mobile invertivores produced relatively more
calcium and vitamin A as rubble increased (electronic
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supplementary material, figure S7). Piscivores produced rela-
tively fewer nutrients on reefs with more bare substrate, and
more vitamin A and omega-3 fatty acids on deeper reefs (elec-
tronic supplementary material, figure S7). These opposing
benthic trends influenced the pyramid shape of fishery ser-
vices. For example, only the deeper reef survey locations
(greater than 14 m, Belize and Madagascar) had top-heavy
pyramids for standing biomass and biomass turnover, while
reefs dominated by either coral or macroalgae (greater than
60% cover) only supported bottom-heavy pyramids for all
fishery services (electronic supplementary material, figure S8).
l/rspb
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4. Discussion
Empirical analysis of trophic distributions can help to delineate
the structure and function of coral reef food webs, revealing
ecological rules [2], environmental forcing [13] and human
impacts [10]. Yet coral reef fish assemblages have largely
been described using static measures of ecosystem state (e.g.
fish biomass), potentially obscuring contributions from lower
trophic levels to ecosystem productivity [16,28] and fisheries
catch [34]. Here we combined species-level growth rate and
nutrient concentrations with underwater surveys to show
that herbivores and mobile invertivores dominate trophic
structure on coral reefs, which is consistent with theoretical
expectations [2] and previous empirical studies [10,35]. We
also showed that biomass turnover and nutrient production
by fishes aremore bottom-heavy in trophic pyramids than fish-
able biomass, further underlining the importance of lower
trophic levels in channelling benthic production and nutrients
through reef foodwebs that in turn can support productive and
nutritious coastal fisheries under sustainable management.

At the species-level, nutrient density and biomass pro-
duction were weakly associated, but this was partly because
nutrient density (an aggregate metric of nutrient concen-
trations) obscured relationships between growth rate and
concentrations of individual nutrients. Empirical models
show that reef fish growth rates are fastest in small-bodied
species [36,37] and, on average, higher in herbivores and
piscivores [18], whereas nutrient concentration varies predicta-
bly with body size and traits such as trophic level and diet
[3,17]. We found that size-linked nutrients such as calcium,
iron and zinc were more concentrated in low-trophic-level
species with fast biomass turnover, possibly reflecting depen-
dence on energy pathways that are more concentrated in
these minerals (e.g. benthic or detrital energy versus pelagic)
[38]. Higher-trophic level species, by contrast, integrate
energy across multiple energy pathways (pelagic, benthic,
detrital) [39,40], likely dampening nutrient concentrations.
For example, slow-growing species living at depth had greater
selenium concentrations, possibly reflecting foraging in deeper
reef habitats associatedwith higher selenium content inmarine
fishes globally [3]. Omega-3 fatty acids and vitamin A con-
centrations, however, had weak associations with species’
potential biomass turnover, indicating that growth rate is a
poor predictor of these nutrients in reef fishes.

Species-level nutrient and growth rate values must be com-
bined with abundance or biomass data to understand nutrient
flux and productivity at the scale of reef fish assemblages [20].
We integrated growth rate, nutrients, and biomass to assess the
contribution of fish trophic groups to three fishery services pro-
vided by coral reefs (standing biomass, biomass turnover and
nutrient production). Fishery services were dominated by her-
bivores (i.e. bottom-heavy) at most reefs, but the relative
contribution of trophic groups to fishery services also varied
regionally, between Pacific (Fiji, Solomon Islands), Indian
Ocean (Madagascar) and Caribbean (Belize) reefs. In Belize,
for example, browsing herbivores had the highest biomass,
likely because macroalgae was present at all reefs (electronic
supplementary material, figure S6), suggesting that fishery
services at macroalgae-dominated reefs are dominated by
browser species. Fiji had the most bottom-heavy trophic pyra-
mids, suggesting that these reefs have particularly high benthic
productivity, with both algal and coral regimes supporting
high biomass turnover of herbivorous (scraping detritivore)
species. These regional differences are likely linked to
abiotic processes that constrain energy and nutrient flux
through reef food webs (e.g. temperature, irradiance, upwel-
ling) [13,16], disturbance history (e.g. fishing, thermal stress)
[41] and intrinsic regional differences in benthic and fish com-
munity composition. Analyses that quantify abiotic influences
on benthic and pelagic primary production, fishing intensity
on different trophic groups, and energy flux through food
webs are required to fully understand regional variability in
coral reef trophic structure. Such assemblage-level analyses of
rate-based ecosystem metrics (e.g. productivity) will help to
inform understanding of general patterns in the structure
and composition of food webs [42].

Analyses of coral reef trophic structure have largely
focused on biomass gradients [10,11,35], but here we also
assessed links between benthic composition and the relative
abundance of fish trophic groups. Surveyed reefs supported
a mix of coral, rubble and algae-dominated habitats (electronic
supplementary material, figure S6), and bottom-heavy trophic
pyramids were also prevalent in all of these benthic regimes.
These sites have experienced recent disturbances to reef habi-
tat, such as cyclones and coral bleaching, but these did not
appear to substantially change trophic group contributions to
fishery services. Such modelling of habitat drivers of fish
trophic groups can provide information for adapting manage-
ment to future reefscapes. For example, we found that shifts
to rubble dominance increased the contribution of mobile
invertivores to nutrient production, consistent with increases
in goatfish (Mullidae) populations after coral declines [43].
Gears targeting these species could help maintain nutritious
catches for people from fisheries after coral mortality events,
but this should be informed by knowledge on which species
groups are preferentially targeted by fishers, and thus likely
to be consumed locally. By contrast, nutrient production
from reef herbivores increased with coral and algal cover,
adding further evidence that herbivores are likely to play a
key role in supporting food security on both coral-dominated
and degraded reefs [17,28,44].
(a) Managing trophic structure of fishery services
Contributions to nutrient productivity remained relatively con-
stant along biomass and trophic group gradients in Belize, Fiji
and Solomon Islands, and between protected and partially
managed reefs (electronic supplementary material, figure S5).
These patterns are similar to those observed on Indian Ocean
[35] and Indonesian reefs [11], where most reefs were domi-
nated by invertivores and herbivores, but fish composition
shifts from convex (dominated by mid-trophic levels) to con-
cave (dominated by low and high trophic levels) trophic
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structures as community fish biomass increases [10]. However,
fishing levels that deplete fish biomass below 100 kg ha−1 can
release benthic invertebrate populations such as sea urchins,
promoting dominance of invertebrate energy pathways in
reef food webs [10]. Surveyed sites in Madagascar had the
lowest total biomass (less than 100 kg ha−1 of fishable bio-
mass), suggesting these reefs likely experience very high
levels of fishing pressure. On these low-biomass reefs, mobile
invertivores replaced herbivores as the dominant nutrient pro-
ducers, suggesting these foodwebs are primarily supported by
invertebrate energy pathways [45], creating losses in potential
fisheries catch from herbivorous species.

Reefs in Belize, Fiji and Solomon Islands had fishable
biomass above 100 kg ha−1 and also maintained trophic struc-
ture across their biomass gradient. Such consistency mirrors
findings from a recent global reef analysis [16], indicating
that regulating fishing to avoid biomass depletion can be an
effective method of protecting fish trophic structure. We note
that 100 kg ha−1 is likely to be an extreme biomass depletion,
below the 300–600 kg ha−1 that is recommended to avoid
fishery collapse [35]. Yet in the four countries analysed here,
most reefs were managed using diverse fishing regulations
(e.g. gear and access restrictions, area and time closures), and
most reefs thus likely experienced moderate to high fishing
effort, suggesting that all management forms can be effective
in protecting the trophic composition of fishery services.
Indeed, no-take areas had similar trophic structure to ‘partially’
managed reefs—evidence that both conservation and fishing
goals can be achieved through gear and area restrictions [11],
whereas open-access reefs (Madagascar) experienced extreme
biomass depletion and disrupted trophic structure. However,
analyses of trophic composition may mask shifts in the species
that provide most fishery services. Species composition typi-
cally responds strongly to fishing, with high fishing pressure
associatedwith shifts in catch composition [46] anddiminished
functioning, if key species become depleted (e.g. excavating
parrotfish) [47].

Such alignment of conservation and fishing goals is particu-
larly relevant for herbivorous scraping and browsing species
that are targeted in fisheries across the tropics [48] but also
have key functional roles in promoting coral settlement through
grazing of detritus and algae on reef substrate [49].Maintaining
sustainable fishing of herbivore populations while protecting
ecosystem functioning is thus a central challenge for fisheries
management on coral reefs [50,51]. Our results suggest that
‘partial’ fishing management in Belize, Fiji, Solomon Islands
successfully protects contributions of herbivorous fishes to bio-
mass production. Though we were unable to assess herbivory
in this study, long-term research in Kenya suggests that
herbivore populations can experience light exploitation and
continue to exert grazing pressure on reef substrate [52], pro-
vided fishing effort is regulated above biomass thresholds [35]
and large-bodied herbivorous fishes have sufficient time to
recover from biomass depletion [53,54]. However, grazing
pressure on coral reefs is context-dependent (e.g. effects of
depth, biodiversity, fish behaviour) [55–57], and can be
decoupled from herbivore biomass production [29], which
may explain the presence of fleshy algae in all four surveyed
countries. Research incorporating metrics of grazing functions
and fishery catch will help managers to balance potential
trade-offs between ecosystem services provided by herbivores.

Despite implementation of fishery restrictions atmost reefs,
piscivores were rarely observed. Correspondingly, piscivores
generally had minor contributions to biomass turnover and
nutrient production, despite these species having high nutrient
density. Top-heavy fishery services (i.e. dominated by pisci-
vores) were only observed for vitamin A in Belize or on reefs
with high fishable biomass. These patterns underline the
diminished functional importance of piscivores in fished seas-
capes and small protected areas [10,35,58,59], suggesting
that these species contribute less than other reef fishes to fish-
eries catch or tropical seafood supply, even on lightly fished
reefs. Such findings highlight the importance of trade-offs
and associations between biomass, biomass production
and nutrients.

Further research on the contributions of trophic groups to
fishery services should integrate ecological surveys from
other habitats. Specifically, using catch composition data to
help ensure key non-reef stocks are surveyed alongside
coral reef fishes. Small-scale coastal fishers also target fishes
in habitats connected to coral reefs (e.g. seagrass, mangrove)
[60,61] that were not included in this analysis, and both fisher
effort and species selectivity can vary spatially on reefs [62].
For example, small-scale fishers in Western Province, Solo-
mon Islands target up to 382 species, but only 56% of these
were observed in these reef surveys, leaving 216 species
either not observed on reefs or likely caught in other habitats
(e.g. pelagic fish: Carangidae, Corhyphaenidae). Nutrition-
sensitive fisheries management, which prioritizes catch of
nutrients relevant for local diets, rather than biomass, could
therefore focus on regulating herbivore and mobile-inverti-
vore fisheries that produce the majority of biomass and
nutrients. Indeed, gear-based management is already effec-
tive at reducing capture of rare, non-target species [63].
Such approaches can now be combined with predicted nutri-
ent concentrations to recommend gears that supply long-term
sustainable catch, maximizing nutrient yields for people
consuming reef seafood [23].

We used statistical models fitted to published data to make
predictions of nutrient concentrations in reef fish species, and
combined these with ‘snapshot’ fish surveys that capture com-
munity size structure and species composition, both of which
are spatially and temporally variable. These steps were necess-
ary to estimate assemblage-level nutrient productivity among
diverse and data-limited reef fishes, but we note that scaling
underwater snapshots of reef fish communities to dynamic
processes (e.g. nutrient productivity) remains a fundamental
challenge for coral reef science [64]. Confronting empirical ana-
lyses of underwater surveys with alternate approaches, such as
ecosystemmodels, will help to assess strengths and limitations
of scaling individual fish to dynamic ecosystem properties.
Nevertheless, growth rate [18] and nutrient content models
[17] have been validated for statistical performance on reef
fishes, and their predictions have been effectively combined
with ecological surveys to update our understanding of the
structure and functioning of coral reefs [29,65].
(b) Future directions
Our study provides a framework for estimating nutrient
productivity from fish survey data using publicly available
statistical predictions of fish growth rates [14] and nutrient
concentrations [21]. Nutrient productivity measures the turn-
over of nutrients between trophic levels, offering insights into
nutrient flux in reef food webs and providing a new approach
for quantifying food provisioning from coral reefs. This
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rate-based metric unites concepts from food systems, ecology
and fisheries theory, and is complementary to emerging
research on reef fish productivity [16,19,28] and elemental
flux [20]. In addition to refining growth rate and nutrient esti-
mates and their application to snapshot UVC, future research
will need to consider potential for environmental variation to
influence nutrient concentrations in fish [17,66], and how
such intraspecific variation might have knock-on effects for
nutrient flux through reef food webs.

We analysed trophic groups of fish with similar diets
and behaviours that are relevant to fisheries (herbivores, pisci-
vore, mobile invertivores) [11], whereas previous large-scale
analyses delineated reef fish pyramids using trophic levels
[10,16]. Since fisheries management typically focuses on
species or gear restrictions that affect catch selection, we
suggest regulating fishing using trophic groups (versus trophic
levels). This approach also avoids issues arising from assigning
a single trophic level to species with diverse (e.g. ‘nominal’ her-
bivores [67]) and variable diets (e.g. ontogenetic shifts [68]).
Our analysis also focused on reef fish species observed in eco-
logical surveys, but not invertebrates that contribute to energy
and nutrient flux in coral reef food webs [69], particularly in
rubble habitats. Analysis of entire food webs (i.e. fish, invert-
ebrates and primary producers) is a longstanding challenge
in coral reef science, owing to high turnover of small, cryptic
species [36] and high biomass of mobile top predators [13],
both of which are difficult to census accurately at comparable
spatio-temporal scales. Our results suggest that invertebrate
biomass (or population turnover) was higher on rubble and
low-biomass reefs that supported the largest (relative) biomass
of mobile invertivores. Indeed, invertebrates can be significant
contributors to energy flux in reef food webs [69,70], while
many reefs support invertebrate fisheries that may benefit vul-
nerable people (e.g. reef gleaning by women) [71]. Analysis of
invertebrate contributions to coral reef biomass, biomass turn-
over and nutrient production, and better integration of
ecological and fisheries surveys with nutritional values for
invertebrates, will help to address these knowledge gaps.
5. Conclusion
Our analysis of coral reefs in four countries spanning the tropics
showed the dominance of low trophic-level fishes in standing
biomass, biomass production and nutrient production. Coral
reef herbivores are likely to be the primary contributor to eco-
system and fisheries services across diverse (and disturbed)
benthic habitats, fisheries management strategies and at reefs
with varying biomass levels, underlining their importance for
tropical food security. Here, reefs that avoided extreme biomass
depletion (i.e. greater than 100 kg ha−1) maintained herbivore
dominance, affirming the potential for fisheries management
to reach biomass thresholds [35] and nutritious fisheries
catches. Higher biomass thresholds (300–600 kg ha−1) are
closer to biomass-based multispecies maximum sustainable
yields, and thus will have additional benefits for ecosystem-
level sustainability targets, as shown in large-scale analyses of
both fished and remote reefs [11,35,72]. We also found that
the trophic structure of reef fishery services was resilient to
different management strategies (e.g. gear and access restric-
tions, no-take areas), supporting use of culturally and socially
appropriate management that permits fishing. Our framework
provides an interdisciplinary approach that integrates theory
across ecology, human health and fisheries science, helping
focus efforts on protecting andmaximizing sustainable seafood
supply to food-insecure people [9,73].

Ethics. This work did not require ethical approval from a human sub-
ject or animal welfare committee.
Data accessibility. Underwater visual surveys are available from https://
datamermaid.org. All data and R scripts required to reproduce ana-
lyses are at https://github.com/jpwrobinson/NutrientProductivity.

Supplementary material is available online [74].

Declaration of AI use. We have not used AI-assisted technologies in creat-
ing this article.

Authors’ contributions. J.P.W.R.: conceptualization, data curation, formal
analysis, funding acquisition, investigation, methodology, project
administration, visualization, writing—original draft, writing—
review and editing; E.S.D.: conceptualization, data curation, funding
acquisition, writing—review and editing; E.M.: conceptualization,
methodology, visualization, writing—review and editing; M.H.: meth-
odology, writing—review and editing; C.C.H.: conceptualization,
funding acquisition, writing—review and editing; S.D.J.: data curation,
resources, writing—review and editing; M.A.M.: data curation, formal
analysis, methodology, writing—review and editing; S.M.: data cura-
tion, funding acquisition, methodology, writing—review and editing;
T.M.: data curation, investigation, resources, writing—review and
editing; Y.N.: data curation, resources, writing—review and editing;
N.A.J.G.: conceptualization, data curation, funding acquisition, investi-
gation, methodology, supervision, visualization, writing—review
and editing.

All authors gave final approval for publication and agreed to be
held accountable for the work performed therein.
Conflict of interest declaration. We declare we have no competing interests.

Funding. This work was supported by The Leverhulme Trust Early
Career Fellowships (J.P.W.R. and E.M.), a UKRI studentship from
the NERC Envision Doctoral Training Partnership (M.H.; grant no.
NE/S007423/1), the Natural Sciences and Engineering Research
Council of Canada Research and Ocean Frontier Institute (M.A.M.),
the European Research Council (C.H., grant no. 759457), the Royal
Society (N.A.J.G.; grant no. GH160077, URF\R\201029) and a
Philip Leverhulme Prize (N.A.J.G.). Funding for coral reef data collec-
tion was provided by the John D. and Catherine T. MacArthur
Foundation (grant nos. 16-1608-151131-CS and 13-105118-000-INP),
National Science Foundation (grant no. EF-1427453), Blue Action
Fund (grant no. 02_05_2018-21_WCS_Melanesia) and Wallace
Research Foundation.
Acknowledgements. We thank contributors to the coral reef monitoring
programmes (Wildlife Conservation Society and MERMAID), par-
ticularly Myles Philips, Alec Hughes, Ravaka Ranaivoson, Arielle
Hoamby and Stephanie D’agata, without whom this research
would not be possible.
References
1. Odum HT, Odum EP. 1955 Trophic structure and
productivity of a windward coral reef community on
Eniwetok Atoll. Ecol. Monogr. 25, 291–320. (doi:10.
2307/1943285)

2. Trebilco R, Baum JK, Salomon AK, Dulvy NK. 2013
Ecosystem ecology: size-based constraints on the
pyramids of life. Trends Ecol. Evol. 28, 423–431.
(doi:10.1016/j.tree.2013.03.008)

3. Hicks CC et al. 2019 Harnessing global
fisheries to tackle micronutrient deficiencies.
Nature 574, 95–98. (doi:10.1038/s41586-019-
1592-6)
4. Kremen C. 2005 Managing ecosystem services: what
do we need to know about their ecology? Ecol. Lett. 8,
468–479. (doi:10.1111/j.1461-0248.2005.00751.x)

5. Jensen OP, Branch TA, Hilborn R. 2012 Marine
fisheries as ecological experiments. Theor. Ecol. 5,
3–22. (doi:10.1007/s12080-011-0146-9)

https://datamermaid.org
https://datamermaid.org
https://github.com/jpwrobinson/NutrientProductivity
http://dx.doi.org/10.2307/1943285
http://dx.doi.org/10.2307/1943285
http://dx.doi.org/10.1016/j.tree.2013.03.008
http://dx.doi.org/10.1038/s41586-019-1592-6
http://dx.doi.org/10.1038/s41586-019-1592-6
http://dx.doi.org/10.1111/j.1461-0248.2005.00751.x
http://dx.doi.org/10.1007/s12080-011-0146-9


royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

290:20231601

9

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

04
 O

ct
ob

er
 2

02
3 
6. Myers RA, Worm B. 2003 Rapid worldwide
depletion of predatory fish communities. Nature
423, 280–283. (doi:10.1038/nature01610)

7. Cinner JE et al. 2016 Bright spots among the
world’s coral reefs. Nature 535, 416–419. (doi:10.
1038/nature18607)

8. Micheli F et al. 2014 High vulnerability of ecosystem
function and services to diversity loss in Caribbean
coral reefs. Biol. Conserv. 171, 186–194. (doi:10.
1016/j.biocon.2013.12.029)

9. Hicks CC, Graham NAJ, Maire E, Robinson JPW. 2021
Secure local aquatic food systems in the face of
declining coral reefs. One Earth 4, 1214–1216.
(doi:10.1016/j.oneear.2021.08.023)

10. Graham NAJ, McClanahan TR, MacNeil MA, Wilson
SK, Cinner JE, Huchery C, Holmes TH. 2017 Human
disruption of coral reef trophic structure. Curr. Biol.
27, 231–236. (doi:10.1016/j.cub.2016.10.062)

11. Campbell SJ, Darling ES, Pardede S, Ahmadia G,
Mangubhai S, Amkieltiela, E, Maire E. 2020 Fishing
restrictions and remoteness deliver conservation
outcomes for Indonesia’s coral reef fisheries.
Conserv. Lett. 13, 147. (doi:10.1111/conl.12698)

12. Jennings S, Grandcourt EM, Polunin N. 1995 The
effects of fishing on the diversity, biomass and
trophic structure of Seychelles’ reef fish
communities. Coral Reefs 14, 225–235. (doi:10.
1007/BF00334346)

13. Heenan A, Williams GJ, Williams ID. 2019 Natural
variation in coral reef trophic structure across
environmental gradients. Front. Ecol. Environ. 18,
69–75. (doi:10.1002/fee.2144)

14. Morais RA, Bellwood DR. 2020 Principles for
estimating fish productivity on coral reefs. Coral
Reefs 39, 1221–1231. (doi:10.1007/s00338-020-
01969-9)

15. McClanahan TR. 2018 Community biomass and life
history benchmarks for coral reef fisheries. Fish Fish
19, 471–488. (doi:10.1111/faf.12268)

16. Seguin R, Mouillot D, Cinner JE, Stuart Smith RD,
Maire E, Graham NAJ, McLean M, Vigliola L,
Loiseau N. 2022 Towards process-oriented
management of tropical reefs in the anthropocene.
Nat. Sustain. 6, 148–157. (doi:10.1038/s41893-022-
00981-x)

17. Robinson JPW, Maire E, Bodin N, Hempson TN,
Graham NAJ, Wilson SK, MacNeil MA, Hicks CC. 2022
Climate-induced increases in micronutrient
availability for coral reef fisheries. One Earth 5,
98–108. (doi:10.1016/j.oneear.2021.12.005)

18. Morais RA, Bellwood DR. 2018 Global drivers of reef
fish growth. Fish Fish 19, 874–889. (doi:10.1111/
faf.12297)

19. Morais RA, Connolly SR, Bellwood DR. 2020 Human
exploitation shapes productivity-biomass
relationships on coral reefs. Glob. Chang. Biol. 26,
1295–1305. (doi:10.1111/gcb.14941)

20. Schiettekatte NMD et al. 2020 Nutrient limitation,
bioenergetics and stoichiometry: a new model to
predict elemental fluxes mediated by fishes. Funct.
Ecol. 34, 1857–1869. (doi:10.1111/1365-2435.
13618)

21. Froese R, Pauly D. 2021 FishBase.
22. Ward-Paige C, Mills Flemming J, Lotze HK. 2010
Overestimating fish counts by non-instantaneous
visual censuses: consequences for population and
community descriptions. PLoS ONE 5, e11722.
(doi:10.1371/journal.pone.0011722)

23. Galligan SJBP, McClanahan TR, Humphries AT. 2022
Nutrient capture and sustainable yield maximized
by a gear modification in artisanal fishing traps.
Environ. Res. Lett. 17, 124035. (doi:10.1088/1748-
9326/aca77e)

24. Nash KL, MacNeil MA, Blanchard JL, Cohen PJ,
Farmery AK, Graham NAJ, Thorne-Lyman AL,
Watson RA, Hicks CC. 2022 Trade and foreign fishing
mediate global marine nutrient supply. Proc. Natl
Acad. Sci. USA 119, e2120817119. (doi:10.1073/
pnas.2120817119)

25. World Health Organization, Food and Agricultural
Organization of the United Nations. 2004 Vitamin
and mineral requirements in human nutrition, 2nd
edition. Geneva, Switzerland: World Health
Organization.

26. Drewnowski A, Rehm CD, Martin A, Verger EO,
Voinnesson M, Imbert P. 2015 Energy and nutrient
density of foods in relation to their carbon footprint.
Am. J. Clin. Nutr. 101, 184–191. (doi:10.3945/ajcn.
114.092486)

27. Maire E, Graham NAJ, MacNeil MA, Lam VWY,
Robinson JPW, Cheung WWL, Hicks CC. 2021
Micronutrient supply from global marine fisheries
under climate change and overfishing. Curr. Biol.
31, 4132–4138.e3. (doi:10.1016/j.cub.2021.06.067)

28. Morais RA, Depczynski M, Fulton C, Marnane M,
Narvaez P, Huertas V, Brandl SJ, Bellwood DR. 2020
Severe coral loss shifts energetic dynamics on a
coral reef. Funct. Ecol. 34, 1507–1518. (doi:10.1111/
1365-2435.13568)

29. Schiettekatte NMD et al. 2022 Biological trade-offs
underpin coral reef ecosystem functioning. Nat.
Ecol. Evol. 6, 701–708. (doi:10.1038/s41559-022-
01710-5)

30. Parravicini V et al. 2020 Delineating reef fish trophic
guilds with global gut content data synthesis and
phylogeny. PLoS Biol. 18, e3000702. (doi:10.1371/
journal.pbio.3000702)

31. Edwards P, Zhang W, Belton B, Little DC. 2019
Misunderstandings, myths and mantras in
aquaculture: its contribution to world food supplies
has been systematically over reported. Mar. Policy
106, 103547. (doi:10.1016/j.marpol.2019.103547)

32. Bürkner P-C. 2018 Advanced Bayesian multilevel
modeling with the R Package brms. The R Journal.
10, 395–411. (doi:10.32614/RJ-2018-017)

33. R Core Team. 2022 R: a language and environment
for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing.

34. Robinson JPW, Wilson SK, Robinson J, Gerry C,
Lucas J, Assan C, Govinden R, Jennings S,
Graham NAJ. 2019 Productive instability of
coral reef fisheries after climate-driven regime shifts.
Nat. Ecol. Evol. 3, 183–190. (doi:10.1038/s41559-
018-0715-z)

35. McClanahan TR, Graham NAJ, MacNeil MA, Cinner JE.
2015 Biomass-based targets and the management of
multispecies coral reef fisheries. Conserv. Biol. 29,
409–417. (doi:10.1111/cobi.12430)

36. Brandl SJ et al. 2019 Demographic dynamics of the
smallest marine vertebrates fuel coral reef
ecosystem functioning. Science 364, 1189–1192.
(doi:10.1126/science.aav3384)

37. Depczynski M, Fulton CJ, Marnane MJ, Bellwood DR.
2007 Life history patterns shape energy allocation
among fishes on coral reefs. Oecologia 153,
111–120. (doi:10.1007/s00442-007-0714-2)

38. Kumar M, Kumari P, Trivedi N, Shukla MK, Gupta V,
Reddy CRK, Jha B. 2011 Minerals, PUFAs and
antioxidant properties of some tropical seaweeds
from Saurashtra coast of India. J. Appl. Phycol. 23,
797–810. (doi:10.1007/s10811-010-9578-7)

39. Hempson TN, Graham NAJ, MacNeil MA, Williamson
DH, Jones GP, Almany GR. 2017 Coral reef
mesopredators switch prey, shortening food chains,
in response to habitat degradation. Ecol. Evol. 7,
2626–2635. (doi:10.1002/ece3.2805)

40. Skinner C, Mill AC, Fox MD, Newman SP, Zhu Y, Kuhl
A, Polunin NVC. 2021 Offshore pelagic subsidies
dominate carbon inputs to coral reef predators. Sci.
Adv. 7, eabf3792. (doi:10.1126/sciadv.abf3792)

41. Ruppert JLW, Vigliola L, Kulbicki M, Labrosse P,
Fortin M-J, Meekan MG. 2018 Human activities as a
driver of spatial variation in the trophic structure of
fish communities on Pacific coral reefs. Glob. Chang.
Biol. 24, e67–e79. (doi:10.1111/gcb.13882)

42. Cooke R et al. 2022 Anthropogenic disruptions to
longstanding patterns of trophic-size structure in
vertebrates. Nat. Ecol. Evol. 6, 684–692. (doi:10.
1038/s41559-022-01726-x)

43. Russ GR, Bergseth BJ, Rizzari JR, Alcala AC. 2015
Decadal-scale effects of benthic habitat and marine
reserve protection on Philippine goatfish (F:
Mullidae). Coral Reefs 34, 773–787. (doi:10.1007/
s00338-015-1296-9)

44. Hamilton M, Robinson JPW, Benkwitt CE, Wilson SK,
MacNeil MA, Ebrahim A, Graham NAJ. 2022 Climate
impacts alter fisheries productivity and turnover on
coral reefs. Coral Reefs 41, 921–935. (doi:10.1007/
s00338-022-02265-4)

45. McClanahan TR. 1994 Kenyan coral reef lagoon fish:
effects of fishing, substrate complexity, and sea
urchins. Coral Reefs 13, 231–241. (doi:10.1007/
BF00303637)

46. McClanahan TR, Hicks CC. 2011 Changes in life
history and ecological characteristics of coral reef
fish catch composition with increasing fishery
management. Fish. Manag. Ecol. 18, 50–60.
(doi:10.1111/j.1365-2400.2010.00768.x)

47. Bellwood DR, Hoey AS, Choat JH. 2003 Limited
functional redundancy in high diversity systems:
resilience and ecosystem function on coral reefs.
Ecol. Lett. 6, 281–285. (doi:10.1046/j.1461-0248.
2003.00432.x)

48. Edwards CB et al. 2014 Global assessment of the
status of coral reef herbivorous fishes: evidence for
fishing effects. Proc. R. Soc. B 281, 20131835.
(doi:10.1098/rspb.2013.1835)

49. Bellwood DR, Choat JH. 1990 A functional analysis
of grazing in parrotfishes (family Scaridae): the

http://dx.doi.org/10.1038/nature01610
http://dx.doi.org/10.1038/nature18607
http://dx.doi.org/10.1038/nature18607
http://dx.doi.org/10.1016/j.biocon.2013.12.029
http://dx.doi.org/10.1016/j.biocon.2013.12.029
http://dx.doi.org/10.1016/j.oneear.2021.08.023
http://dx.doi.org/10.1016/j.cub.2016.10.062
http://dx.doi.org/10.1111/conl.12698
http://dx.doi.org/10.1007/BF00334346
http://dx.doi.org/10.1007/BF00334346
http://dx.doi.org/10.1002/fee.2144
http://dx.doi.org/10.1007/s00338-020-01969-9
http://dx.doi.org/10.1007/s00338-020-01969-9
http://dx.doi.org/10.1111/faf.12268
http://dx.doi.org/10.1038/s41893-022-00981-x
http://dx.doi.org/10.1038/s41893-022-00981-x
http://dx.doi.org/10.1016/j.oneear.2021.12.005
http://dx.doi.org/10.1111/faf.12297
http://dx.doi.org/10.1111/faf.12297
http://dx.doi.org/10.1111/gcb.14941
http://dx.doi.org/10.1111/1365-2435.13618
http://dx.doi.org/10.1111/1365-2435.13618
http://dx.doi.org/10.1371/journal.pone.0011722
http://dx.doi.org/10.1088/1748-9326/aca77e
http://dx.doi.org/10.1088/1748-9326/aca77e
http://dx.doi.org/10.1073/pnas.2120817119
http://dx.doi.org/10.1073/pnas.2120817119
http://dx.doi.org/10.3945/ajcn.114.092486
http://dx.doi.org/10.3945/ajcn.114.092486
http://dx.doi.org/10.1016/j.cub.2021.06.067
http://dx.doi.org/10.1111/1365-2435.13568
http://dx.doi.org/10.1111/1365-2435.13568
http://dx.doi.org/10.1038/s41559-022-01710-5
http://dx.doi.org/10.1038/s41559-022-01710-5
http://dx.doi.org/10.1371/journal.pbio.3000702
http://dx.doi.org/10.1371/journal.pbio.3000702
http://dx.doi.org/10.1016/j.marpol.2019.103547
http://dx.doi.org/10.32614/RJ-2018-017
http://dx.doi.org/10.1038/s41559-018-0715-z
http://dx.doi.org/10.1038/s41559-018-0715-z
http://dx.doi.org/10.1111/cobi.12430
http://dx.doi.org/10.1126/science.aav3384
http://dx.doi.org/10.1007/s00442-007-0714-2
http://dx.doi.org/10.1007/s10811-010-9578-7
http://dx.doi.org/10.1002/ece3.2805
http://dx.doi.org/10.1126/sciadv.abf3792
http://dx.doi.org/10.1111/gcb.13882
http://dx.doi.org/10.1038/s41559-022-01726-x
http://dx.doi.org/10.1038/s41559-022-01726-x
http://dx.doi.org/10.1007/s00338-015-1296-9
http://dx.doi.org/10.1007/s00338-015-1296-9
http://dx.doi.org/10.1007/s00338-022-02265-4
http://dx.doi.org/10.1007/s00338-022-02265-4
http://dx.doi.org/10.1007/BF00303637
http://dx.doi.org/10.1007/BF00303637
http://dx.doi.org/10.1111/j.1365-2400.2010.00768.x
http://dx.doi.org/10.1046/j.1461-0248.2003.00432.x
http://dx.doi.org/10.1046/j.1461-0248.2003.00432.x
http://dx.doi.org/10.1098/rspb.2013.1835


royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

290:20231601

10

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

04
 O

ct
ob

er
 2

02
3 
ecological implications. Environ. Biol. Fishes 28,
189–214. (doi:10.1007/BF00751035)

50. McClanahan TR. 2018 Multicriteria estimate of coral
reef fishery sustainability. Fish Fish 19, 807–820.
(doi:10.1111/faf.12293)

51. Mumby PJ. 2006 The impact of exploiting grazers
(Scaridae) on the dynamics of Caribbean coral reefs.
Ecol. Appl. 16, 747–769. (doi:10.1890/1051-
0761(2006)016[0747:TIOEGS]2.0.CO;2)

52. McClanahan TR. 1992 Resource utilization,
competition, and predation: a model and example
from coral reef grazers. Ecol. Modell. 61, 195–215.
(doi:10.1016/0304-3800(92)90018-A)

53. Humphries AT, McClanahan TR, McQuaid CD. 2020
Algal turf consumption by sea urchins and fishes is
mediated by fisheries management on coral reefs in
Kenya. Coral Reefs 39, 1137–1146. (doi:10.1007/
s00338-020-01943-5)

54. Humphries AT, McClanahan TR, McQuaid CD. 2014
Differential impacts of coral reef herbivores on algal
succession in Kenya. Mar. Ecol. Prog. Ser. 504,
119–132. (doi:10.3354/meps10744)

55. Hanmer J, White JW, Pawlik JR. 2017 Application of
diet theory reveals context-dependent foraging
preferences in an herbivorous coral reef fish. Oecologia
184, 127–137. (doi:10.1007/s00442-017-3855-y)

56. Fox RJ, Bellwood DR. 2007 Quantifying herbivory
across a coral reef depth gradient. Mar. Ecol. Prog.
Ser. 339, 49–59. (doi:10.3354/meps339049)

57. Humphries AT, McQuaid CD, McClanahan TR. 2015
Context-dependent diversity-effects of seaweed
consumption on coral reefs in Kenya. PLoS ONE 10,
e0144204. (doi:10.1371/journal.pone.0144204)

58. MacNeil MA et al. 2015 Recovery potential of the
world’s coral reef fishes. Nature 520, 341–344.
(doi:10.1038/nature14358)

59. Cinner JE et al. 2018 Gravity of human impacts
mediates coral reef conservation gains. Proc. Natl
Acad. Sci. USA 115, E6116–E6125. (doi:10.1073/
pnas.1708001115)

60. Wilson SK et al. 2022 The contribution of
macroalgae-associated fishes to small-scale tropical
reef fisheries. Fish Fish 23, 847–861. (doi:10.1111/
faf.12653)

61. Sambrook K, Hoey AS, Andréfouët S, Cumming GS,
Duce S, Bonin MC. 2019 Beyond the reef: the
widespread use of non-reef habitats by coral reef
fishes. Fish Fish 20, 903–920. (doi:10.1111/faf.
12383)

62. Adams VM, Mills M, Jupiter SD, Pressey RL.
2011 Improving social acceptability of marine
protected area networks: a method for
estimating opportunity costs to multiple gear types
in both fished and currently unfished areas. Biol.
Conserv. 144, 350–361. (doi:10.1016/j.biocon.2010.
09.012)

63. Mbaru EK, Graham NAJ, McClanahan TR, Cinner JE.
2020 Functional traits illuminate the selective
impacts of different fishing gears on coral reefs.
J. Appl. Ecol. 57, 241–252. (doi:10.1111/1365-2664.
13547)

64. Brandl SJ, Rasher DB, Côté IM, Casey JM, Darling ES,
Lefcheck JS, Duffy JE. 2019 Coral reef ecosystem
functioning: eight core processes and the role of
biodiversity. Front. Ecol. Environ. 17, 445–454.
(doi:10.1002/fee.2088)

65. Morais RA, Smallhorn-West P, Connolly SR, Ngaluafe
PF, Malimali S, Halafihi T, Bellwood DR. 2023
Sustained productivity and the persistence of coral
reef fisheries. Nat. Sustain., 1–11. (doi:10.1038/
s41893-023-01137-1)

66. Hixson SM, Arts MT. 2016 Climate warming is
predicted to reduce omega-3, long-chain,
polyunsaturated fatty acid production in
phytoplankton. Glob. Chang. Biol. 22, 2744–2755.
(doi:10.1111/gcb.13295)
67. Clements KD, German DP, Piché J, Tribollet A, Choat
JH. 2016 Integrating ecological roles and trophic
diversification on coral reefs: multiple lines of
evidence identify parrotfishes as microphages.
Biol. J. Linn. Soc. Lond. 520, 1.

68. Plass-Johnson JG, McQuaid CD, Hill JM. 2012
Stable isotope analysis indicates a lack of inter-
and intra-specific dietary redundancy among
ecologically important coral reef fishes. Coral
Reefs 32, 429–440. (doi:10.1007/s00338-012-
0988-7)

69. Heather FJ, Blanchard JL, Edgar GJ, Trebilco R,
Stuart-Smith RD. 2020 Globally consistent reef size
spectra integrating fishes and invertebrates. Ecol.
Lett. 24, 572–579. (doi:10.1111/ele.13661)

70. Kramer MJ, Bellwood DR, Bellwood O. 2014 Benthic
Crustacea on coral reefs: a quantitative survey. Mar.
Ecol. Prog. Ser. 511, 105–116. (doi:10.3354/
meps10953)

71. Thomas A, Mangubhai S, Fox M, Meo S, Miller K,
Naisilisili W, Veitayaki J, Waqairatu S. 2021 Why
they must be counted: significant contributions of
Fijian women fishers to food security and
livelihoods. Ocean Coast. Manag. 205, 105571.
(doi:10.1016/j.ocecoaman.2021.105571)

72. McClanahan TR, Graham NAJ, MacNeil MA, Muthiga
NA, Cinner JE, Bruggemann JH, Wilson SK. 2011
Critical thresholds and tangible targets for
ecosystem-based management of coral reef
fisheries. Proc. Natl Acad. Sci. USA 108, 17 230–17
233. (doi:10.1073/pnas.1106861108)

73. Bennett A et al. 2021 Recognize fish as food
in policy discourse and development funding.
Ambio 50, 981–989. (doi:10.1007/s13280-020-
01451-4)

74. Robinson JPW et al. 2023 Trophic distribution of
nutrient production in coral reef fisheries. Figshare.
(doi:10.6084/m9.figshare.c.6836723)

http://dx.doi.org/10.1007/BF00751035
http://dx.doi.org/10.1111/faf.12293
http://dx.doi.org/10.1890/1051-0761(2006)016[0747:TIOEGS]2.0.CO;2
http://dx.doi.org/10.1890/1051-0761(2006)016[0747:TIOEGS]2.0.CO;2
http://dx.doi.org/10.1016/0304-3800(92)90018-A
http://dx.doi.org/10.1007/s00338-020-01943-5
http://dx.doi.org/10.1007/s00338-020-01943-5
http://dx.doi.org/10.3354/meps10744
http://dx.doi.org/10.1007/s00442-017-3855-y
http://dx.doi.org/10.3354/meps339049
http://dx.doi.org/10.1371/journal.pone.0144204
http://dx.doi.org/10.1038/nature14358
http://dx.doi.org/10.1073/pnas.1708001115
http://dx.doi.org/10.1073/pnas.1708001115
http://dx.doi.org/10.1111/faf.12653
http://dx.doi.org/10.1111/faf.12653
http://dx.doi.org/10.1111/faf.12383
http://dx.doi.org/10.1111/faf.12383
http://dx.doi.org/10.1016/j.biocon.2010.09.012
http://dx.doi.org/10.1016/j.biocon.2010.09.012
http://dx.doi.org/10.1111/1365-2664.13547
http://dx.doi.org/10.1111/1365-2664.13547
http://dx.doi.org/10.1002/fee.2088
https://doi.org/10.1038/s41893-023-01137-1
https://doi.org/10.1038/s41893-023-01137-1
http://dx.doi.org/10.1111/gcb.13295
http://dx.doi.org/10.1007/s00338-012-0988-7
http://dx.doi.org/10.1007/s00338-012-0988-7
http://dx.doi.org/10.1111/ele.13661
http://dx.doi.org/10.3354/meps10953
http://dx.doi.org/10.3354/meps10953
http://dx.doi.org/10.1016/j.ocecoaman.2021.105571
http://dx.doi.org/10.1073/pnas.1106861108
http://dx.doi.org/10.1007/s13280-020-01451-4
http://dx.doi.org/10.1007/s13280-020-01451-4
http://dx.doi.org/10.6084/m9.figshare.c.6836723

	Trophic distribution of nutrient production in coral reef fisheries
	Introduction
	Methods
	Underwater surveys
	Nutrient concentrations of fish tissue
	Fish biomass production
	Fishery services
	Drivers of fishery services

	Results
	Associations between growth rate and nutrient concentration
	Fishery services: standing biomass, biomass turnover and nutrient production
	Bottom versus top-heavy fishery services

	Discussion
	Managing trophic structure of fishery services
	Future directions

	Conclusion
	Ethics
	Data accessibility
	Declaration of AI use
	Authors' contributions
	Conflict of interest declaration
	Funding
	Acknowledgements
	References


