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SUMMARY
Coral reefs support an incredible abundance and diversity of fish species, with reef-associated fisheries
providing important sources of income, food, and dietary micronutrients to millions of people across the tro-
pics. However, the rapid degradation of the world’s coral reefs and the decline in their biodiversity may limit
their capacity to supply nutritious and affordable seafoodwhilemeeting conservation goals for sustainability.
Here, we conduct a global-scale analysis of how the nutritional quality of reef fish assemblages (nutritional
contribution to the recommended daily intake of calcium, iron, and zinc contained in an average 100 g fish
on the reef) relates to key environmental, socioeconomic, and ecological conditions, including two key met-
rics of fish biodiversity. Our global analysis of more than 1,600 tropical reefs reveals that fish trophic compo-
sition is amore important driver ofmicronutrient concentrations than socioeconomic and environmental con-
ditions. Specifically, micronutrient density increases as the relative biomass of herbivores and detritivores
increases at lower overall biomass or under high human pressure. This suggests that the provision of essen-
tial micronutrients can bemaintained or even increasewhere fish biomass decreases, reinforcing the need for
policies that ensure sustainable fishing, and that these micronutrients are retained locally for nutrition.
Furthermore, we found a negative association between micronutrient density and two metrics of fish biodi-
versity, revealing an important nutrition-biodiversity trade-off. Protecting reefs with high levels of biodiversity
maintains key ecosystem functions, whereas sustainable fisheries management in locations with high micro-
nutrient density could sustain the essential supply of micronutrients to coastal human communities.
INTRODUCTION

Coral reefs support a high abundance and diversity of fish spe-

cies,1,2 and reef-associated fisheries provide an important

source of income and food security to millions of people across

the tropics.3,4 However, maintaining both biodiversity and food

security benefits is challenging,5 particularly under rising anthro-

pogenic pressures.6 Reef-fish catches are rich in bioavailable

micronutrients, including minerals and vitamins important to hu-

man health, that play essential roles in immunity and health,

cognition, growth, and development, particularly for women

and children.4,7 Fish are also generally more affordable and

accessible than other animal source foods, suggesting reef
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fishes could help reduce nutrient deficiencies, which are partic-

ularly prevalent across the tropics.8–11 Yet coral reefs are among

the most vulnerable ecosystems to human-induced pres-

sures,12,13 highlighting the need to understand whether reefs

can be managed to support human nutrition while also meeting

conservation goals.

A key aim of marine conservation is to protect, or restore,

the amount (i.e., standing biomass) and diversity of fish on a

reef (SDG 14).14 Biomass and diversity are closely related as

biodiversity supports ecosystem functioning that increases

with fish biomass.15,16 However, social, environmental, and

governance characteristics also influence fish diversity and

biomass.15–17 For example, human pressure in the form of
uthors. Published by Elsevier Inc.
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markets and overfishing depletes fish biomass, but effective

management can slow or reverse this effect.13,18,19 Recent

research has highlighted how as fishing intensity increases,

standing reef fish biomass and biomass turnover can be

decoupled,20 resulting in compositional changes that favor

fast-growing species.21 Although these compositional

changes may mitigate fisheries collapse under coral reef

degradation,22 it is unclear how they affect the nutrient quality

of local fisheries. Indeed, fish nutrient content varies consider-

ably among fish species23,24 such that the nutrient quality of a

fishery is largely determined by the composition of what can

be caught.25 Therefore, a key gap in establishing whether

reef fisheries can sustainably support human nutrition is deter-

mining how nutritional quality changes with fish biomass and

diversity.

Here, using fisheries-independent underwater survey data

from more than 1,600 tropical coral reef sites worldwide and

focusing on calcium, zinc, and iron, for which inadequate intakes

are particularly prevalent across the tropics,10,11,23 we (1)

develop a structural causal model (SCM) framework to establish

how micronutrient concentrations of reef fish communities are

influenced by key environmental, socioeconomic, and
Figure 1. Variation in micronutrient density among tropical coral reefs

Global variation in the micronutrient density of an average 100 g of fish on the ree

split by region: Indian Ocean, Indo-Pacific, Central-Pacific, and Western Atlantic

recommended daily intake summed across calcium, iron, and zinc and standardiz

contribution (from 0% to 100%) to the recommended daily intake of three nutrients

(less nutritious, brown) to higher (more nutritious, green) density score and in size

respectively (global range: 5%–34%) (A). The boxplots represent nation-level value

vertical bars correspond to the median, and the upper and lower hinges are the

equal to upper hinge + 1.5 3 inter-quartile range (IQR), and lower whisker is the s

vertical lines represent the global average.

BIOT, British Indian Ocean Territory; PNG, Papua New Guinea; MNP, Commonw

ANT, Netherlands Antilles (B)–(E).

Recommended daily intakes are for children between 6 months and 5 years of a
ecological conditions and (2) explore howmicronutrient concen-

trations of reef fish communities are related to fish biodiversity. In

doing so, we explore the feasibility and opportunities to sustain

the essential supply of nutrients from reef-associated fisheries

to coastal communities without compromising efforts to reverse

biodiversity loss.

RESULTS

Micronutrient variability among tropical coral reefs
Using species-specific micronutrient concentration estimates of

calcium, iron, and zinc, we adapted the concept of micronutrient

density,25,26 which refers to the percent contribution a fixed

weight (here 100 g) of fish (wet muscle weight) would make to

a recommended daily intake. We averaged the estimates across

the 3 micronutrients to create a standardized metric from 0% to

100% (STAR Methods). Higher micronutrient density indicates

that a higher proportion of recommended daily calcium, iron,

and zinc intake is covered by an average 100 g of fish on the

reef, and 100% means that daily needs would be fulfilled for all

3 micronutrients. We then computed this metric as the

biomass-weighted average value based on species composition
f based on biomass-weighted values for (A) 1,661 reef sites globally and (B)–(E)

. Micronutrient density represents contribution of an average 100 g of fish to

ed by the number of focusmicronutrients (three) so that our metric indicated the

contained in an average 100 g of fish on the reef. Points vary in color from lower

such that bottom (<13%) and top (>24%) 10% values are smaller and bigger,

s of micronutrient density. Each colored dot represents one reef site, gray solid

25% and 75% quantiles. Upper whisker is the largest observation less than or

mallest observation greater than or equal to lower hinge � 1.5 3 IQR. Dashed

ealth of the Northern Mariana Islands; PRIA, US Pacific Remote Island Area;

ge.27
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Figure 2. Relationships between micronutrient density and reef fish communities’ characteristics
Relationship betweenmicronutrient density and standing fish biomass (log) at 1,661 reef sites (A), based onmicronutrient density of 838 coral reef fish species (B).

A small range of fish biomass (a moving window of 0.2 log unit, gray polygons) may correspond to a wide range of micronutrient density values. Dashed line

represents fitted linear regression with a negative slope = �1.2 ± 0.08, 95% CI) (A). Micronutrient density of 838 individual fish species, representing the

accumulated contribution of a single 100 g of individual reef fish species to recommended daily intakes summed across calcium, iron, and zinc and standardized

by the number of focus micronutrients (B).

Recommended daily intakes are for children between 6 months and 5 years of age.27
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at each reef site, reflecting the nutritional contribution to recom-

mended daily intake contained in an average 100 g of fish from a

given reef (Figure 1).

We find substantial spatial variability in micronutrient density,

both within and across tropical regions. More importantly,

many nations exhibit great variability in micronutrient density,

encompassing both less and more nutritious sites (Figures 1B–

1E). Because micronutrient density is given for an average

100 g of fish on the reef, fish communities of similar total biomass

can have a higher or lower micronutrient density depending on

species composition. For example, fish communities with a

standing biomass of approximately 300 kg/ha (298–365 kg/ha)

span nearly (9%–30%) the entire range of micronutrient density

values (5%–34%, Figure 2A). Reef-level differences in micronu-

trient density arise from species-level variation in nutrient con-

centrations of fish muscle tissue,23 meaning that the composi-

tion of fish communities strongly influences nutrient availability.

Indeed, the accumulated contribution to the recommended daily

intake of calcium, iron, and zinc that a single 100 g of individual

reef fish species would make varies from 4% for the least nutri-

tious species to 60% for the most nutritious species (Figure 2B).

Despite high variability, micronutrient density at the reef site level

is negatively associated with fish biomass (Figure 2A), suggest-

ing that an average 100 g of fish on the reef tends to be more

nutrient-dense when taken on reefs with lower total biomass.

Causal drivers of micronutrient density
As nutrient content varies with fish traits,23,28 micronutrient den-

sity at the site level is determined by community composition
4614 Current Biology 34, 4612–4622, October 21, 2024
and species’ relative biomass and is also influenced by environ-

mental and socioeconomic conditions that shape reef fish com-

munities.13,18,29 To explore these relationships, we implemented

a recently emerging causal inference framework, the SCM

framework, which relies on a directed acyclic graph (DAG) to

formalize the hypothesized causal structure of a system under

study and subsequently applies a graphical rule known as the

backdoor criterion to determine adjustment sets required to

address specific causal queries.30,31 Based on our DAG (Fig-

ure 3A), representing how different factors (e.g., ecological, so-

cial, and environmental conditions) are expected to influencemi-

cronutrient density, and the application of the backdoor criterion,

we developed a series of Bayesian linear mixed models, one for

each causal variable of interest (where the response variable was

micronutrient density score), and extracted the standardized ef-

fect size of each predictor from its associated model (STAR

Methods).

We demonstrate that fish trophic composition, represented by

the two first axes of a principal-component analysis (PCA, STAR

Methods) of site-level relative biomass values, has a strong rela-

tionship with micronutrient density (Figure 3B). Specifically, we

show that micronutrient density increases as the relative

biomass of herbivores and detritivores increases and the relative

biomass of planktivores decreases (PC1). To a lesser extent, mi-

cronutrient density also increases with a smaller proportion of in-

vertivores comparedwith piscivores (PC2).Micronutrient density

is also higher when fish communities have fewer species and are

dominated by smaller individuals (biomass-weighted average

size of fish communities decreased) and decreases as standing



Figure 3. Causal effects of ecological, social, and environmental conditions on micronutrient density in fish communities on coral reefs

(A) Directed acyclic graph (DAG) illustrating the causal relationships (directed arrows pointing from cause to effect) to investigate how micronutrient density is

affected by ecological, social, and environmental conditions experienced by coral reefs. Square boxes represent predictor variables of micronutrient density

(response variable, gray box) that are specifically quantified, while round boxes (fishing pressure, benthic composition, and fish growth rate) represent predictor

(legend continued on next page)
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Figure 4. Relationships between micronutrient density and two metrics of fish biodiversity

Relationships betweenmicronutrient density of an average 100 g of fish on the reef and (A) trait diversity and (B) the total number of threatened species according

to the IUCN for the 1,661 reef sites. (A) Micronutrient density that represents the accumulated contribution of an average 100 g of fish on the reef to the rec-

ommended daily intake of calcium, iron, and zinc, was negatively associated with trait diversity (trait diversity was computed using the Chao’s FDq = 1, see STAR

Methods), suggesting that reef sites with the highest trait diversity had lower micronutrient density. Black line represents fitted linear regression with a negative

slope =�2.1 ± 0.21, 95%CI). (B) The accumulation of threatened species co-occurring on coral reefs was negatively related to micronutrient density. Reefs with

the highest number of co-occurring threatened species (4 or more species) exhibited lower micronutrient density (p value < 0.05 from Tukey’s multiple com-

parison test). Dashed vertical and horizontal lines represent top quartile values of micronutrient density and trait diversity.

See also Figure S6.

ll
OPEN ACCESS Article
fish biomass increases. Micronutrient density increases in pla-

ces with higher human gravity, a proxy for human pressures

including fishing, expressed as a function of human population

size and travel time to a reef,32 and, to a lesser extent, in places

with lower levels of human development and greater levels of

voice and accountability (i.e., democratic processes and

freedom of expression). Both marine reserves and restricted

fishing areas are found to have no causal effect on the micronu-

trient density compared with fished reefs (Figure 3B). We find

that micronutrient density is higher on shallow reefs, with reef

flats and reef crests having the highest values (Figure 3B). Reefs

with more extreme past climate disturbances (as assessed by

the maximum degree heating week [DHW] between 2005 and
variables that do affect our system but that are not specifically measured due to

research and literature (STAR Methods; Table S2).

(B) Standardized effect sizes of drivers influencing micronutrient density estima

(superscripts refer to individual models, STAR Methods). Parameter estimates a

intervals (thin lines), and 50% credible intervals (thick lines). Dark larger circles ind

positive (green) or negative (red). Light smaller circles indicate 50% of credible in

negative (red). White circles indicate 50% credible interval overlaps zero. Fish tr

formedwith site-level relative biomass values: PC1was associatedwithmore (+) h

associated with less (�) invertivores (mobile [IM]) and more (+) piscivores (PS) (S

statistical models used to compare the effect sizes of other categories.

See also Figures S3–S5 and Table S3.
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2011) or higher wave energy have lower micronutrient density

(Figure 3B).

Relationships between micronutrient density and
biodiversity
To assess potential trade-offs between nutrient content of reef

fish communities and biodiversity, we explored the link between

micronutrient density and biodiversity across reef sites by

focusing on two metrics: (1) the diversity of species traits and

(2) the number of species classified as threatened by extinction,

based on the IUCN Red List of Threatened Species (STAR

Methods). Trait diversity (i.e., body size, diet, diurnal activity,

home range, schooling behavior, and position in the water
technical or methodological limitations. All causal links are supported by past

ted from separate models representing the total causal effect of each driver

re Bayesian posterior median values, 90% highest posterior density credible

icate 90% credible intervals do not overlap 0 and that the estimate was either

tervals do not overlap zero and that the estimate was either positive (green) or

ophic composition was reduced as the two first components of the PCA per-

erbivores and detritivores (HD) and less (�) planktivores (PK), whereas PC2was

TAR Methods; Figure S2). White squares indicate the baseline category in the
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column) underpins key aspects of community processes such as

ecosystem productivity and stability,16,33 and the number of

threatened species identifies species of high societal value ac-

cording to the Convention on Biological Diversity (CBD 2010–

2020). These two metrics represent complementary metrics of

fish biodiversity for which conservation is imperative and distinct

from the importance of fish for nutrition. We find that micronu-

trient density is negatively associated with both metrics. Micro-

nutrient density is negatively associated with trait diversity

(slope = �2.1 ± 0.21, 95% confidence interval [CI]), suggesting

that reef sites with the highest trait diversity have the lowest mi-

cronutrient density (Figure 4A). Similarly, sites with more threat-

ened species have lower micronutrient density (Figure 4B).

These threatened species, mostly piscivores or mixed-diet

feeders such as groupers, carangids, snappers, and barracudas

(but also iconic species such as bumphead parrotfish, Bolbome-

topon muricatum, and humphead wrasse, Cheilinus undulatus),

tend to co-occurmore often on reefs that have reducedmicronu-

trient density (Figure 4B).

DISCUSSION

Substantial spatial variability exists in micronutrient density,

both within and between tropical nations (Figure 1). Differ-

ences in micronutrient density at the reef level arise from spe-

cies-level variation in nutrient concentrations, suggesting that

the composition of reef fish communities strongly influences

nutrient availability. Overall, an average 100 g of fish on the

reef tends to be more nutrient-dense on reefs with lower total

biomass (Figure 2). Fish trophic composition, with a domi-

nance of herbivores and detritivores, is a more important

driver of micronutrient density than socioeconomic and envi-

ronmental conditions (Figure 3). Finally, micronutrient density

is negatively associated with two metrics of fish biodiversity,

revealing an important nutrition-biodiversity trade-off on coral

reefs (Figure 4). Overall, our key findings suggest that oppor-

tunities may exist to sustain the essential supply of nutrients

from reef-associated fisheries. Here we explore (1) the causal

insights from our analysis, (2) a new target for reef fisheries

management that balances nutritional harvest and conserva-

tion efforts to protect biodiversity, and (3) how the nutritional

contribution of coral reef fisheries is likely to change in the

near future.

Causal insights and implications for micronutrient
density
Our causal models reveal several factors that affect micronu-

trient density in coral reef fish communities. In particular, we

find that increased relative biomass of herbivores and detriti-

vores results in greater micronutrient density. Although herbi-

vores and detritivores have comparable calcium and iron con-

centrations to those of other functional groups, they are

particularly rich in zinc (Figure S3). Our findings also suggest

that the nutrient content of reef fish communities may vary ac-

cording to depth, habitat type, and fisheries (Figure 3B). For

example, shallow reef environments such as reef flats and crests

generally support high biomass of grazing surgeonfishes, parrot-

fishes, and rabbitfishes34 that are particularly rich in zinc (Fig-

ure S4), meaning that catches from these environments will
tend to have higher micronutrient density. By contrast, hook

and line gears deployed in deeper waters typically target higher

trophic level species and mixed-diet feeders that have lower

concentrations of calcium, iron, and zinc (Figures S3 and S4)

and may ultimately result in lower micronutrient densities. These

results identify links between fish community composition and

micronutrient densities, highlighting that a diversity of gears

and fisheries deployed in different reef habitats may vary micro-

nutrient density in catches, potentially providing complementary

sources of nutrients from different fish species.

Reefs that experienced more extreme past climate distur-

bances are associated with lower micronutrient density (Fig-

ure 3B), which aligns with alterations to reef fish community

structure following heat stress.35 Reefs with more extreme

past climate disturbances (higher maximum DHW) tend to

have fewer competitive and generalist corals, such as branch-

ing and plating corals, while massive stress-tolerant and

weedy corals tend to persist through severe thermal distur-

bances.36 This affects reef structural complexity and ulti-

mately the associated abundance, biomass, and trophic

structure of reef fish communities.37 Although it is recognized

that changes in reef habitat can affect the nutrient content of

individual fish species,28 there is limited understanding of how

climate-driven habitat shifts alter nutrient flows through food

webs, making these effects difficult to quantify at large scale.

Moreover, coral reefs can follow different ecological regimes

in terms of both fish and benthic communities as a response

to climatic disturbances38; however, consequences for the

associated micronutrient availability from reef fisheries are still

unclear.39

We show that micronutrient density increases in places with

high human gravity owing to changes in fish community compo-

sition along a human gravity gradient. Reefs with higher gravity

values, which have lower fish biomass, tend to be dominated

by low trophic level species like herbivores, detritivores, andmo-

bile invertivores (Figure S5). These are more concentrated in cal-

cium, iron, and zinc compared with planktivores and piscivores

(Figure S3) that are nearly absent when standing fish biomass

decreases, for example, under high human pressure (Figure S5).

Conversely, fish biomass is expected to decline along a human

gravity gradient,32 suggesting that a trade-off between fish

biomass and micronutrient density occurs when human gravity

increases. More specifically, this suggests that even where fish

biomass decreases, the nutrient quality of fish, reflected by our

micronutrient density metric, can be maintained or even in-

crease. Similarly, compensatory buffering production has been

demonstrated on exploited reefs, where high fish community

productivity can be maintained despite increased fishing pres-

sure, contributing to persistent biomass yields.40 Such buffering

may result in nutritional benefits if policies ensure fisheries retain

these micronutrients (calcium, iron, and zinc specifically) locally

for vulnerable human populations.4 Of course, the positive rela-

tionship between total fish biomass and total nutrient availability

(Figure S1) suggests the nutritional needs of more people can be

met when biomass is greater. However, increases in fish

biomass productivity and micronutrient density at intermediate

biomass levels also points to important food security services

from reef fisheries in areas where human populations, and thus

needs, are greater.
Current Biology 34, 4612–4622, October 21, 2024 4617
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Conservation versus fisheries targets
We show that micronutrient density is negatively associated with

both standing biomass and species richness (with a stronger

negative effect for species richness; Figure 3B), suggesting

that an average 100 g of fish on the reef tends to be less

nutrient-dense on reefs with high total biomass and high species

richness. Although higher fish biomass typically results in greater

total fishable quantity ofmicronutrients (Figure S1), micronutrient

density of a standardized amount of fish varies depending on

species composition.25 Herbivores and detritivores are zinc-

dense species (Figure S4) that are particularly dominant at low

and intermediate levels of biomass (100–600 kg/ha), while pisci-

vores and planktivores, which are less concentrated in calcium,

iron, and zinc, become more abundant at higher levels of

biomass (>600 kg/ha, Figure S5). Species richness at a given

reef does not necessarily result in higher diversity in individual

people’s diets, which typically results in greater nutritional bene-

fits.41 In the same vein, we find a negative association between

micronutrient density and trait diversity. Reef sites with higher

total number of species or trait diversity do not have higher

micronutrient density (Figures 3 and 4) because rare species or

species with the most distinct traits, such as piscivores, tend

to be less concentrated in calcium, iron, and zinc (Figures S4–

S6). More importantly, threatened species—which are mostly

piscivores or mixed-diet feeders such as groupers, carangids,

snappers, and barracudas, but also iconic species such as

bumphead parrotfish (Bolbometopon muricatum) and hump-

head wrasse (Cheilinus undulatus) of high societal value—tend

to be less nutritious (Figure S6) and to co-occur more often on

reefs that have reduced micronutrient density (Figure 4).

Although marine protected areas (MPAs) have been strongly

advocated as beneficial instruments for fisheries manage-

ment,42–44 they have no direct effect on micronutrient density,

probably because the effect of protection favors specific tar-

geted groups43,45 and does not affect species communities in

ways that change the overall micronutrient density. This sug-

gests that species composition and the associatedmicronutrient

value greatly vary among different levels of protection and

non-regulated areas.46 Conversely, MPAs—especially no-take

marine reserves—are recognized tools to protect different facets

of biodiversity, and a wide range of beneficial responses have

been documented over the last 30 years.42,43 Despite trade-

offs between micronutrient density (fish quality) and biodiversity,

protecting biodiversity does not jeopardize micronutrient quality

of fish from coral reefs. Opportunities may exist to strategically

prioritize management approaches to both: (1) protect reefs

with high levels of biodiversity and (2) regulate fishing on reefs

with high nutrition quality potential (high micronutrient density)

so that they can support sustainable nutrient-dense food sup-

plies to local populations.4

Protecting coral reefs with high levels of biodiversity is widely

thought to help safeguard healthy reefs, as themulti-functionality

of coral reefs (i.e., the ability of fish communities to simulta-

neously provide multiple functions and services) relies strongly

on biodiversity33,47–49 and because some species play unique

and thus irreplaceable roles in ecosystems.50,51 Therefore, prior-

itizing no-take marine reserves on reefs where biodiversity levels

are particularly high and facing low to intermediate human pres-

sure can substantially increase fish biomass along with a range
4618 Current Biology 34, 4612–4622, October 21, 2024
of ecosystem states and processes,1,13 but they can also

result in spillover of adults and larvae to surrounding areas,

which can benefit fishers.52–54 Conversely, coral reefs with

higher micronutrient density may help sustain the supply of nutri-

tious fish from coral reef fisheries. Indeed, these reefs are gener-

ally dominated by herbivores and detritivores (Figure 3B) and

smaller individuals with high biomass turnover20 following the

removal of higher trophic level species.55 Herbivores and detriti-

vores have been shown to dominate nutrient production56 and

are associated with local high productivity even if fish biomass

levels are low,21 suggesting that some heavily fished reefs may

still supply nutrient-dense seafood (dense in calcium, iron, and

zinc specifically). However, even if this compensatory ecological

mechanism may sustain small-scale fisheries, intensifying fish-

ing pressure may eventually lead to biomass collapse, with

important ecological consequences. This suggests that moni-

toring reef fish biomass and implementing strategic manage-

ment restrictions that avoid extreme biomass depletion below

the 300–600 kg/ha that is recommended to avoid fishery

collapse57 remains critical to sustaining food security.56 Main-

taining reef fish biomass levels above such biomass-based tar-

gets is also expected to sustain critical ecosystem functions

and can be achievedwith the use of culturally and socially appro-

priate management forms that permits fishing.56–58

Contrary to previous findings in terrestrial systems,5 our re-

sults show that nutrition-biodiversity trade-offs can exist on coral

reefs. Coral reefs host a high diversity of fish species,2 but those

that are particularly dense in micronutrients and are important

fishery targets in many tropical countries59–61 also tend to be

more functionally redundant62,63 and less vulnerable to anthro-

pogenic threats.64 Nature-for-nature protection scenarios (e.g.,

the preservation of nature’s diversity and functions being of pri-

mary importance65) would, in coral reef ecosystems, help sustain

the multi-functionality of coral reefs in some locations, whereas

sustainable fisheries management in locations with high micro-

nutrient density would help sustain the essential supply of cal-

cium, iron, and zinc from reef-associated fisheries to coastal hu-

man communities (nature-for-people scenario65).

The nutritional contribution of coral reef fisheries in a
changing world
Our results highlight the critical role that low trophic level spe-

cies—especially herbivores—could play in local food systems.

At the reef level, the most important contributors (top 5 species)

to total calcium, iron, and zinc availability are from a range of

feeding groups, and non-herbivore species tend to contribute

substantially. This contrasts with the global effect of herbivores

and detritivores, which account for 48%, 50%, and 57% of total

calcium, iron, and zinc availability across all reef sites (Figure S7)

due to biomass dominance of the entire functional group, and in-

creases in their relative biomass result in greater micronutrient

density on reefs (Figure 3B). Moreover, these groups are gener-

ally less vulnerable to climate-change associated habitat degra-

dation64 and fishing.66 Consequently, supply of calcium, iron,

and zinc from fished reefs may also withstand short-term climate

impacts, as loss of coral cover is typically followed by increases

in algal productivity and enhanced biomass of low trophic level

fishes that feed on algal resources.28,67 Such stressors are there-

fore likely to change the nutrient concentration of small-scale
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fisheries catches and can result in greater iron and zinc supply

for fisheries after macroalgal regime shifts.28 Reefs dominated

by low trophic level fishes may therefore still provide continued

supply of nutrient-dense seafood (dense in calcium, iron, and

zinc specifically) and could contribute substantially to dietary re-

quirements in places with high reef fish consumption.

Herbivorous reef fish deliver key ecosystem functions and

support coral reef resilience by preventing coral-algal phase

shifts.68 These species, such as parrotfishes and rabbitfishes,

are also targeted by fishers on many reefs globally, consumed

locally, and they also tend to grow faster in response to algal

growth, leading to higher fish biomass and productivity.21,61,69

We therefore caution that sustainable management remains

essential to ensure these fisheries continue to contribute to the

nutritional security of the most vulnerable and food-insecure

populations globally,4 while ecosystem functions are maintained

on coral reefs. Adaptation of both the fishery to respond to the

change in composition and abundance of the fish species tar-

geted locally and national policies to retain and promote con-

sumption of nutritious fish sourced locally will be necessary to

ensure that coral reefs can continue to nourish people.4,28,70
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Bender, M., Chabanet, P., Floeter, S.R., Friedlander, A., Vigliola, L., et al.

(2014). Functional over-redundancy and high functional vulnerability in

global fish faunas on tropical reefs. Proc. Natl. Acad. Sci. USA 111,

13757–13762. https://doi.org/10.1073/pnas.1317625111.

63. Nash, K.L., Graham, N.A.J., Jennings, S., Wilson, S.K., and Bellwood, D.R.

(2016). Herbivore cross-scale redundancy supports response diversity

and promotes coral reef resilience. J. Appl. Ecol. 53, 646–655. https://

doi.org/10.1111/1365-2664.12430.

64. Graham, N.A.J., Chabanet, P., Evans, R.D., Jennings, S., Letourneur, Y.,

Aaron Macneil, M.A., McClanahan, T.R., Ohman, M.C., Polunin, N.V.C.,

and Wilson, S.K. (2011). Extinction vulnerability of coral reef fishes. Ecol.

Lett. 14, 341–348. https://doi.org/10.1111/j.1461-0248.2011.01592.x.

65. Pereira, L.M., Davies, K.K., den Belder, E., Ferrier, S., Karlsson-

Vinkhuyzen, S., Kim, H., Kuiper, J.J., Okayasu, S., Palomo, M.G.,

Pereira, H.M., et al. (2020). Developing multiscale and integrative

nature–people scenarios using the Nature Futures Framework. People

Nat. 2, 1172–1195. https://doi.org/10.1002/pan3.10146.

66. Abesamis, R.A., Green, A.L., Russ, G.R., and Jadloc, C.R.L. (2014). The

intrinsic vulnerability to fishing of coral reef fishes and their differential re-

covery in fishery closures. Rev. Fish Biol. Fish. 24, 1033–1063. https://doi.

org/10.1007/s11160-014-9362-x.

67. Morais, R.A., Depczynski, M., Fulton, C., Marnane, M., Narvaez, P.,

Huertas, V., Brandl, S.J., and Bellwood, D.R. (2020). Severe coral loss

shifts energetic dynamics on a coral reef. Funct. Ecol. 34, 1507–1518.

https://doi.org/10.1111/1365-2435.13568.

68. Bellwood, D.R., Hughes, T.P., Folke, C., and Nyström, M. (2004).

Confronting the coral reef crisis. Nature 429, 827–833. https://doi.org/

10.1038/nature02691.

69. Taylor, B.M., Benkwitt, C.E., Choat, H., Clements, K.D., Graham, N.A.J.,

and Meekan, M.G. (2020). Synchronous biological feedbacks in parrot-

fishes associated with pantropical coral bleaching. Glob. Chang. Biol.

26, 1285–1294. https://doi.org/10.1111/gcb.14909.

70. Golden, C.D., Koehn, J.Z., Shepon, A., Passarelli, S., Free, C.M., Viana,

D.F., Matthey, H., Eurich, J.G., Gephart, J.A., Fluet-Chouinard, E., et al.

(2021). Aquatic foods to nourish nations. Nature 598, 315–320. https://

doi.org/10.1038/s41586-021-03917-1.

71. Borgelt, J., Dorber, M., Høiberg, M.A., and Verones, F. (2022). More than

half of data deficient species predicted to be threatened by extinction.

Commun. Biol. 5, 679. https://doi.org/10.1038/s42003-022-03638-9.

72. Rabosky, D.L., Chang, J., Title, P.O., Cowman, P.F., Sallan, L., Friedman,

M., Kaschner, K., Garilao, C., Near, T.J., Coll, M., et al. (2018). An inverse

latitudinal gradient in speciation rate for marine fishes. Nature 559,

392–395. https://doi.org/10.1038/s41586-018-0273-1.

73. Harder, A.M., Ardren, W.R., Evans, A.N., Futia, M.H., Kraft, C.E., Marsden,

J.E., Richter, C.A., Rinchard, J., Tillitt, D.E., and Christie, M.R. (2018).

Thiamine deficiency in fishes: causes, consequences, and potential solu-

tions. Rev. Fish Biol. Fish. 28, 865–886. https://doi.org/10.1007/s11160-

018-9538-x.
Current Biology 34, 4612–4622, October 21, 2024 4621

https://doi.org/10.3354/meps08029
https://doi.org/10.1038/nature13022
https://doi.org/10.1038/nature13022
https://doi.org/10.1016/j.biocon.2014.04.023
https://doi.org/10.1016/j.biocon.2014.04.023
https://doi.org/10.1111/conl.12638
https://doi.org/10.1371/journal.pbio.3001195
https://doi.org/10.1371/journal.pbio.3001195
https://doi.org/10.1038/nature<?show [?tjl=20mm]&tjlpc;[?tjl]?>19092
https://doi.org/10.1038/nature<?show [?tjl=20mm]&tjlpc;[?tjl]?>19092
https://doi.org/10.1038/s41559-017-0132
https://doi.org/10.1038/s41559-017-0132
https://doi.org/10.1038/ncomms7936
https://doi.org/10.1038/ncomms7936
https://doi.org/10.1016/j.cub.2006.10.030
https://doi.org/10.1016/j.cub.2006.10.030
https://doi.org/10.1098/rspb.2018.1167
https://doi.org/10.1016/j.cub.2012.04.008
https://doi.org/10.1111/ele.12028
https://doi.org/10.1111/faf.12469
https://doi.org/10.1016/j.cub.2016.10.062
https://doi.org/10.1016/j.cub.2016.10.062
https://doi.org/10.1098/rspb.2023.1601
https://doi.org/10.1098/rspb.2023.1601
https://doi.org/10.1111/cobi.12430
https://doi.org/10.1111/conl.12698
https://doi.org/10.1111/conl.12698
https://doi.org/10.1371/journal.pone.0036022
https://doi.org/10.1371/journal.pone.0036022
https://doi.org/10.1073/pnas.1601529113
https://doi.org/10.1073/pnas.1601529113
https://doi.org/10.1038/s41559-018-0715-z
https://doi.org/10.1073/pnas.1317625111
https://doi.org/10.1111/1365-2664.12430
https://doi.org/10.1111/1365-2664.12430
https://doi.org/10.1111/j.1461-0248.2011.01592.x
https://doi.org/10.1002/pan3.10146
https://doi.org/10.1007/s11160-014-9362-x
https://doi.org/10.1007/s11160-014-9362-x
https://doi.org/10.1111/1365-2435.13568
https://doi.org/10.1038/nature02691
https://doi.org/10.1038/nature02691
https://doi.org/10.1111/gcb.14909
https://doi.org/10.1038/s41586-021-03917-1
https://doi.org/10.1038/s41586-021-03917-1
https://doi.org/10.1038/s42003-022-03638-9
https://doi.org/10.1038/s41586-018-0273-1
https://doi.org/10.1007/s11160-018-9538-x
https://doi.org/10.1007/s11160-018-9538-x


ll
OPEN ACCESS Article
74. Flecker, A.S., Twining, C.W., Schmitz, O.J., Cooke, S.J., and

Hammerschlag, N. (2019). Aquatic Predators Influence Micronutrients:

Important but Understudied. Trends Ecol. Evol. 34, 882–883. https://doi.

org/10.1016/j.tree.2019.07.006.

75. IUCN; UNEP-WCMC (2016). The World Database on Protected Areas

(WDPA). In UNEP-WCMC, 2016 Edition, Avril., ed. www.www.

protectedplanet.net.net.

76. Smits, J., and Permanyer, I. (2019). The Subnational Human Development

Database. Sci. Data 6, 190038. https://doi.org/10.1038/sdata.2019.38.

77. World Bank (2020). World development indicators. databank.worldbank.

org/data/source/world-development-indicators.

78. Yeager, L.A., Marchand, P., Gill, D.A., Baum, J.K., and McPherson, J.M.

(2017). Marine Socio-Environmental Covariates: queryable global layers

of environmental and anthropogenic variables for marine ecosystem

studies. Ecology 98, 1976. https://doi.org/10.1002/ecy.1884.

79. Gove, J.M., Williams, G.J., McManus, M.A., Heron, S.F., Sandin, S.A.,

Vetter, O.J., and Foley, D.G. (2013). Quantifying Climatological Ranges

and Anomalies for Pacific Coral Reef Ecosystems. PLoS One 8, e61974.

https://doi.org/10.1371/journal.pone.0061974.
4622 Current Biology 34, 4612–4622, October 21, 2024
80. Textor, J., van der Zander, B., Gilthorpe, M.S., Li�skiewicz, M., and Ellison,

G.T. (2016). Robust causal inference using directed acyclic graphs: the R

package ‘dagitty’. Int. J. Epidemiol. 45, 1887–1894. https://doi.org/10.

1093/ije/dyw341.

81. Ankan, A., Wortel, I.M.N., and Textor, J. (2021). Testing Graphical Causal

Models Using the R Package ‘‘dagitty’’. Curr. Protoc. 1, e45. https://doi.

org/10.1002/cpz1.45.

82. Gelman, A., and Hill, J. (2006). Data Analysis Using Regression and

Multilevel/Hierarchical Models (Cambridge University Press).

83. Chao, A., Chiu, C.-H., Vill�eger, S., Sun, I.-F., Thorn, S., Lin, Y.-C., Chiang,

J.-M., and Sherwin, W.B. (2019). An attribute-diversity approach to func-

tional diversity, functional beta diversity, and related (dis)similarity mea-

sures. Ecol. Monogr. 89, e01343. https://doi.org/10.1002/ecm.1343.

84. Magneville, C., Loiseau, N., Albouy, C., Casajus, N., Claverie, T., Escalas,

A., Leprieur, F., Maire, E., Mouillot, D., and Vill�eger, S. (2022). mFD: an R

package to compute and illustrate the multiple facets of functional diver-

sity. Ecography 2022, https://doi.org/10.1111/ecog.05904.

https://doi.org/10.1016/j.tree.2019.07.006
https://doi.org/10.1016/j.tree.2019.07.006
http://www.www.protectedplanet.net.net
http://www.www.protectedplanet.net.net
https://doi.org/10.1038/sdata.2019.38
http://databank.worldbank.org/data/source/world-development-indicators
http://databank.worldbank.org/data/source/world-development-indicators
https://doi.org/10.1002/ecy.1884
https://doi.org/10.1371/journal.pone.0061974
https://doi.org/10.1093/ije/dyw341
https://doi.org/10.1093/ije/dyw341
https://doi.org/10.1002/cpz1.45
https://doi.org/10.1002/cpz1.45
http://refhub.elsevier.com/S0960-9822(24)01146-1/sref81
http://refhub.elsevier.com/S0960-9822(24)01146-1/sref81
https://doi.org/10.1002/ecm.1343
https://doi.org/10.1111/ecog.05904


ll
OPEN ACCESSArticle
STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Reef fish biomass estimates, socioeconomic

and environmental drivers

Cinner et al.18 https://doi.org/10.1038/nature18607

Estimated micronutrient concentrations

of reef fish species

Froese and Pauly24 https://www.fishbase.org/

Trait database on tropical reef fishes Mouillot et al.62 https://doi.org/10.1073/pnas.1317625111

Conservation global status of

reef fish species

based on the IUCN Red List of

Threatened Species

Borgelt et al.71 https://doi.org/10.1038/s42003-022-03638-9

Dataset and R code for running the

analyses and figures

This paper; GitHub repository github.com/EvaMaire/ReefFishNutrients

Software and algorithms
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Scales of data
Our data were organized at three spatial scales: reef site (n=1,662), reef cluster (n=649), and nation/state (n=36).

(i) Reef site, the smallest scale, which had an average of 2.5 surveys/transects (range: 1-10) hereafter ‘reef’.

(ii) Reef cluster which had an average of 2.4 reef sites (range: 1-22). Reefs within 4km of each other were clustered, and we used

the centroid to estimate reef cluster-level socio-economic variables as described by Cinner et al.18

(iii) Nation/state (nation, state, or territory), which had an average of 18 reef clusters (range: 1-118). The larger scale in our analysis

which is jurisdictions that generally correspond to individual nations (but could also include states, territories, overseas re-

gions), within which reef sites and reef clusters were nested for analysis.
Standing reef fish biomass
Reef fish biomass estimates were based on instantaneous visual counts from 4,164 surveys collected from 1,662 reef sites. Surveys

were carried out using three census methods (stationary point count, belt transect, or distance sampling) and were conducted be-

tween 2004 and 2013. Within each surveyed area, reef associated fishes were identified to species level, abundance was counted,

and total length (TL) estimated. To make estimates of biomass from these transect-level data comparable among studies, we re-

tained families that were consistently included in surveys and were above a minimum size cut-off. Thus, we only retained counts

of non-cryptic reef fish species >10cm in total length, that are reef-associated (32 families, 838 species) (Table S1).We did not include

sharks as they were often excluded from visual surveys. We further distinguished the surveys to include both fishery-target biomass

estimates, and all (including non-target) biomass (Table S1). We removed 1 site which had only non-target biomass. Therefore, we

considered 1,661 reef sites in our analyses. We calculated total biomass of fishes on each reef using published species-level length-

weight relationship parameters or those available on FishBase.24 When length-weight relationship parameters were not available for

a species, we used the parameters for a closely related species or genus. Total biomass values were calculated at the reef scale and

showed a high variability (mean=1,072 kg.ha-1; range: 2-23,274 kg.ha-1). All reported log values are the natural log.

Fish communities’ characteristics
Species richness

We extracted the total number of fish species recorded at each reef site, including both targeted and non-targeted species. Because

surveyswere carried out using different censusmethods and sampling areas, species richnesswas standardised by dividing the total

number of fish species by the total area sampled.

Fish composition

We assigned each fish species a functional feeding group (herbivores-detritivore, planktivore, piscivore, and species feeding on mo-

bile and sessile invertebrates).62 We then computed for each site the relative biomass of each functional feeding group and
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performed a Principal Component Analysis (PCA) to describe similarities between fish communities among reef sites. The two first

components (PC1 and PC2) explained 70% of the variation observed between reef sites. PC1 was mostly associated with more her-

bivore-detritivore, while PC2 was associated with more piscivore, and less invertivores feeding on mobile invertebrates (Figure S2).

Size of fish communities

We used the total length of each individual fish recorded during visual counts and then computed the biomass-weighted average size

of fish at each reef site.

Micronutrient densities of reef fish communities

We focused on three essential micronutrients (calcium, iron, and zinc) for which inadequate intakes are particularly prevalent across

the tropics and for which sufficient data are available.10,11,23 Micronutrient concentrations for each species were sourced from

FishBase,24 which uses Bayesian hierarchical models to integrate information on both species traits and phylogenetic relatedness.

Specifically, the models estimate how diet (feeding pathway, trophic level, and the position in the water column), energetic demand

(maximum length, age atmaturity, the fish growth parameter K, and body shape) and thermal regime (maximumdepth and geograph-

ical zone) predict nutrient content of finfish species, whilst including phylogenetic relatedness72 within the correlation structure of the

models (see the ‘model’ folder at https://github.com/mamacneil/NutrientFishbase). This is based on an updated database andmodel

that was first developed in Hicks et al.23 The updated database includes > 3,500 measurements of 610 fish species. Note that this

dataset is expanded (66 %) from that used in Hicks et al. 23 (367 species) and includes new nutrient analyses of tropical coral reef

species.28 Model diagnostics (no evidence for lack of convergence and posterior predictive checks), suggest this updated model

was well calibrated and could readily generate out of sample estimates of the kind observed in our nutrients database. All data,

and original sources, are freely available through FishBase.24 For this study, we specifically used estimated micronutrient concen-

trations of 838 tropical marine fish species in 32 families recorded during visual counts (Table S1).

We then applied the concept of micronutrient density which refers to the percent contribution of a fixed weight (here 100-g) of fish

(wet muscle weight) to a recommended daily intake (e.g., recommended dietary allowance) summed across three key micronutrients

(calcium, iron, and zinc)25,26 and standardised by the number of focus micronutrients (three). We used recommended dietary allow-

ance (RDA) for children between 6 months and 5 years of age.27 Therefore, our metric indicates the contribution (from 0 to 100%) to

recommended daily intake of three nutrients that an average 100g of fish from the reef could make and thus is driven by species

composition. It defers from nutrient availability which was obtained by converting standing biomass estimates into total nutrient

amounts (Figure S1). Contribution of each functional group to total nutrient availability at the reef level was also computed (Figure S7).

Reef fishes are particularly rich in selenium (averaged contributions > 99% of RDA).25 Including seleniumwould have increased the

micronutrient density score but would not have allowed to distinguish reefs with high versus low micronutrient density. It is also rec-

ognised that reef fishes, as tropical species, have relatively lower concentrations of omega-3 and vitamin A than their cold-water and

temperate counterparts.23 Selenium, omega-3, and vitamin A were therefore not included in the analysis. The lack of available data

precluded inclusion of other essential micronutrients in our analysis, such as amino acids and vitamin B.73,74

Socioeconomic drivers

- Human gravity: We used the human gravity index which is a proxy for human pressures including fishing, expressed as a func-

tion of human population size and travel time to a reef and examines the amount of human pressure within the surrounding

500km of a reef.32

- Management: For each reef, we determined if it was: i) marine reserve- whether it fell within the borders of a no-take

marine reserve and we asked data providers to further classify whether the reserve had high or low levels of compliance; ii)

restricted - whether there were active restrictions on gears (e.g. bans on the use of nets, spearguns, or traps) or fishing effort

(which could have included areas insidemarine protected areas that were not necessarily no take); or iii) fished - regularly fished

without effective restrictions. To determine these classifications, we used the expert opinion of the data providers, and validated

this with a global database of marine reserve boundaries.75

- Human Development Index (HDI): HDI is a summary measure of human development encompassing: a long and healthy life,

being knowledgeable, and having a decent standard of living. To account for regional variability in HDI values, we used the sub-

national HDI database which provides HDI estimates for 1625 regions within 161 countries for the year 201076 and calculated

the average HDI value of the nearest three regions for each reef site.

- Voice and accountability: the voice and accountability index from the World Bank survey on governance77 reflects the percep-

tions of the extent to which a country’s citizens are able to participate in selecting their government, as well as freedom of

expression, freedom of association, and a free media (the complete list of individuals variables can be found at https://www.

worldbank.org/content/dam/sites/govindicators/doc/va.pdf). Estimate gives the country’s score on the aggregate indicator,

in units of a standard normal distribution, i.e. ranging from approximately -2.5 to 2.5.
Environmental variables

- Depth: The depth of reef surveyswas grouped into the following categories: <4m, 4-10m, >10m to account for broad differences

in reef fish community structure attributable to a number of inter-linked depth-related factors. Categories were necessary to
e2 Current Biology 34, 4612–4622.e1–e5, October 21, 2024
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standardize methods used by data providers and were determined by pre-existing categories used by several data providers.

- Habitat: We included the following habitat categories: i) Slope: The reef slope habitat is typically on the ocean side of a reef,

where the reef slopes down into deeper water; ii) Crest: The reef crest habitat is the section that joins a reef slope to the reef

flat. The zone is typified by high wave energy (i.e. where the waves break) and a change in the angle of the reef from an inclined

slope to a horizontal reef flat; iii) Flat: The reef flat habitat is typically horizontal and extends back from the reef crest for 10’s to

100’s of meters; iv) Lagoon / back reef: Lagoonal reef habitats are where the continuous reef flat breaks up intomore patchy reef

environments sheltered from wave energy. These habitats can be behind barrier / fringing reefs or within atolls. Back reef hab-

itats are similar broken habitats where the wave energy does not typically reach the reefs and thus forms a less continuous

‘lagoon style’ reef habitat. For this analysis, we excluded other less prevalent habitat types (channels and banks) andwe verified

the sites’ habitat information using Google Earth, and site depth information.
- Productivity: We extracted primary productivity from Yeager et al.78 which provides net primary productivity (NPP) values cor-

rected for shallow-water reflectance following the procedure described by Gove et al.79 to filter out grid cells with minimum

depth <30 m. This dataset draws on NPP values from 8-day composite layers of chlorophyll-a concentration (proxy for phyto-

plankton biomass) using data provided at a 4km-resolution by AquaMODIS (Moderate Resolution Imaging Spectro-radiometer)

for years 2003 to 2013. For each reef site, we extracted the overall mean chlorophyll-a concentration for the period 2003-2013

using a 100-km buffer around each site.

- Temperature data: we used the NOAA Coral Reef Watch Daily Global 5-km Satellite Coral Bleaching Monitoring (https://

coralreefwatch.noaa.gov/product/5km/index_5km_composite.php) which provided daily sea surface temperature (SST) values

and degree heating week (DHW) at a 5km-resolution. To reflect past temperature conditions and heat stress experienced by

each reef site, we calculated the average of daily SST and the maximum DHW for the past 5 years of each reef site using a

100-km buffer around each reef site.

- Wave energy: We used wave energy from the Marine Socio-Environmental Covariates dataset for the global oceans78 and ex-

tracted the overall mean of wave energy flux for each reef.
METHOD DETAILS

Causal models
We implemented the structural causal model (SCM) framework, an emerging causal inference technique that can be used to answer

causal queries from observational data.30,31 The SCM framework relies on directed acyclic graphs (DAGs), which are used to visu-

alize the hypothesized causal structure of a system under study, with directed arrows pointing from cause to effect. We created our

DAG to answer how species composition or social and environmental conditions experienced by coral reefs affectmicronutrient den-

sity (Figure 3A). Our DAGwas created during a weeklong workshop, with expert input from several reef researchers (EM, JPWR,MM,

SA, JEC, NAJG, MAM & CCH), included all relevant measured and unmeasured variables, and was further supported by past

research and literature (see supplemental information for rationale). We used the R package ‘dagitty’80 to test DAG-data consistency

between our observational data and specified DAG. Dagitty uses a formal test of zero (partial) correlation for each identified indepen-

dency based on d-separation rules. There were 80 conditional independencies implied by our DAG (Table S3) and each was tested

against our observational data. For example, we verified that average sea surface temperature was independent of wave energy and

species richness was independent of micronutrient density when fish biomass, fish size, fish trophic composition, and average sea

surface temperature are adjusted for (Table S3). Specifically, we checked that all independencies had an absolute partial correlation

coefficient smaller than 0.4 (see Table S3), providing additional support for the overall structure of our DAG.31,81 We then applied a

graphical rule known as the backdoor criterion to determine the adjustment set (i.e., controls) required to answer specific causal

queries; this in turn eliminates common statistical biases that can otherwise plague observational correlative studies, including con-

founding, overcontrol, and collider bias.31 We identified the minimum adjustment set necessary to obtain the total causal effect of

each predictor variable which represents the list of additional covariates that must be included in a regression model to satisfy

the backdoor criterion and account for the potential statistical biases outlined above, and finally a separate causal model for each

predictor variable of interest was created (see models’ equations below for adjustment sets). Relationships between micronutrient

density and all predictor variables can be found in Figures S8 and S9.

Relationships between micronutrient density and biodiversity
To assess potential trade-offs between nutrient content of reef fish communities and biodiversity, we explored the relationships

between:

- micronutrient density, that was computed by considering only fish species that are commonly targeted in artisanal fisheries

(Table S1) to reflect the potential micronutrient concentrations available for local human populations and,

- two complementary metrics of biodiversity: (1) the diversity of species traits and (2) the number of species classified as threat-

ened by extinction, based on the IUCN Red List of Threatened Species (see below for further details). Indeed, trait diversity un-

derpins key aspects of community processes such as ecosystem productivity and stability16,33 and the number of threatened
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species identifies species of high societal value according to the Convention on Biological Diversity (CBD 2010-2020). Both

metrics were computed using the entire fish community.
QUANTIFICATION AND STATISTICAL ANALYSIS

Causal models
After validating our DAG, the final step is to choose a statistical model, to estimate effect sizes of each covariate. Directed

acyclic graphs are used to guide covariate selection (i.e., which variables to adjust for) and are non-parametric, meaning

that they make no assumptions about the distribution of variables (e.g. normally distributed) or the functional form of causal

effects (e.g. linear). We developed a series of Bayesian linear mixed effects models, one for each of our causal models, using

a normal error distribution, where the response variable was our micronutrient density metric and which explicitly recognize the

nested structure of reefs within reef clusters (j) within nations/states (k) in our data. The effect size of each predictor variable of

interest, representing the total causal effect, was interpreted for its associated model, with additional variables acting as

required controls based on the backdoor criterion. We specifically accounted for any potential bias among census methods

by controlling for sampling method and area in the fish biomass model. Geography plays an important role in shaping biophys-

ical ocean conditions and the distribution of the world population, income, economic growth, we thus used latitude (absolute

value for linearity) as a proxy for these conditions affecting HDI, voice and accountability, MPAs, human gravity, sea surface

temperature and ocean productivity (see Table S2 for rationale).

Based on the backdoor criterion, our initial Bayesian linear mixed models (one for each predictor variable) were as follows:

Yi = Normalðm;sÞ

(1) Trophic composition (PC1): m = b0jk + b1TCPC1 + b2Biomass+ b3FishSize+ b4SSTmean

(2) Biomass-weighted average size of fish assemblages’ model: m = b0jk + b1FishSize+ b2Depth+ b3Benthic Composition+

b4FishingPressure

(3) Species richness model: m = b0jk + b1SpeciesRichness+ b2Depth+ b3Productivity + b4SSTmean+b5ReefHabitat + b6DHW +

b7Benthic Composition+ b8FishingPressure

(4) Fish biomass model: m = b0jk + b1Biomass+ b2TCPC1 + b3TCPC2 + b4SSTmean + b5FishSize+ b6CensusMethod +

b7SamplingArea

(5) Trophic composition (PC2): m = b0jk + b1TCPC2 + b2Biomass+ b3FishSize+ b4SSTmean

(6) Human gravity model: m = b0jk + b1Gravity + b2Latitude

(7) HDI model: m = b0jk + b1HDI+ b2VoiceAcc+ b3Latitude

(8) Voice and accountability model: m = b0jk + b1VoiceAcc+ b2Latitude

(9) MPA model: m = b0jk + b1MPA+ b2Latitude

(10) Depth model: m = b0jk + b1Depth

(11) Reef habitat model: m = b0jk + b1ReefHabitat + b2Depth

(12) Degree Heating Week model: m = b0jk + b1DHW

(13) Average sea surface temperature: m = b0jk + b1SSTmean+b2Latitude

(14) Wave energy model m = b0jk + b1WaveEnergy + b2Depth+ b3ReefHabitat

(15) Ocean productivity model: m = b0jk + b1Productivity + b2WaveEnergy + b3Latitude
Priors : b0.7 = Normalð0; 3Þ
s = half-tðy;hÞ
We were not able to control for two predictor variables, fishing pressure and benthic composition, because of technical or meth-

odological limitations.We usedMPA status (marine reserve, restricted areas, or fished areas) as a proxy for fishing pressure.We used

a subset of reef sites (n = 594) for which hard coral cover was available to quantify the importance of this predictor. Using this subset

data, we ran two similar models, one with hard coral cover and one without hard coral cover and found no difference in the stand-

ardised effect sizes of species richness and fish size on micronutrient density (Table S4). This lent support to run the final models

without benthic composition for the entire dataset. The final models for species richness and fish size were as follows:

Species richness model: m = b0jk + b1SpeciesRichness+ b2Depth+ b3Productivity

+ b4SSTmean+b5ReefHabitat + b6DHW+b7MPA
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Biomass-weighted average size of fish assemblages0 model: m = b0jk + b1FishSize+ b2Depth+ b3MPA

All predictor variables were standardized by subtracting themean of each variable and dividing by two standard deviations in order

to assess their relative effect sizes.82 Human gravity and ocean productivity were log-transformed prior to standardisation. We ran

our models using the ‘brms’ package on R, using weakly informative priors. Standard deviations (s) of group-level (‘random’) effects

have a half student-t prior with 3 degrees of freedom and a scale parameter that depends on the standard deviation of the response

after applying the link function.

Relationships between micronutrient density and biodiversity
To assess potential trade-offs between nutrient content of reef fish communities and biodiversity, we computed two complementary

metrics of biodiversity: (1) the diversity of species traits and (2) the number of species classified as threatened by extinction, based on

the IUCN Red List of Threatened Species.

Trait diversity
Trait diversity of the fish assemblage (target and non-target) was computed for each reef site, andwe used the trait database on trop-

ical reef fishes from Mouillot et al.62 The six traits considered were: (1) size (observed length of each individual fish) coded using 5

ordered categories: 10-15 cm, 15.1-30 cm, 30.1-50 cm, 50.1-80 cm, >80 cm; (2) mobility coded using 3 ordered categories: seden-

tary, mobile within a reef, and mobile between reefs; (3) period of activity coded using 3 ordered categories: diurnal, both diurnal and

nocturnal, and nocturnal; (4) schooling coded using 5 ordered categories: solitary, paired, or living in small (3-20 individuals), medium

(20-50 individuals), or large groups (>50 groups); (5) vertical position in the water column coded using 3 ordered categories: benthic,

bentho-pelagic, and pelagic; (6) diet coded using 7 trophic categories: herbivorous-detritivorous, macro-algal herbivorous, invertiv-

orous targeting sessile invertebrates, invertivorous targeting mobile invertebrates, planktivorous, piscivorous, and omnivorous, (i.e.

fishes that feed on both vegetal and animal material). Since all traits were categorical, species with identical traits were grouped into

entities. We then computed the Gower distance between all pairs of entities. Finally, for each fish community we computed trait-di-

versity using the Chao’s FDq=1 index83 implemented in the mFD package84 as follows:

FDq = 1 = exp
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where pi and pj are the respective relative biomasses of the two entities i and j in the community, dij is the Gower distance between

entities i and j, mD is the average of all Gower distances between the entities present in the global pool of species. This index is ex-

pressed as an equivalent number of species.83 Hence, it is minimal and equals 1when all biomass is supported by the same entity (i.e.

when one species is ultra-dominant or when all species have the same trait values) and it is maximal and equals the number of spe-

cies when all species pairs have dissimilarities higher than the average dissimilarity in the global species pool and equal biomasses.

IUCN status
We assigned each reef fish species a conservation global status which described how likely a species is threatened with extinction,

based on the IUCN Red List of Threatened Species and recent advances to retrieve status for data-deficient species from machine

learning-derived technics using species taxonomy and occurrence, range extent, and environmental and human stressors within

species range maps.71 In total, 808 of the species in our surveyed were included (target and non-target); we reclassified these

fish species into 3 groups and found that 25 species were classified as Threatened (TH: Critically Endangered, Endangered, or

Vulnerable), 783 species were classified as not threatened (LC: Least Concern or Near Threatened), and 30 species had no status

or were absent from both sources. We then determined for each site, the number of species which were classified as threatened

(range: 0-7 species).
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