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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 seafood while meeting 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 a more important driver of micronutrient 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 be maintained or even increase where 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,"”” and reef-associated fisheries provide an important
source of income and food security to millions of people across
the tropics.®* However, maintaining both biodiversity and food
security benefits is challenging,” particularly under rising anthro-
pogenic pressures.® 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.”” 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.®™'" Yet coral reefs are among
the most vulnerable ecosystems to human-induced pres-
sures,'®'® 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)."" Biomass and diversity are closely related as
biodiversity supports ecosystem functioning that increases
with fish biomass.''® However, social, environmental, and
governance characteristics also influence fish diversity and
biomass.”®™"” For example, human pressure in the form of
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markets and overfishing depletes fish biomass, but effective
management can slow or reverse this effect.’®'®'° Recent
research has highlighted how as fishing intensity increases,
standing reef fish biomass and biomass turnover can be
decoupled,?® resulting in compositional changes that favor
fast-growing species.”’  Although these compositional
changes may mitigate fisheries collapse under coral reef
degradation,?” it is unclear how they affect the nutrient quality
of local fisheries. Indeed, fish nutrient content varies consider-
ably among fish species®®** such that the nutrient quality of a
fishery is largely determined by the composition of what can
be caught.”® 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,'®'"?® we (1)
develop a structural causal model (SCM) framework to establish
how micronutrient concentrations of reef fish communities are
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ecological conditions and (2) explore how micronutrient 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,>>*® which refers to the percent contribution a fixed
weight (here 100 g) of fish (wet muscle weight) would make to
arecommended 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
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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 reef based on biomass-weighted values for (A) 1,661 reef sites globally and (B)—(E)
split by region: Indian Ocean, Indo-Pacific, Central-Pacific, and Western Atlantic. Micronutrient density represents contribution of an average 100 g of fish to
recommended daily intake summed across calcium, iron, and zinc and standardized by the number of focus micronutrients (three) so that our metric indicated the
contribution (from 0% to 100%) to the recommended daily intake of three nutrients contained in an average 100 g of fish on the reef. Points vary in color from lower
(less nutritious, brown) to higher (more nutritious, green) density score and in size such that bottom (<13%) and top (>24%) 10% values are smaller and bigger,
respectively (global range: 5%-34%) (A). The boxplots represent nation-level values of micronutrient density. Each colored dot represents one reef site, gray solid
vertical bars correspond to the median, and the upper and lower hinges are the 25% and 75% quantiles. Upper whisker is the largest observation less than or
equal to upper hinge + 1.5 X inter-quartile range (IQR), and lower whisker is the smallest observation greater than or equal to lower hinge — 1.5 x IQR. Dashed
vertical lines represent the global average.

BIOT, British Indian Ocean Territory; PNG, Papua New Guinea; MNP, Commonwealth of the Northern Mariana Islands; PRIA, US Pacific Remote Island Area;
ANT, Netherlands Antilles (B)—(E).

Recommended daily intakes are for children between 6 months and 5 years of age.?’

Current Biology 34, 4612-4622, October 21, 2024 4613



¢ CellPress

OPEN ACCESS

Current Biology

250
35
30 B 200
= 8
s 'S
325 . E % )
2 T~ { = B0
o) T i 2
© s k a
=20 5 554 3
S 5 5 28 o
E g Sry ol 5 — —
2 { b = 100
(o] o~ [0
515 | S 2
(| =)
= | =
10 L 50
° — _’—\_
0
25 5.0 75 10.0 0 10 20 30 40 50 60

Log fish biomass

Micronutrient density (%)

Figure 2. Relationships between micronutrient density and reef fish communities’ characteristics

Relationship between micronutrient density and standing fish biomass (log) at 1,661 reef sites (A), based on micronutrient 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.””

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,”® 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,”**>® micronutrient den-
sity at the site level is determined by community composition
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and species’ relative biomass and is also influenced by environ-
mental and socioeconomic conditions that shape reef fish com-
munities.':'82° 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.***' Based on our DAG (Fig-
ure 3A), representing how different factors (e.g., ecological, so-
cial, and environmental conditions) are expected to influence mi-
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 compared with 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
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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 between micronutrient 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% Cl). (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.

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,®” 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

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

variables that do affect our system but that are not specifically measured due to technical or methodological limitations. All causal links are supported by past
research and literature (STAR Methods; Table S2).

(B) Standardized effect sizes of drivers influencing micronutrient density estimated from separate models representing the total causal effect of each driver
(superscripts refer to individual models, STAR Methods). Parameter estimates are Bayesian posterior median values, 90% highest posterior density credible
intervals (thin lines), and 50% credible intervals (thick lines). Dark larger circles indicate 90% credible intervals do not overlap 0 and that the estimate was either
positive (green) or negative (red). Light smaller circles indicate 50% of credible intervals do not overlap zero and that the estimate was either positive (green) or
negative (red). White circles indicate 50% credible interval overlaps zero. Fish trophic composition was reduced as the two first components of the PCA per-
formed with site-level relative biomass values: PC1 was associated with more (+) herbivores and detritivores (HD) and less (—) planktivores (PK), whereas PC2 was
associated with less (—) invertivores (mobile [IM]) and more (+) piscivores (PS) (STAR Methods; Figure S2). White squares indicate the baseline category in the
statistical models used to compare the effect sizes of other categories.

See also Figures S3-S5 and Table S3.
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Current Biology

column) underpins key aspects of community processes such as
ecosystem productivity and stability,'®*®> 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 [Cl]), 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-occur more often on reefs that have reduced micronu-
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 rabbitfishes®* that are particularly rich in zinc (Fig-
ure S4), meaning that catches from these environments will
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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.®® 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.*® This affects reef structural complexity and ulti-
mately the associated abundance, biomass, and trophic
structure of reef fish communities.®>” Although it is recognized
that changes in reef habitat can affect the nutrient content of
individual fish species,® 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 disturbances®®; however, consequences for the
associated micronutrient availability from reef fisheries are still
unclear.®®

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, and mo-
bile invertivores (Figure S5). These are more concentrated in cal-
cium, iron, and zinc compared with planktivores and piscivores
(Figure S8) 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,®® 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.*® Such buffering
may result in nutritional benefits if policies ensure fisheries retain
these micronutrients (calcium, iron, and zinc specifically) locally
for vulnerable human populations.* 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 of micronutrients (Figure S1), micronutrient
density of a standardized amount of fish varies depending on
species composition.”®> 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.*" 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,**~** they have no direct effect on micronutrient density,
probably because the effect of protection favors specific tar-
geted groups*®*® and does not affect species communities in
ways that change the overall micronutrient density. This sug-
gests that species composition and the associated micronutrient
value greatly vary among different levels of protection and
non-regulated areas.® 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.*>*® 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.”

Protecting coral reefs with high levels of biodiversity is widely
thought to help safeguard healthy reefs, as the multi-functionality
of coral reefs (i.e., the ability of fish communities to simulta-
neously provide multiple functions and services) relies strongly
on biodiversity*>*"*° and because some species play unique
and thus irreplaceable roles in ecosystems.**®" 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
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of ecosystem states and processes,”'® but they can also
result in spillover of adults and larvae to surrounding areas,
which can benefit fishers.®>>* 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 turnover® following the
removal of higher trophic level species.>® Herbivores and detriti-
vores have been shown to dominate nutrient production®® and
are associated with local high productivity even if fish biomass
levels are low,”" 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
collapse®” remains critical to sustaining food security.®® Main-
taining reef fish biomass levels above such biomass-based tar-
gets is also expected to sustain critical ecosystem functions
and can be achieved with the use of culturally and socially appro-
priate management forms that permits fishing.*¢~°°

Contrary to previous findings in terrestrial systems,” our re-
sults show that nutrition-biodiversity trade-offs can exist on coral
reefs. Coral reefs host a high diversity of fish species,” but those
that are particularly dense in micronutrients and are important
fishery targets in many tropical countries®*®" also tend to be
more functionally redundant®”®® and less vulnerable to anthro-
pogenic threats.®* Nature-for-nature protection scenarios (e.g.,
the preservation of nature’s diversity and functions being of pri-
mary importance®®) 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 scenario®®).

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-
dation®" and fishing.®® 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.”®®” 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.?® 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.®® 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.?'+¢":°
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,” 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.*?%"°

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Eva Maire (eva.maire@
ird.fr).

Materials availability
This study did not generate new, unique reagents.

Data and code availability
Data and R code used for running the analyses and figures supporting the
manuscript can be found at https://github.com/EvaMaire/ReefFishNutrients.

ACKNOWLEDGMENTS

E.M. was supported by an Early Career Fellowship from the Leverhulme Trust,
United Kingdom. J.P.W.R. was supported by an Early Career Fellowship from
the Leverhulme Trust and a Royal Society University Research Fellowship,
United Kingdom (URF\R1\231087). N.A.J.G. was supported by a Royal Soci-
ety University Research Fellowship, United Kingdom (URF\R\201029).
C.C.H. was supported by a European Research Council Starting Grant (ERC
grant number: 759457) and a Philip Leverhulme Prize from the Leverhulme
Trust, United Kingdom. M.A.M. was supported by the NSERC Research Chairs
Program, Canada. We thank three anonymous reviewers for their constructive
comments, which improved our manuscript.

AUTHOR CONTRIBUTIONS

E.M. conceived the study with J.P.W.R., C.C.H., and N.A.J.G.; EIM., J.P.W.R.,
M.M., and S.A. developed and implemented the analyses. E.M. led the manu-
script with input from all authors.

DECLARATION OF INTERESTS

The authors declare no competing interests.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include
the following:

e KEY RESOURCES TABLE

¢? CellPress

OPEN ACCESS

o EXPERIMENTAL MODEL AND SUBJECT DETAILS
o Scales of data
o Standing reef fish biomass
o Fish communities’ characteristics
o Socioeconomic drivers
o Environmental variables
e METHOD DETAILS
o Causal models
o Relationships between micronutrient density and biodiversity
o QUANTIFICATION AND STATISTICAL ANALYSIS
o Causal models
o Relationships between micronutrient density and biodiversity
o Trait diversity
o IUCN status

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/].
cub.2024.08.031.

Received: February 27, 2024
Revised: June 27, 2024
Accepted: August 16, 2024
Published: September 17, 2024

REFERENCES

1. McClanahan, T.R., Graham, N.A.J., MacNeil, M.A., Muthiga, N.A., Cinner,
J.E., Bruggemann, J.H., and Wilson, S.K. (2011). Critical thresholds and
tangible targets for ecosystem-based management of coral reef fisheries.
Proc. Natl. Acad. Sci. USA 108, 17230-17233. https://doi.org/10.1073/
pnas.1106861108.

2. Mathon, L., Marques, V., Mouillot, D., Albouy, C., Andrello, M., Baletaud,
F., Borrero-Pérez, G.H., Dejean, T., Edgar, G.J., Grondin, J., et al.
(2022). Cross-ocean patterns and processes in fish biodiversity on coral
reefs through the lens of eDNA metabarcoding. Proc. Biol. Sci. 289,
20220162. https://doi.org/10.1098/rspb.2022.0162.

3. FAO; Duke University; WorldFish (2023). llluminating hidden harvests: The
contribution of small-scale fisheries to sustainable development. https://
openknowledge.fao.org/server/api/core/bitstreams/587b0288-bf89-4693-
aeb5f-a379ffd65553/content.

4. Hicks, C.C., Graham, N.A.J., Maire, E., and Robinson, J.P.W. (2021).
Secure local aquatic food systems in the face of declining coral reefs.
One Earth 4, 1214-1216. https://doi.org/10.1016/j.oneear.2021.08.023.

5. Henry, R.C., Arneth, A., Jung, M., Rabin, S.S., Rounsevell, M.D., Warren,
F., and Alexander, P. (2022). Global and regional health and food security
under strict conservation scenarios. Nat. Sustain. 5, 303-310. https://doi.
org/10.1038/s41893-021-00844-x.

6. Setter, R.O., Franklin, E.C., and Mora, C. (2022). Co-occurring anthropo-
genic stressors reduce the timeframe of environmental viability for the
world’s coral reefs. PLoS Biol. 20, €3001821. https://doi.org/10.1371/jour-
nal.pbio.3001821.

7. Byrd, KA., Pincus, L., Pasqualino, M.M., Muzofa, F., and Cole, S.M.
(2021). Dried small fish provide nutrient densities important for the first
1000 days. Matern. Child Nutr. 17, e13192. https://doi.org/10.1111/mcn.
13192,

8. Robinson, J.P.W., Mills, D.J., Asiedu, G.A., Byrd, K., Mancha Cisneros,
M.D.M., Cohen, P.J., Fiorella, K.J., Graham, N.A.J., MacNeil, M.A.,
Maire, E., et al. (2022). Small pelagic fish supply abundant and affordable
micronutrients to low- and middle-income countries. Nat. Food 3, 1075-
1084. https://doi.org/10.1038/s43016-022-00643-3.

9. Ryckman, T., Beal, T., Nordhagen, S., Murira, Z., and Torlesse, H. (2021).
Affordability of nutritious foods for complementary feeding in South Asia.
Nutr. Rev. 79, 52-68. https://doi.org/10.1093/nutrit/nuaal39.

Current Biology 34, 4612-4622, October 21, 2024 4619



mailto:eva.maire@ird.fr
mailto:eva.maire@ird.fr
https://github.com/EvaMaire/ReefFishNutrients
https://doi.org/10.1016/j.cub.2024.08.031
https://doi.org/10.1016/j.cub.2024.08.031
https://doi.org/10.1073/pnas.1106861108
https://doi.org/10.1073/pnas.1106861108
https://doi.org/10.1098/rspb.2022.0162
https://openknowledge.fao.org/server/api/core/bitstreams/587b0288-bf89-4693-ae5f-a379ffd65553/content
https://openknowledge.fao.org/server/api/core/bitstreams/587b0288-bf89-4693-ae5f-a379ffd65553/content
https://openknowledge.fao.org/server/api/core/bitstreams/587b0288-bf89-4693-ae5f-a379ffd65553/content
https://doi.org/10.1016/j.oneear.2021.08.023
https://doi.org/10.1038/s41893-021-00844-x
https://doi.org/10.1038/s41893-021-00844-x
https://doi.org/10.1371/journal.pbio.3001821
https://doi.org/10.1371/journal.pbio.3001821
https://doi.org/10.1111/mcn.13192
https://doi.org/10.1111/mcn.13192
https://doi.org/10.1038/s43016-022-00643-3
https://doi.org/10.1093/nutrit/nuaa139

¢? CellPress

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

OPEN ACCESS

Beal, T., Massiot, E., Arsenault, J.E., Smith, M.R., and Hijmans, R.J.
(2017). Global trends in dietary micronutrient supplies and estimated prev-
alence of inadequate intakes. PLoS One 712, e0175554. https://doi.org/10.
1371/journal.pone.0175554.

Ferguson, E.L., Watson, L., Berger, J., Chea, M., Chittchang, U., Fahmida,
U., Khov, K., Kounnavong, S., Le, B.M., Rojroongwasinkul, N., et al. (2019).
Realistic Food-Based Approaches Alone May Not Ensure Dietary
Adequacy for Women and Young Children in South-East Asia. Matern.
Child Health J. 23, 55-66. https://doi.org/10.1007/s10995-018-2638-3.

Hoegh-Guldberg, O., Jacob, D., Taylor, M., Guillén Bolafios, T., Bindi, M.,
Brown, S., Camilloni, I.A., Diedhiou, A., Djalante, R., Ebi, K., et al. (2019).
The human imperative of stabilizing global climate change at 1.5°C.
Science 365, eaaw6974. https://doi.org/10.1126/science.aaw6974.

Cinner, J.E., Zamborain-Mason, J., Gurney, G.G., Graham, N.A.J.,
MacNeil, M.A., Hoey, A.S., Mora, C., Villéger, S., Maire, E., McClanahan,
T.R., et al. (2020). Meeting fisheries, ecosystem function, and biodiversity
goals in a human-dominated world. Science 368, 307-311. https://doi.
org/10.1126/science.aax9412.

UN (2019). The Sustainable development goals report 2019 (UN
Sustainable Development Goals). https://unstats.un.org/sdgs/report/
2019/The-Sustainable-Development-Goals-Report-2019.pdf.

Mora, C., Aburto-Oropeza, O., Ayala Bocos, A.A., Ayotte, P.M., Banks, S.,
Bauman, A.G., Beger, M., Bessudo, S., Booth, D.J., Brokovich, E., et al.
(2011). Global Human Footprint on the Linkage between Biodiversity
and Ecosystem Functioning in Reef Fishes. PLoS Biol. 9, e1000606.
https://doi.org/10.1371/journal.pbio.1000606.

Duffy, J.E., Lefcheck, J.S., Stuart-Smith, R.D., Navarrete, S.A., and Edgar,
G.J. (2016). Biodiversity enhances reef fish biomass and resistance to
climate change. Proc. Natl. Acad. Sci. USA 113, 6230-6235. https://doi.
org/10.1073/pnas.1524465113.

Cinner, J.E., Zamborain-Mason, J., Maire, E., Hoey, A.S., Graham, N.A.J.,
Mouillot, D., Villéger, S., Ferse, S., and Lockie, S. (2022). Linking key hu-
man-environment theories to inform the sustainability of coral reefs.
Curr. Biol. 32, 2610-2620.e4. https://doi.org/10.1016/j.cub.2022.04.055.

Cinner, J.E., Huchery, C., MacNeil, M.A., Graham, N.A.J., McClanahan,
T.R., Maina, J., Maire, E., Kittinger, J.N., Hicks, C.C., Mora, C., et al.
(2016). Bright spots among the world’s coral reefs. Nature 535,
416-419. https://doi.org/10.1038/nature18607.

MacNeil, M.A., Chapman, D.D., Heupel, M., Simpfendorfer, C.A,,
Heithaus, M., Meekan, M., Harvey, E., Goetze, J., Kiszka, J., Bond,
M.E., et al. (2020). Global status and conservation potential of reef sharks.
Nature 583, 801-806. https://doi.org/10.1038/s41586-020-2519-y.

Seguin, R., Mouillot, D., Cinner, J.E., Stuart Smith, R.D., Maire, E.,
Graham, N.A.J., McLean, M., Vigliola, L., and Loiseau, N. (2022).
Towards process-oriented management of tropical reefs in the anthropo-
cene. Nat. Sustain. 6, 148-157. https://doi.org/10.1038/s41893-022-
00981-x.

Morais, R.A., Connolly, S.R., and Bellwood, D.R. (2020). Human exploita-
tion shapes productivity-biomass relationships on coral reefs. Glob.
Chang. Biol. 26, 1295-1305. https://doi.org/10.1111/gcb.14941.

Yan, H.F., and Bellwood, D.R. (2023). Multi-decadal stability of fish pro-
ductivity despite increasing coral reef degradation. Funct. Ecol. 37,
1245-1255. https://doi.org/10.1111/1365-2435.14319.

Hicks, C.C., Cohen, P.J., Graham, N.A.J., Nash, K.L., Allison, E.H.,
D’Lima, C., Mills, D.J., Roscher, M., Thilsted, S.H., Thorne-Lyman, A.L.,
et al. (2019). Harnessing global fisheries to tackle micronutrient defi-
ciencies. Nature 574, 95-98. https://doi.org/10.1038/s41586-019-1592-6.

Froese, R., and Pauly, D. (2021). FishBase. Fishbase World Wide Web
electronic publication. https://www.fishbase.org.

Maire, E., Graham, N.A.J., MacNeil, M.A., Lam, V.W.Y., Robinson, J.P.W.,
Cheung, W.W.L., and Hicks, C.C. (2021). Micronutrient supply from global

marine fisheries under climate change and overfishing. Curr. Biol. 31,
4132-4138.e3. https://doi.org/10.1016/j.cub.2021.06.067.

4620 Current Biology 34, 4612-4622, October 21, 2024

26.

27.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Current Biology

Drewnowski, A. (2009). Defining Nutrient Density: Development and
Validation of the Nutrient Rich Foods Index. J. Am. Coll. Nutr. 28, 421S-
4268. https://doi.org/10.1080/07315724.2009.10718106.

National Academies of Sciences, Engineering and Medicine (2017).
Dietary Reference Intakes tables and application. nationalacademies.
org/our-work/summary-report-of-the-dietary-reference-intakes.

. Robinson, J.P.W., Maire, E., Bodin, N., Hempson, T.N., Graham, N.A.J.,

Wilson, S.K., MacNeil, M.A., and Hicks, C.C. (2022). Climate-induced in-
creases in micronutrient availability for coral reef fisheries. One Earth 5,
98-108. https://doi.org/10.1016/j.oneear.2021.12.005.

Brandl, S.J., Johansen, J.L., Casey, J.M., Tornabene, L., Morais, R.A., and
Burt, J.A. (2020). Extreme environmental conditions reduce coral reef fish
biodiversity and productivity. Nat. Commun. 77, 3832. https://doi.org/10.
1038/s41467-020-17731-2.

Pearl, J. (2009). Causality, Second Edition (Cambridge University Press).
https://doi.org/10.1017/CB0O9780511803161.

Arif, S., and MacNeil, M.A. (2023). Applying the structural causal model
framework for observational causal inference in ecology. Ecol. Monogr.
93, e1554. https://doi.org/10.1002/ecm.1554.

Cinner, J.E., Maire, E., Huchery, C., MacNeil, M.A., Graham, N.A.J., Mora,
C., McClanahan, T.R., Barnes, M.L., Kittinger, J.N., Hicks, C.C., et al.
(2018). Gravity of human impacts mediates coral reef conservation gains.
Proc. Natl. Acad. Sci. USA 115, E6116-E6125. https://doi.org/10.1073/
pnas.1708001115.

Benkwitt, C.E., Wilson, S.K., and Graham, N.A.J. (2020). Biodiversity in-
creases ecosystem functions despite multiple stressors on coral reefs.
Nat. Ecol. Evol. 4, 919-926. https://doi.org/10.1038/s41559-020-1203-9.

Bellwood, D.R., Tebbett, S.B., Bellwood, O., Mihalitsis, M., Morais, R.A.,
Streit, R.P., and Fulton, C.J. (2018). The role of the reef flat in coral reef
trophodynamics: Past, present, and future. Ecol. Evol. 8, 4108-4119.
https://doi.org/10.1002/ece3.3967.

Magel, J.M.T., Dimoff, S.A., and Baum, J.K. (2020). Direct and indirect ef-
fects of climate change-amplified pulse heat stress events on coral reef
fish communities. Ecol. Appl. 30, e€02124. https://doi.org/10.1002/
eap.2124.

Darling, E.S., McClanahan, T.R., Maina, J., Gurney, G.G., Graham, N.A.J.,
Januchowski-Hartley, F., Cinner, J.E., Mora, C., Hicks, C.C., Maire, E.,
et al. (2019). Social-environmental drivers inform strategic management
of coral reefs in the Anthropocene. Nat. Ecol. Evol. 3, 1341-1350.
https://doi.org/10.1038/s41559-019-0953-8.

Darling, E.S., Graham, N.A.J., Januchowski-Hartley, F.A., Nash, K.L.,
Pratchett, M.S., and Wilson, S.K. (2017). Relationships between structural
complexity, coral traits, and reef fish assemblages. Coral Reefs 36,
561-575. https://doi.org/10.1007/s00338-017-1539-z.

Donovan, M.K., Friedlander, A.M., Lecky, J., Jouffray, J.-B., Williams, G.J.,
Wedding, L.M., Crowder, L.B., Erickson, A.L., Graham, N.A.J., Gove, J.M.,
et al. (2018). Combining fish and benthic communities into multiple re-
gimes reveals complex reef dynamics. Sci. Rep. 8, 16943. https://doi.
org/10.1038/s41598-018-35057-4.

Mellin, C., Hicks, C.C., Fordham, D.A., Golden, C.D., Kijellevold, M.,
MacNeil, M.A., Maire, E., Mangubhai, S., Mouillot, D., Nash, K.L., et al.
(2022). Safeguarding nutrients from coral reefs under climate change.
Nat. Ecol. Evol. 6, 1808-1817. https://doi.org/10.1038/s41559-022-
01878-w.

Morais, R.A., Smallhorn-West, P., Connolly, S.R., Ngaluafe, P.F., Malimali,
S.a., Halafihi, T.i., and Bellwood, D.R. (2023). Sustained productivity and
the persistence of coral reef fisheries. Nat. Sustain. 6, 1199-1209.
https://doi.org/10.1038/s41893-023-01137-1.

Bernhardt, J.R., and O’Connor, M.1. (2021). Aquatic biodiversity enhances
multiple nutritional benefits to humans. Proc. Natl. Acad. Sci. USA 118,
e1917487118. https://doi.org/10.1073/pnas.1917487118.

Lester, S.E., Halpern, B.S., Grorud-Colvert, K., Lubchenco, J.,
Ruttenberg, B.l., Gaines, S.D., Airamé, S., and Warner, R.R. (2009).


https://doi.org/10.1371/journal.pone.0175554
https://doi.org/10.1371/journal.pone.0175554
https://doi.org/10.1007/s10995-018-2638-3
https://doi.org/10.1126/science.aaw6974
https://doi.org/10.1126/science.aax9412
https://doi.org/10.1126/science.aax9412
https://unstats.un.org/sdgs/report/2019/The-Sustainable-Development-Goals-Report-2019.pdf
https://unstats.un.org/sdgs/report/2019/The-Sustainable-Development-Goals-Report-2019.pdf
https://doi.org/10.1371/journal.pbio.1000606
https://doi.org/10.1073/pnas.1524465113
https://doi.org/10.1073/pnas.1524465113
https://doi.org/10.1016/j.cub.2022.04.055
https://doi.org/10.1038/nature18607
https://doi.org/10.1038/s41586-020-2519-y
https://doi.org/10.1038/s41893-022-00981-x
https://doi.org/10.1038/s41893-022-00981-x
https://doi.org/10.1111/gcb.14941
https://doi.org/10.1111/1365-2435.14319
https://doi.org/10.1038/s41586-019-1592-6
https://www.fishbase.org
https://doi.org/10.1016/j.cub.2021.06.067
https://doi.org/10.1080/07315724.2009.10718106
http://nationalacademies.org/our-work/summary-report-of-the-dietary-reference-intakes
http://nationalacademies.org/our-work/summary-report-of-the-dietary-reference-intakes
https://doi.org/10.1016/j.oneear.2021.12.005
https://doi.org/10.1038/s41467-020-17731-2
https://doi.org/10.1038/s41467-020-17731-2
https://doi.org/10.1017/CBO9780511803161
https://doi.org/10.1002/ecm.1554
https://doi.org/10.1073/pnas.1708001115
https://doi.org/10.1073/pnas.1708001115
https://doi.org/10.1038/s41559-020-1203-9
https://doi.org/10.1002/ece3.3967
https://doi.org/10.1002/eap.2124
https://doi.org/10.1002/eap.2124
https://doi.org/10.1038/s41559-019-0953-8
https://doi.org/10.1007/s00338-017-1539-z
https://doi.org/10.1038/s41598-018-35057-4
https://doi.org/10.1038/s41598-018-35057-4
https://doi.org/10.1038/s41559-022-01878-w
https://doi.org/10.1038/s41559-022-01878-w
https://doi.org/10.1038/s41893-023-01137-1
https://doi.org/10.1073/pnas.1917487118

Current Biology

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Biological effects within no-take marine reserves: a global synthesis. Mar.
Ecol. Prog. Ser. 384, 33-46. https://doi.org/10.3354/meps08029.

Edgar, G.J., Stuart-Smith, R.D., Willis, T.J., Kininmonth, S., Baker, S.C.,
Banks, S., Barrett, N.S., Becerro, M.A., Bernard, A.T.F., Berkhout, J.,
et al. (2014). Global conservation outcomes depend on marine protected
areas with five key features. Nature 506, 216-220. https://doi.org/10.1038/
nature13022.

Costello, M.J. (2014). Long live Marine Reserves: A review of experiences
and benefits. Biol. Conserv. 176, 289-296. https://doi.org/10.1016/j.bio-
con.2014.04.023.

Topor, Z.M., Rasher, D.B., Duffy, J.E., and Brandl, S.J. (2019). Marine pro-
tected areas enhance coral reef functioning by promoting fish biodiversity.
Conserv. Lett. 12, €12638. https://doi.org/10.1111/conl.12638.

Loiseau, N., Thuiller, W., Stuart-Smith, R.D., Devictor, V., Edgar, G.J.,
Velez, L., Cinner, J.E., Graham, N.A.J., Renaud, J., Hoey, A.S., et al.
(2021). Maximizing regional biodiversity requires a mosaic of protection
levels. PLoS Biol. 79, e3001195. https://doi.org/10.1371/journal.pbio.
3001195.

Soliveres, S., van der Plas, F., Manning, P., Prati, D., Gossner, M.M.,
Renner, S.C., Alt, F., Arndt, H., Baumgartner, V., Binkenstein, J., et al.
(2016). Biodiversity at multiple trophic levels is needed for ecosystem mul-
tifunctionality. Nature 536, 456-459. https://doi.org/10.1038/nature
19092.

Gross, N., Bagousse-Pinguet, Y.L., Liancourt, P., Berdugo, M., Gotelli,
N.J., and Maestre, F.T. (2017). Functional trait diversity maximizes
ecosystem multifunctionality. Nat. Ecol. Evol. 7, 132. https://doi.org/10.
1038/s41559-017-0132.

Lefcheck, J.S., Byrnes, J.E.K., Isbell, F., Gamfeldt, L., Giriffin, J.N.,
Eisenhauer, N., Hensel, M.J.S., Hector, A., Cardinale, B.J., and Duffy,
J.E. (2015). Biodiversity enhances ecosystem multifunctionality across
trophic levels and habitats. Nat. Commun. 6, 6936. https://doi.org/10.
1038/ncomms7936.

Bellwood, D.R., Hughes, T.P., and Hoey, A.S. (2006). Sleeping functional
group drives coral-reef recovery. Curr. Biol. 16, 2434-2439. https://doi.
org/10.1016/j.cub.2006.10.030.

Maire, E., Villéger, S., Graham, N., Hoey, A., Cinner, J., Ferse, S., Aliaume,
C., Booth, D., Feary, D., Kulbicki, M., et al. (2018). Community-wide scan
flags fish species associated to coral reef services globally. Proc. Biol. Sci.
285, 20181167. https://doi.org/10.1098/rspb.2018.1167.

Harrison, H.B., Williamson, D.H., Evans, R.D., Aimany, G.R., Thorrold,
S.R., Russ, G.R., Feldheim, K.A., van Herwerden, L., Planes, S.,
Srinivasan, M., et al. (2012). Larval export from marine reserves and the
recruitment benefit for fish and fisheries. Curr. Biol. 22, 1023-1028.
https://doi.org/10.1016/j.cub.2012.04.008.

Januchowski-Hartley, F.A., Graham Nicholas, A.J., Cinner Joshua, E., and
Russ Garry, R. (2013). Spillover of fish naiveté from marine reserves. Ecol.
Lett. 76, 191-197. https://doi.org/10.1111/ele.12028.

Di Lorenzo, M., Guidetti, P., Di Franco, A., Calo, A., and Claudet, J. (2020).
Assessing spillover from marine protected areas and its drivers: A meta-
analytical approach. Fish. 27, 906-915. https://doi.org/10.1111/faf.12469.

Graham, N.A.J., McClanahan, T.R., MacNeil, M.A., Wilson, S.K., Cinner,
J.E., Huchery, C., and Holmes, T.H. (2017). Human Disruption of Coral
Reef Trophic Structure. Curr. Biol. 27, 231-236. https://doi.org/10.1016/
j.cub.2016.10.062.

Robinson, J.P.W., Darling, E.S., Maire, E., Hamilton, M., Hicks, C.C.,
Jupiter, S.D., Aaron MacNeil, M., Mangubhai, S., McClanahan, T., Nand,
Y., etal. (2023). Trophic distribution of nutrient production in coral reef fish-
eries. Proc. Biol. Sci. 290, 20231601. https://doi.org/10.1098/rspb.
2023.1601.

McClanahan, T.R., Graham, N.A.J., MacNeil, M.A., and Cinner, J.E. (2015).
Biomass-based targets and the management of multispecies coral reef
fisheries. Conserv. Biol. 29, 409-417. https://doi.org/10.1111/cobi.12430.
Campbell, S.J., Darling, E.S., Pardede, S., Ahmadia, G., Mangubhai, S.,
Amkieltiela, E., Estradivari, E., and Maire, E. (2020). Fishing restrictions

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

¢? CellPress

OPEN ACCESS

and remoteness deliver conservation outcomes for Indonesia’s coral
reef fisheries. Conserv. Lett. 13, €12698. https://doi.org/10.1111/conl.
12698.

Hicks, C.C., and McClanahan, T.R. (2012). Assessing gear modifications
needed to optimize yields in a heavily exploited, multi-species, seagrass
and coral reef fishery. PLoS One 7, e36022. https://doi.org/10.1371/jour-
nal.pone.0036022.

Bozec, Y.M., O’Farrell, S., Bruggemann, J.H., Luckhurst, B.E., and
Mumby, P.J. (2016). Tradeoffs between fisheries harvest and the resilience
of coral reefs. Proc. Natl. Acad. Sci. USA 113, 4536-4541. https://doi.org/
10.1073/pnas.1601529113.

Robinson, J.P.W., Wilson, S.K., Robinson, J., Gerry, C., Lucas, J., Assan,
C., Govinden, R., Jennings, S., and Graham, N.A.J. (2019). Productive
instability of coral reef fisheries after climate-driven regime shifts. Nat.
Ecol. Evol. 3, 183-190. https://doi.org/10.1038/s41559-018-0715-z.

Mouillot, D., Villéger, S., Parravicini, V., Kulbicki, M., Arias-Gonzalez, J.E.,
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 1717,
13757-13762. https://doi.org/10.1073/pnas.1317625111.

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.

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. 74, 341-348. https://doi.org/10.1111/j.1461-0248.2011.01592.x.

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.

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.

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.

Bellwood, D.R., Hughes, T.P., Folke, C., and Nystrédm, M. (2004).
Confronting the coral reef crisis. Nature 429, 827-833. https://doi.org/
10.1038/nature02691.

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.

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.

Borgelt, J., Dorber, M., Haiberg, 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.

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.

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

¢? CellPress

74.

75.

76.

77.

78.

79.

OPEN ACCESS

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.

IUCN; UNEP-WCMC (2016). The World Database on Protected Areas
(WDPA). In UNEP-WCMC, 2016 Edition, Avril., ed. www.www.
protectedplanet.net.net.

Smits, J., and Permanyer, I. (2019). The Subnational Human Development
Database. Sci. Data 6, 190038. https://doi.org/10.1038/sdata.2019.38.
World Bank (2020). World development indicators. databank.worldbank.
org/data/source/world-development-indicators.

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.

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.

81.

82.

83.

84.

Current Biology

Textor, J., van der Zander, B., Gilthorpe, M.S., Liskiewicz, 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.

Ankan, A., Wortel, .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.

Gelman, A., and Hill, J. (2006). Data Analysis Using Regression and
Multilevel/Hierarchical Models (Cambridge University Press).

Chao, A., Chiu, C.-H., Villéger, S., Sun, |.-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.

Magneville, C., Loiseau, N., Albouy, C., Casajus, N., Claverie, T., Escalas,
A., Leprieur, F., Maire, E., Mouillot, D., and Villéger, 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

Current Biology ¢? CellPress

OPEN ACCESS

STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Reef fish biomass estimates, socioeconomic Cinner et al.’® https://doi.org/10.1038/nature18607

and environmental drivers

Estimated micronutrient concentrations Froese and Pauly®* https://www.fishbase.org/

of reef fish species

Trait database on tropical reef fishes Mouillot et al.® https://doi.org/10.1073/pnas.1317625111
Conservation global status of Borgelt et al.”” https://doi.org/10.1038/s42003-022-03638-9

reef fish species

based on the IUCN Red List of

Threatened Species

Dataset and R code for running the This paper; GitHub repository github.com/EvaMaire/ReefFishNutrients
analyses and figures

Software and algorithms

R 4.3.2 binary for macOS 11 (Big Sur) and higher The R Project for Statistical Computing https://cran.r-project.org

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).

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

(i) 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."®

(i) 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.?* 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™; range: 2-23,274 kg.ha™). 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
surveys were carried out using different census methods and sampling areas, species richness was 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).®> 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.'®""?®> Micronutrient concentrations for each species were sourced from
FishBase,?* 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 at maturity, the fish growth parameter K, and body shape) and thermal regime (maximum depth and geograph-
ical zone) predict nutrient content of finfish species, whilst including phylogenetic relatedness’? within the correlation structure of the
models (see the ‘model’ folder at https://github.com/mamacneil/NutrientFishbase). This is based on an updated database and model
that was first developed in Hicks et al.?® 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. ** (367 species) and includes new nutrient analyses of tropical coral reef
species.”® 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.?* 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)**?® 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.”” 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).*” Including selenium would 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.”® 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.”*"*

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.

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 inside marine 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.””

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 2010”° 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 governance’” 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 surveys was 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
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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 into more 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) and we verified
the sites’ habitat information using Google Earth, and site depth information.

- Productivity: We extracted primary productivity from Yeager et al.”® which provides net primary productivity (NPP) values cor-
rected for shallow-water reflectance following the procedure described by Gove et al.” 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 Aqua MODIS (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 oceans’® 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.®**' 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 affect micronutrient den-
sity (Figure 3A). Our DAG was 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’® 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.*"®' 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.®" 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 stability'®>* 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:

Y, = Normal(u, o)

(1) Trophic composition (PC1): u = Bgy + B1TCpc1 + BoBiomass + B3FishSize + 84SSTmean

(2) Biomass-weighted average size of fish assemblages’ model: u = B + 61FishSize + 8,Depth + B3Benthic Composition +
B4FishingPressure

(3) Species richness model: u = Loy + 81SpeciesRichness + 3,Depth + BzProductivity + 84SSTmean+BsReefHabitat + SeDHW +
B;Benthic Composition + gFishingPressure

(4) Fish biomass model: u = Bajk + B1Biomass + B, TCpc1 + B3TCpc2 + 84SSTmean + BsFishSize + fgCensusMethod +
B;SamplingArea

(6) Trophic composition (PC2): u = Bgj + B1TCpc2 + B.Biomass + B3FishSize + 8,SSTean

(6) Human gravity model: u = B + 81Gravity + @,Latitude

(7) HDI model: u = Bg + 81HDI + 8, VoiceAcc + BsLatitude

(8) Voice and accountability model: u = Bqg + 61VoiceAcc + @3,Latitude

(9) MPA model: u = Lo +81MPA + B, Latitude

0) Depth model: u = Bg +B1Depth

1) Reef habitat model: u = Bqy + §1ReefHabitat + 3,Depth

2) Degree Heating Week model: u = gy +81DHW

3) Average sea surface temperature: u = Bgj + 1SSTmean+BoLatitude

4) Wave energy model u = By + 81 WaveEnergy + 8,Depth + 33ReefHabitat

5)

(1
(1
(1
(1
(1
(15) Ocean productivity model: u = Boy + 81Productivity + 8, WaveEnergy + 8sLatitude

Priors : 8,7 = Normal(0,3)

o = half-t(v, )

We were not able to control for two predictor variables, fishing pressure and benthic composition, because of technical or meth-
odological limitations. We used MPA 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: u = By + 81 SpeciesRichness + 3,Depth + B;Productivity
+ B4SSTrmean+BsReefHabitat + BsDHW+8,MPA
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Biomass-weighted average size of fish assemblages’ model: u = Boj + B1FishSize + 8,Depth + 3;MPA

All predictor variables were standardized by subtracting the mean of each variable and dividing by two standard deviations in order
to assess their relative effect sizes.®? 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 (o) 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, and we used the trait database on trop-
ical reef fishes from Mouillot et al.°” 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 FDg=1 index®® implemented in the mFD package®* as follows:

s 1 — min(d;, mD
FD4_1 = exp( ,_oPilog (1 - Z’*fn‘i(Dl)'p’>>

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.®® Hence, it is minimal and equals 1 when 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.”" 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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