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Abstract

1. The exceptional diversity of shallow-water marine fishes contributes to the nutrition

of millions of people worldwide through coastal wild-capture fisheries, with differ-
ent species having diverse nutritional profiles. Fishes in ecosystems are reservoirs
of micronutrients with benefits to human health. Yet, the amount of micronutrients
contained in fish species on coral reefs and in shallow tropical waters is challenging

to estimate, and the micronutrients caught by fisheries remain uncertain.

. To assess whether micronutrient deficiencies could be addressed through spe-

cific fisheries management actions, we first require a quantification of the po-
tentially available micronutrients contained in biodiverse reef fish assemblages.
Here, we therefore undertake a broad heuristic assessment of available micronu-
trients on tropical reefs using ensemble species distribution modelling and iden-
tify potential mismatches with micronutrients derived from summarising coastal

fisheries landings data.

. We find a mismatch between modelled estimates of micronutrients available in

the ecosystem on the one hand and the micronutrients in small-scale fisheries
landings data. Fisheries had lower micronutrients than expected from fishes in
the modelled assemblage. Further, fisheries were selective for vitamin A, thus re-
sulting in a trade-off with other micronutrients. Our results remained unchanged
after accounting for the under-sampling of fish communities and under-reporting

of small-scale fisheries catches—two major sources of uncertainty.
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4. This reported mismatch indicates that current estimates of fished micronutrients

are not adequate to fully assess micronutrient inventories. However, small-scale
fisheries in some countries were already selective towards micronutrient mass,
indicating policies that target improved access, distribution and consumption of

fish could leverage this existing high micronutrient mass.

. Enhanced taxonomic resolution of catches and biodiversity inventories using

localised species consumption surveys could improve understanding of nature-
people linkages. Improving fisheries reporting and monitoring of reef fish as-
semblages will advance the understanding of micronutrient mismatches, which

overall indicate a weak uptake of nutritional goals in fisheries practices.

. The decoupling between micronutrients in ecosystems and in fisheries catches in-

dicates that social, economic, and biodiversity management goals are not shaped

around nutritional targets—but this is key to achieve a sustainable and healthy
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1 | INTRODUCTION

More than 100 million people globally live within 5km of coral reefs
(Sing Wong et al., 2022). Reef systems support the livelihoods of
at least 5-6 million people in low-to-middle income countries (Teh
et al., 2013). Aquatic foods such as fish are an important source of
micronutrients such as omega-3, calcium, iron, vitamin A and zinc
(Hicks et al., 2019), and access to fish-sourced micronutrients is
associated with multiple improved health outcomes (e.g., Angkasa
et al., 2017). Yet, one in three people are without access to ade-
quate food in 2020 and most countries are off-track to achieve food
security by 2030 (SDG 2, Sustainable Development Goal 2: Zero
Hunger)—which raises the question of how biodiverse wild aquatic
food sources could help alleviate malnutrition (FAO et al., 2023).
Fisheries on reefs tend to be in the small-scale sector, which
plays a prominent role in achieving food security but is particu-
larly affected by knowledge gaps and catch under-reporting (FAO
et al., 2023). A better understanding of where and when small-scale
fishing practices capture available micronutrients could help im-
prove policies targeted at reducing micronutrient deficiencies (FAO
et al.,, 2023; Kawarazuka & Béné, 2011; Vianna et al., 2020). The
economic dominance in human-nature relationships, as typified by
fisheries focused on maximising biomass captured, leads to little at-
tention being paid to the nutritional composition of the catch that
could benefit human health. Local wild-capture fisheries provide
relatively cheap and accessible micronutrient sources, yet they are
also threatened by human pressures and climate change (Cheung
et al., 2023; Maire et al., 2021; Mellin et al., 2022; Robinson, Mills,
et al., 2022). The continued decline in global fisheries catches may
put millions of people at risk of furthering micronutrient deficiencies

planet for both people and nature.

biodiversity modelling, catch reconstructions, fisheries catch, nutrition, reef fish, reef fisheries,

(Golden et al., 2016; Pauly & Zeller, 2016). However, to evaluate if
micronutrient deficiencies could be addressed through specific fish-
eries management actions, we first require a quantification of the
potentially available micronutrients contained in biodiverse reef fish
assemblages. This will help understand whether the micronutrients
contained in current catches from small-scale fisheries on reefs align
with the micronutrients expected to be available locally. This can be
achieved through modelling reef fish distributions and biomass in
combination with their micronutrient content.

Micronutrient guidelines to increase fish consumption have bene-
fited human health (Bogard et al., 2015), but micronutrient targets are
rarely integrated into fisheries policies. The benefits of deliberately
shifting catch compositions (Robinson, Nash, et al., 2022), rebuild-
ing micronutrient-rich stocks, or domestically retaining species that
would otherwise be discarded or exported are emerging as options to
improve the composition of locally consumed micronutrients (Koehn
et al., 2022). This topic needs to be further investigated to enable
“blue food” systems to shift beyond measuring fisheries benefits as
purely an economic commodity of tonnes of fish caught or money
earned (Farmery et al., 2021; Robinson, Nash, et al., 2022). At pres-
ent, we do not know the extent that available micronutrients from
reef fish communities are captured. It remains uncertain whether
micronutrients in the ecosystem are well-represented in catches,
indicated by a good match between micronutrients available in the
ecosystems and those extracted through fishing. Two measures that
could help identify the extent micronutrients are captured based on
current fishing practices include: (i) the proportion of an ecosystem's
micronutrients reported as caught (i.e., the micronutrient ‘optimality’
of a fishery); and (ii) the selection of species with higher micronu-
trient potential relative to all available species in an ecosystem (i.e.,
the micronutrient ‘selectivity’ of a fishery). However, the ‘optimality’
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and ‘selectivity’ of reef fisheries for micronutrients currently remain
unquantified. Given the ongoing global biodiversity decline and high
prevalence of nutritional deficiencies in many regions, it is critical to
better assess which species are available to be consumed and to do so
without further exacerbating biodiversity loss or preventing biomass
recovery on reefs (Cinner et al., 2018).

The micronutrients content of fishes varies considerably among
species (Robinson et al., 2023; Vaitla et al., 2018), and seafood de-
rived micronutrients vary among countries due to spatial variation
in both fisheries targeting or gear used, as well as species geo-
graphic ranges, abundance, and biomass (Hicks et al., 2019; Kulbicki
etal., 2013; Waldock et al., 2019). For example, the generally smaller-
bodied fishes that predominate on tropical reefs contain high con-
centrations of calcium, iron, and zinc, whereas pelagic fishes contain
higher levels of omega-3 fatty acids (Hicks et al., 2021). As such, the
multi-species reef fisheries likely vary in potential micronutrients
available because the composition of fished species will largely re-
flect local fisheries practice as well as local biodiversity and how
total biomass is distributed among species. In addition, local socio-
economic factors influence the subset of species caught, consumed,
sold, and reported (FAO et al., 2023). These variations drive differ-
ences in micronutrients available from local biodiversity that offer
opportunities for countries to design fisheries management and
monitoring policies that can be more focused on addressing mal-
nutrition. At present, it remains unassessed how spatial variation in
naturally available micronutrients intersects with countries' reef fish-
eries capture of micronutrients. Furthermore, because micronutrient
content varies among species, better quantifying trade-offs between
micronutrients is important to consider when evaluating differences
between natural micronutrient supply and capture.

Here we used species-specific spatial biomass models to define a
natural ecosystem's potential micronutrient available from reef fish,

and asked four questions:

1. Do micronutrients derived from captured seafood match the
micronutrients potentially available from the biodiversity of
fishes within natural ecosystems?

2. Are reef fisheries optimised and selective towards species that
contain higher amounts of micronutrients?

3. When comparing micronutrients available in biodiversity source
pools and those reported in fisheries, how do countries differ in
their optimisation and selectivity of micronutrients?

4. Are there trade-offs between different micronutrients in their
selectivity? i.e., if you select one micronutrient for capture, does

it come at the cost of others?

We focus on 87 tropical low-to-middle income countries and
on calcium, iron, vitamin A and zinc as the focal vitamins and min-
erals. These micronutrients have a high prevalence of inadequate
intake (PIl) in human populations, which creates a burden of non-
communicable diet-related diseases (Zamborain-Mason et al., 2023).
Specifically, for these four micronutrients people have high levels of
inadequate intake across 126 countries (calcium=43%, iron=20%,

vitamin A=31% and zinc=19% Beal et al., 2017), and these figures
are higher (68%, 25%, 43% and 19%) in our focal countries with
available data (n=_36) leading to substantial negative health effects
(Afshin et al, 2019). We estimate micronutrient concentrations
as average micronutrient mass per 100g raw portion of fish mus-
cle using micronutrient data from FishBase (FishNutrient database
2022; https://fishbase.de/Nutrients/NutrientSearch.php) and total
micronutrient mass available in situ from reef-associated fish using
species distribution and biomass models for more than 1000 tropical
shallow-water fish species that are targets of fishing. We compare
estimates of expected in-water fish biomass and micronutrient avail-
ability to the reconstructed small-scale catch data for the 87 coun-
tries from the Sea Around Us project (Pauly & Zeller, 2016; Zeller,
Palomares, et al., 2023). We utilise these data to quantify the micro-
nutrient optimality and micronutrient selectivity of domestic small-
scale catches to identify potential mismatches between modelled
in situ availability of micronutrients compared to the micronutrient
content of actual reef fisheries catches.

2 | METHODS

2.1 | Identification of fished and consumed species
in focal countries

We had 2320 species available for analysis with fitted species
distribution and biomass models from which we could define mi-
cronutrient source pools (see below). From this set, we identified
1081 fish species that are also expected to be caught and eaten
globally (see Figure S1 for an overview of this filtering procedure)
and were defined as being ‘reef-associated’ in FishBase habitat
association table. We define species as ‘fished’ using two large
databases containing information on global fisheries: (i) the Sea
Around Us reconstructed catch database (Pauly & Zeller, 2016)
and (ii) FishBase (Froese & Pauly, 2024). We used the Sea Around
Us reconstructed catch data rather than the international fisheries
statistics as reported by the Food and Agriculture Organisation
(FAO) on behalf of member countries for two reasons. First, the
Sea Around Us data has better taxonomic resolution, fisheries sec-
toral disaggregation, and detailed spatial allocation of catch data
(Pauly & Zeller, 2016; Zeller et al., 2016; Zeller, Ansell, et al., 2023;
Zeller, Palomares, et al., 2023). Second, the Sea Around Us data
are more comprehensive than reported data due to the addition
of unreported catch estimates, especially for small-scale fisher-
ies in low-to-middle income countries (Pauly & Charles, 2015;
Pauly & Zeller, 2016; Zeller et al., 2015, 2016; Zeller, Ansell,
et al., 2023; Zeller, Palomares, et al., 2023). Furthermore, we ob-
tained fisheries-related information from the importance field of
the species table in FishBase, using the species function in the R
package ‘rfishbase’ (package version 3.1.9; data version 21.04;
Boettiger et al., 2012). We considered species as potentially
caught if the importance field was reported as ‘subsistence fish-
eries’, ‘minor commercial’, ‘commercial’ and ‘highly commercial’.
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Finally, to avoid conflicts between biodiversity conservation and
food provision, we excluded all Elasmobranchii (i.e., sharks and
rays) and all species classified by the IUCN as globally Critically
Endangered, Endangered, Near Threatened or Vulnerable (using
R package ‘rredlist’ version 0.7.0; Gearty & Chamberlain, 2022)
from further consideration, giving a final set of 1081 species ei-
ther known to be ‘caught’ or ‘potentially caught’ globally. Note,
however, that sharks and rays can form important food sources
and fisheries but were not included here.

In addition to categorising species as potentially caught, we
obtained quantitive country-level catch tonnage data from the Sea
Around Us database. We extracted data for the small-scale fisher-
ies sectors only (i.e., artisanal, subsistence and recreational) from
the Sea Around Us reconstructed catch database for the exclusive
economic zones of all 144 countries with small-scale catches in the
Sea Around Us catch data for the years 2000-2018 (Sea Around Us
catch data version v48.0, accessed 20.09.2021). We summed landed
tonnes of fish caught in each countries exclusive economic zones
per year (2000-2018). We separated the data for landings destined
for direct human consumption from other end use categories, such
as discards or fishmeal (Cashion et al., 2017). We took the mean of
these summed values across all years, resulting in average tonnes
per year landed by small-scale fisheries per taxonomic entity, coun-
try, and consumption (end use) category. Therefore, for each coun-
try, we identified the tonnage of species caught by their small-scale
fisheries for direct human consumption.

To focus our analysis on countries expected to consume reef
fishes in diets, we used several approximate indicators of reef-
food dependency. We aimed to restrict our analysis to countries
with small-scale fisheries that supply reef fishes for local nutri-
tion. Thus, we excluded high-income countries, where consump-
tion is underpinned and influenced mostly by fish imports. Our
final country list contained 87 countries which: (i) have small-scale
landings data in the Sea Around Us reconstructed catch data, (ii)
are located between 30° N and 30° S, (iii) have a human develop-
ment index of less than 0.8 in 2019 (United Nations Development
Program Human Development Report: https://hdr.undp.org/en/
indicators/137506), (iv) have more than 50% of their population
living within 10 km of the coast in the year 2000 (Gao, 2017; Jones
& O'Neill, 2016), and/or (v) have more than 20% of animal pro-
tein obtained from seafood (Micha et al., 2015). Countries were
excluded from the analysis set only if they lacked all criteria iii
to v, while a match for one criterion of iii to v was sufficient for

inclusion.

2.2 | Species distribution modelling to define
micronutrient source pools

We built species distribution models and species biomass models
(Waldock et al., 2022) for 2320 reef fish species (see Appendix S2;
Data Sources; Auber et al., 2022), including the final subset of
1081 species either known to be ‘caught’ or ‘potentially caught’ at

a global scale, and thus with a high likelihood of being caught and
eaten. We separately modelled species-level presence and biomass
when present in response to large-scale gradients in shallow-water
environments. We predicted habitat suitability, presence, and
biomass on a consistent 0.25° global grid, which provides a global
species-by-site matrix for coastal and reef systems.

We integrated over 12 million records of species presence from
open access databases (GBIF, OBIS) and local SCUBA transects using
the Reef Life Survey (Edgar et al., 2020; Edgar & Stuart-Smith, 2014),
SERF project datasets (Cinner et al., 2018), and GASPAR project data-
set (Barneche et al., 2019; Kulbicki et al., 2013). Additionally, we com-
piled transect (500m?) scale biomass estimates of reef fishes from the
above local SCUBA surveys providing more than 850,000 biomass ob-
servations. We built presence-only species distribution models using
350,000 records with an average of 250 records per species, and
most species (75%) having more than 100 presence records. We also
built models describing spatial variation in species-level biomass using
50,000 records with 140 biomass records per species on average and
most species (75%) having more than 70 biomass records. Thus, species
had sufficient records above the recommended threshold for robust
species distribution modelling (Wisz et al., 2008).

As covariates in our species distribution and biomass models, we
extracted the environmental conditions measured for all fish obser-
vations for six environmental variables: averaged yearly minimum
and maximum sea surface temperature from daily records (SST), min-
imum annual pH, minimum annual sea surface salinity (SSS), mean
annual net primary productivity (NPP), mean annual degree heating
weeks to indicate past heatwave events (DHW; Liu et al., 2014), and
the integrative ‘human gravity’ index which represents anthropo-
genic effects, expressed as a function of human population size and
travel time to a reef (Maire et al., 2016). The ‘human gravity’ index
examines the amount of human pressure within 500km of a reef
(Cinner et al., 2018). These 6 variables were selected as they have
potentially important effects that ultimately determine or influence
the spatial distribution and spatial variation in biomass of reef fishes
at large spatial scales (SST, SSS, pH), determine bottom-up ecosys-
tem processes (NPP), or represent anthropogenic effects through
proximity to human populations (human gravity) and the influence
of past heatwaves (DHW). This analysis aimed to help define re-
gional species pools and make spatial predictions in non-surveyed
locations. Therefore, we could not include more local variables such
as coral cover that have poor global data coverage and are often
unknown in non-surveyed locations.

We built ensemble species distribution and biomass models
including three algorithms (generalised linear models, generalised
additive models, and random forests) that cover a range of com-
plexity relating the response variable to covariates. These models
explained the relationships among species presence, species bio-
mass, and environmental conditions. For each model, we checked
that the Pearson correlation between pairs of variables was less
than 0.7, and if not, retained the variable with the highest devi-
ance explained (generalised linear models and generalised additive
models) and lowest error rate (random forests). We iterated this
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process until we obtained a set of variables correlated with Pearson
correlation <0.7 which also maximised explanatory power. For the
presence-only models, we used a target-group pseudo-absence ap-
proach (Phillips et al., 2009). We generated 5-folds of background
data to reduce uncertainty occurring in modelling presence-only
data. For the biomass-based models, we modelled log-transformed
‘biomass-when-present’ as our response variable (removing ‘0’ bio-
mass values), to avoid conflating species presence with biomass. We
performed model evaluations using spatially blocked 5-fold out-of-
sample predictions retaining only models with a true-skill statistic of
more than 0.35 for species distribution models (Righetti et al., 2019),
and Spearman's rank correlations between predicted and observed
biomass of more than 0.2 for species biomass models (Waldock
etal., 2022). Note that only 139 of 1081 species had well-performing
species biomass models based on these criteria. For the remaining
species without well-performing species biomass models, we trans-
posed the habitat suitability estimates (ranging from O to 1) to the
natural range of observed biomass for a given species (ranging from
the lowest observed biomass to the highest for a given species). As
such, we assume that local biomass is positively correlated with hab-
itat suitability (as supported by VanDerWal et al., (2009) and Weber
et al., (2017); but see Dallas & Santini, (2020) for potential deviations
from such relationships). We perform this necessary simplification to
ensure we include major gradients in biomass in estimates of ecosys-
tem services (i.e., differences between species and spatial biomass
variation within species).

We used our models to predict the habitat suitability and bio-
mass of species in present-day environmental conditions. To im-
prove the accuracy of model predictions, we mean-averaged across
sources of uncertainty in the form of model algorithms and back-
ground data iterations (Dormann et al., 2018). For each species, we
removed grid cells that had habitat suitability predictions below the
threshold value that maximised true-skill statistic. We produced
three sets of maps for each species: a map of habitat suitability (con-
tinuous from O to 1), presence (binary O or 1), and expected bio-
mass (continuous value in grams)—these maps were combined with
species-specific micronutrient estimates as described below. Whilst
biomass was mapped at 0.25° resolution, the gram values indicate
the biomass on an average local SCUBA survey (gram per 500 m?).
Note that we accounted for dispersal limitations, and avoided strong
spatial extrapolations, by predicting habitat suitability and biomass
only within Spalding's Provinces already containing the focal species
(Spalding et al., 2007).

2.3 | Micronutrient properties of species and
communities

Micronutrient reference nutrient intake (RNI) (mass of micronutrient
per 100g raw fish muscle) were obtained from FishBase (FishNutrient
database 2022; https://fishbase.de/Nutrients/NutrientSearch.php),
which represents an updated version of the micronutrient predictions
first developed in Hicks et al. (2019). The updated database used here

includes >3500 measurements for 610 fish species. Note that this
dataset is expanded by >60% from that used in Hicks et al. (2019) who
covered 367 species and includes new nutrient analyses of tropical
coral reef species (Robinson, Maire, et al., 2022). These values were
derived using a Bayesian hierarchical modelling approach relating mi-
cronutrient content to species' diet, energy demand, thermal regime
and phylogenetic history, in addition to observation effects relating
to methodological differences among sample collectors (model details
have been documented at https://github.com/mamacneil/NutrientFi
shbase; accessed 21.07.2021). Model diagnostics indicate 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.
Taking a broad-scale perspective, we did not include intraspecific
variation in micronutrient concentrations which are expected to be a
more minor source of variation compared with interspecific variation
in micronutrient concentrations and biomass variation among species
(Budge et al., 2002).

We further simplified our analysis by focusing on three minerals
(calcium, iron, and zinc), in addition to vitamin A, which are relevant
due to high PII globally in these micronutrients (Afshin et al., 2019;
Beal et al., 2017). Micronutrient content units for calcium, iron, and
zinc were in mg per 100g, and for vitamin A in pg per 100g. We
expressed these concentrations as a percentage of micronutrient
RNI from dietary reference intake tables. The RNI values indicate
the daily intake level at which 97% to 98% of the nutritional require-
ments of children aged 1-3years are met (calcium=700mg per day;
iron=7mg per day; vitamin A=300pg per day; zinc=3mg per day;
NASEM, 2017).

We combined the outputs of species distribution and biomass
models with micronutrient information of each fish species. We
converted species presences to micronutrient RNI by filling the
species-by-site matrix with species micronutrient RNI when spe-
cies were present. To obtain country-scale RNI estimates, we used
a spatial intersection of countries' exclusive economic zones with
our 0.25-degree site-by-species grid cells and mean-averaged micro-
nutrient RNIs across all species present in countries' grid cells. We
converted biomass to micronutrient mass by multiplying the species
biomass (g) by species micronutrient RNI across the whole species-
by-site matrix to give micronutrient mass per species per grid cell. As
in other studies, we did not assess edible mass from biomass esti-
mates or modification of nutrients through preservation or cooking
(Hicks et al., 2019). We mean-averaged micronutrient mass for each
species in all grid cells of each country to avoid summing larger val-
ues for larger countries, before summing micronutrient mass across

all species per country.
2.4 | Coupling known reef fish catch and
micronutrient ecosystem potential

Using the Sea Around Us reconstructed landings data for small-
scale fisheries for 58 of 87 countries that reported catches, we
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identified 251 out of 1081 fish species within these countries that
also had species-level catch tonnage information available for
comparison to modelled regional biomass estimates. Although low
in number, we expect these focal species to be important biomass
sources because they comprise 29% of the total global biomass
in our models and formed 23% of species richness. Additionally,
these species totalled 0.32 million tonnes of catch for direct
human consumption. We expect this tonnage to contribute non-
trivially to food security because the amounts considered in our
analysis are relatively large when compared to requirements
from seafood-dependent peoples, such as the global estimate
for Coastal Indigenous Peoples to catch 1.5 to 2.8 million tonnes
(Cisneros-Montemayor et al., 2016). As such, the reef fishes con-
sidered in our analysis form an important food, even though a high
level of taxonomic uncertainty and under-reporting exists in reef
fish catch reporting (Derrick et al., 2023; Pauly & Zeller, 2016;
Zeller et al., 2015). This is also indicated in our analysis by the
48% of total catch tonnage for the reef-associated countries that
are identified above the species level (e.g., genus, family, order).
We expected that if countries target the most nutritious species,
then micronutrient RNI and micronutrient mass will be related
to catch tonnage in the Sea Around Us data. To see if there was
a broad correspondence between these variables, we estimated
the Spearman's rank correlation (p) and the R-squared of a linear
model. In the above, all biomass and micronutrient mass values

were log-transformed prior to analysis.

2.5 | Micronutrient optimality and selectivity

In the above analysis, we were limited by available species-level
catch data. To overcome this limitation, we used our species
distribution and biomass models to broaden our approach by
including all targeted reef species defined in both Sea Around
Us and FishBase (n=1081). From these models, we estimated
the availability of micronutrients from a modelled regional
source pools of species, assuming model adequacy. We defined
two metrics to compare the micronutrients fished and those
potentially available in a country's reef fisheries: micronutrient
optimality and micronutrient selectivity. We estimated these
metrics for both micronutrient RNI and micronutrient mass. Thus
giving 4 metrics for investigation: RNI optimality, RNI selectivity,
mass optimality and mass selectivity. These metrics are based
on evaluating micronutrients in subsets of the source pool that
contain the same number of species that are in countries catches.
These metrics indicate the proportion of micronutrients in source
pools that are fished (optimality), and whether current fishing is
selective for micronutrients compared to randomised simulations
(selectivity). We present our results separately for optimality and
selectivity.

To define these properties, we calculated the micronutrients of
species observed to be fished in each country for each micronutrient
and called this MNg,.q, Whereby MN stands for micronutrients. Next,

to estimate our metrics of optimality and selectivity we had to sim-
ulate an optimised and randomised fishing strategy, from all species
present in the modelled regional pool, and we called this MN,., and
MN
the number of fished species (n) per country (i). We then calculated

ik respectively. To estimate these properties, we had to define
the mean micronutrient RNI and total micronutrient mass for these
three sets of species per country: (i) micronutrients in n; targeted fish
species (i.e., reported as caught at a country-level), MNggpo (i) the n;
species with the highest micronutrient value in the regional species
pool, MN, ...
subsets of n; species from the regional species pool, MN,,;. Note that

and (iii) the average micronutrients of 999 randomised

ii and iii are species that are not necessarily reported as caught at a
country level but could be expected to be present in countries' eco-
systems based on species distribution and biomass models.

We defined the ‘micronutrient optimality’ as the percentage of
maximum micronutrients available in the modelled regional species
pool that are reported as caught in fished species, MN“S“E“, for both

MN;
micronutrient RNI and micronutrient mass. Optimality can take a

maximum value of 100% whereby the most nutritious set of species
is fished. We also defined the ‘micronutrient selectivity’ of a fishery
as the extent to which current fisheries target species with high-
micronutrient RNI and micronutrient mass. To calculate selectivity,
we compared the optimality of micronutrient selection in the fished
pool to random samples of available species: %:“e" - %:" thus
indicating if micronutrient values are similar to a random selection
of available species. Micronutrient selectivity is positive if current
fishing practices are closer to the optimal fishing strategy compared
with a random selection from the available species pool. Selectivity
is expressed as a percentage, being the percentage difference be-
tween optimality of fished and random fishing scenarios.

These investigations were undertaken for 58 of the 87 reef-
associated countries that had more than one species with landings
in the Sea Around Us reconstructed catch data. Note that these
simulated scenarios occur completely within our modelled system,
but using species and congenerics identified as caught in the Sea
Around Us data (for the analysed 58 countries in the Sea Around
Us data n;=116+90 with a range of n;=3 to 336 species). As such,
there is no bias introduced by comparing micronutrient properties
from different data sources, and our analyses benefitted from in-
cluding more species than those only available in the reconstructed
catch data. For these scenarios, we kept constant the total number
of species fished to avoid selecting scenarios with higher richness
and thus simulating scenarios that deplete biodiversity. We did not
constrain biomass extracted in our scenarios because lower biomass
extraction for a higher micronutrient RNI for the same number of
species is beneficial for species conservation. Note that we did not
consider biomass production rate (e.g., productivity) variation among
species that determines stock sustainability (Morais et al., 2020) and
assume that stocks can be sustainably fished. We further checked
whether optimising for micronutrients modified overall biomass
supplied by comparing the average biomass of ‘n’ fishes in simulated
catch with biomass of micronutrient RNI optimised catch and mi-
cronutrient mass optimised catch. It is important to note that this
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set of simulations are a heuristic exercise to better understand the
micronutrient structure of regional source pools and micronutrient
targeting in available catch data, but context-dependent fisheries
monitoring and management plans are best placed to assess the local
reality of food systems supported by fisheries (see Section 4).

2.6 | Sensitivity to under-sampling

In general, data availability limitations led to reductions in sample
sizes throughout our analysis, indicating we likely under-sampled
many properties of reef fish biodiversity and fisheries landings. We
therefore simulated these under-sampling biases as we could not
easily increase the input data. Two important sources of under-
sampling exist in defining MNg¢eqo MN,,, @nd MN, ., which could
therefore compromise our estimates of micronutrient optimal-
ity and selectivity: (i) incomplete biodiversity sampling leading to
under-sampled country species pools (defining MN,,,; and MN_,.),
and (i) incomplete catch datasets (defining MNgg,oq)- Challenges
in representatively sampling marine biodiversity are well-known
(Montes et al., 2021; Webb et al., 2010), with strong consequences
even for relatively simple global patterns in biodiversity such as
latitudinal richness gradients (Menegotto & Rangel, 2018). Using
the Sea Around Us data should decrease under-reporting issues that
exist with FAO reported catches (Chuenpagdee et al., 2006; Pauly
& Zeller, 2016; Zeller et al., 2015), however under-sampling issues
still exist, especially in species-level identifications in catch statis-
tics. To test the influence of these joint issues we randomly reduced
the number of species considered at a country level by 50%, doing
so for both the species distribution and biomass model-derived
species pools and the Sea Around Us species pool, and recalculated
all statistics. In addition, we checked for differences in our met-
rics calculated from modelled habitat suitability and biomass val-
ues compared with the same set of metrics derived from observed
mean biomass on local SCUBA transects that recorded the species
identity, abundance and body size standardised to 500 m? (see
Appendix S2). The number of investigated countries for which we
also have SCUBA records of captured and recorded fishes was 13 at

the genus level and 15 at the family level (Tables S4 and S5).

3 | RESULTS
3.1 | Defining regional micronutrient species pools

Our presence-only models had good predictive accuracy when as-
sessed using spatially blocked out-of-sample cross-validations
(Figure S2; n=1081; sensitivity=0.89 +0.05; specificity=0.74 + 0.08;
true-skill statistic=0.63+0.11; AUC=0.83+0.06). Comparing ob-
served local species' biomass and model predicted biomass, we ob-
served acceptable performance in terms of discrimination metrics
for only 139 species (Spearman's rank correlation p=0.31+0.09;
Figure S2). Our models broadly capture biomass distributions of reef

fishes among countries, confirmed by relating country-level modelled
fish biomass to country-level reconstructed reef fish catch from the
Sea Around Us data (Pauly & Zeller, 2016). At this broader scale, we
found a significant positive correlation between modelled biomass
and caught biomass (p=0.40, p<0.001; Figure S3), which supports
the expectation that countries disproportionately catch species with
high rather than low local biomass, and additionally supports that our
models broadly predict the biomass distribution of a regional spe-
cies pool in each country. However, we noted substantial variation

between modelled biomass and caught biomass remains unexplained.

3.2 | Coupling reef fisheries catch and
micronutrient ecosystem potential

We expected that if countries would consider the micronutrient con-
tent of fish in their fisheries policies and practices, a positive relation-
ship would exist between species' catch tonnage and micronutrient
RNI or mass. A positive relationship for all micronutrients would be op-
timal from a human nutrition standpoint, whereby species having the
highest multi-micronutrient contents and mass also dominate the catch
volumes. However, we found species' catch tonnage and micronutrient
RNI (% RNI per 100g) were weakly positively related for calcium and
iron, while vitamin A had a negative relationship and zinc was unrelated
to catch tonnage (Figure 1a-d). Across all micronutrients, species' catch
tonnage and micronutrient mass were positively related (Figure 1e-h,
as in Figure S3). In general, species' catch tonnage and micronutrient
mass were more positively related than species' catch tonnage and
micronutrient RNI (Figure 1). We emphasise that our micronutrient
calculations are completely independent of the Sea Around Us project
data, which indicates fisheries appear to somewhat select species with
high locally available micronutrient mass, probably because these tar-
geted species also have high standing stock biomass. We caution that
although a positive relationship between catch tonnage and reef fish
micronutrients exists, the relationship explains only a small amount of
variation (Figure 1), suggesting at best a weak coupling between catch
and micronutrients. Additionally, the variation explained was lower for
micronutrient RNI compared to micronutrient mass, again indicating
a weaker coupling between catch tonnage and micronutrient content

than catch tonnage and micronutrient mass.

3.3 | Low micronutrient optimality and
selectivity of global reef fish catches

Micronutrient optimality of fisheries catches was generally low
across both micronutrient RNI and micronutrient mass. That is, for
the same number of species that are reported as caught, we model
a higher amount of micronutrients potentially available in a differ-
ent composition of species but keeping the same species richness.
Therefore, only a small percentage of the potential maximum mi-
cronutrient RNI and micronutrient mass was contained within the

caught species, compared to the species available in the modelled
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FIGURE 1 Relationship between potential species micronutrients as a % of reference nutrient intake (RNI) values (a-d) and potential
total micronutrient mass in a reef fish community (e-h), as modelled using species distribution and biomass models, compared to a country's
actual total tonnes caught (as per Sea Around Us data). Each dot represents a species (n=251) caught by a country (n=58), although not all
species are caught by all countries. Note that micronutrient mass and tonnes caught are shown here on a log10 scale. Linear models were
used to relate micronutrient mass and realised catch tonnage with mean predictions and +95% Cl indicated by lines and shaded intervals.
Spearman's rank correlations (p) and variation explained (R?) are presented in panels.

regional pool (Figure 2). The per micronutrient optimality values
ranged between 29% and 50% for micronutrient RNI and between
29% and 39% for micronutrient mass. However, optimality of mi-
cronutrient mass capture (Figure 2b) was much more variable be-
tween countries compared to micronutrient RNI capture (Figure 2a).
Simulating a micronutrient-“optimal” fishing scenario, micronutrient
RNI per 100g portion of fish ranged between 35% and 80% across
all micronutrients, but at present known-to-be fished species per
country contained only 8% to 34% micronutrient RNI per 100g por-
tion across all micronutrients (Table 1). Some countries had low op-
timality across multiple micronutrients, for example, micronutrient
RNI optimality ranged between 7% and 18% for all micronutrients
in Kiribati, and calcium, iron and zinc RNI optimality ranged between
3% and 16% in Aruba despite having high-micronutrient RNIMN_ ..
of 81% across these micronutrients in these two countries. On the
other hand, fisheries catch sometimes optimised certain micronutri-
ents over others. For instance, catches in the Solomon Islands had
high optimality for calcium (72%) and iron (69%) but not vitamin A
(9%) (Figure 2a). Some countries had high optimality across multi-
ple micronutrients, including Sdo0 Tomé and Principe, Micronesia,
Senegal, and American Samoa all having multiple micronutrients
with >50% optimality, but in such cases the maximum RNI available
was lower, averaging only 27% across all micronutrients in these
examples (Figure 2a). Further, some countries had very high micro-
nutrient optimality for mass, for example, Senegal, Sierra Leone,

Micronesia and American Samoa all had >50% mass optimality for
all micronutrients (Figure 2b). It is important to note that optimising
for micronutrient RNI led to the selection of lower biomass species
compared to currently targetted species, and optimising for micro-
nutrient mass led to the selection of higher biomass compared to
currently targetted species, indicating trade-offs and co-benefits
of optimising towards the different micronutrient properties of
RNI and mass (Figure S4). Overall, our optimality results indicate,
on average, reported fisheries catches represent less than half the
micronutrients in modelled reef fish assemblages, but at a country
scale even larger potential gaps and trade-offs can exist between
reported fisheries catches and modelled-as-available fishes.
Micronutrient selectivity was low, on average, for both micro-
nutrient RNI and micronutrient mass in most countries, indicating
that fisheries are not positively selective towards the most nu-
tritious fishes from the available species pool (Figure 3; Table 1).
Although selectivity was low in general, we found substantial
variation between countries, ranging from -31% to +49% for mi-
cronutrient RNI and from -24% to +81% for micronutrient mass
(Figure 3; Table 1). Some countries fisheries had positive selec-
tivity for micronutrients; for example, domestic catches in the
Solomon Islands had high-micronutrient RNI selectivity for cal-
cium (49%) and iron (36%) and selectivity for vitamin A in Vanuatu,
Norfolk Island and Nauru was ~40% (Figure 4a). Some countries
also positively selected for some micronutrients but negatively for
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FIGURE 2 Optimality of reef fisheries for micronutrient capture. Micronutrient optimality represents whether the micronutrients
available in the modelled regional species pool are captured in fisheries. More specifically, we calculated the optimality as the proportion

of a country's potential micronutrients (MN__ )

reported as caught (MNg,, ). Each micronutrient then has a maximum total optimality

of 100% and a summed optimality of 400% across all four micronutrients. (a) Optimality of micronutrient reference nutrient intake (RNI)
and (b) optimality of micronutrient mass. Micronutrient RNI is calculated as the average micronutrient RNI across all species in a country.
Micronutrient mass is calculated as the average of a species micronutrient mass within a country and sums all species averages to provide a

total value per country.

others; for example, domestic catches in the Sint Maarten had a
positive selectivity of +27% for vitamin A but a selectivity of -24%
for zinc (Figure 4a). In terms of micronutrient mass, a few coun-
tries had consistently positive selectivity (>25%) across multiple

micronutrients such as Senegal, Sierra Leone, Eritrea, Libya, and
the Cayman Islands (Figure 4b). In contrast, Cape Verde, Saint
Lucia and Guam had negative micronutrient mass selectivity for
all micronutrients but only to an average negative selectivity of
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TABLE 1 Meanz+one standard deviation for micronutrient metrics across 58 countries. All reference nutrient intake values (RNI) values

are expressed as percentages. For micronutrient mass values of maximum micronutrient potential of a country' species pool (MN

max)’

micronutrient potential of species caught (MN,,, .,) and micronutrient potential from a randomised fishing strategy (MN_ ) are expressed
as the sum of micronutrients across all mean-average species micronutrient values within a country (see Section 2), and micronutrient

optimality and selectivity are percentages as defined in the text.

Micronutrient MN_ . MN¢ieq
RNI
Calcium (mg) 21+8.9 5.3+3.7
Iron (mg) 22+79 10+3.1
Vitamin A (ug) 72+31 28+16
Zinc (mg) 80+24 34+12
Mass
Calcium (mg) 29,000+ 34,000 11,000+ 18,000
Iron (mg) 550+ 600 210+ 310
Vitamin A (pg) 62,000+82,000 29,000+ 53,000
Zinc (mg) 870+ 1100 350+ 670
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74+1.2 29+16 -11+12
11+0.94 50+17 -4.4+11
26+4.3 42+18 2.6+15
41+6.8 45+17 -9.5+10

7100+ 12,000 29+22 11+17
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14,000+ 28,000 39+25 21+20
210+390 3323 15+18
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FIGURE 3 The selectivity of fisheries-derived micronutrients for micronutrient reference nutrient intake (RNI) and micronutrient mass.
Micronutrient selectivity is defined as the difference between the micronutrient potential of species caught by a given country and the
micronutrient potential from a randomised fishing strategy (MNg . .,—~MN_ ) as a percentage of the maximum micronutrient potential of a

country' species pool (MN__ )

. Micronutrient selectivity is positive if current fishing practices are closer to the optimal fishing strategy compared

with a random selection from the available species pool, i.e., compared to random fisheries selected for micronutrients. Selectivity is shown for
micronutrient RNI (a) and micronutrient mass (b) across 58 countries. Points show mean values across 999 null simulations (to generate MN_ )
with violin-width corresponding to the density of points at a given selectivity. Bars across violins show median and 25th to 75th quantiles.

around -11% (Figure 4b). However, we must note that there was
a trade-off between micronutrients, when one was positively
selected for another was negatively selected against, and these
trade-offs appeared in multiple constellations (Figure 4a,b). Many
countries were positively selective for vitamin A but against
other micronutrients, especially in terms of micronutrient mass
(Figure 4b). In contrast, Bangladesh, the Cayman Islands, and the
Solomon Islands had low selectivity for vitamin A, but instead

selected for Calcium and Iron. New Caledonia and Kiribati were
selective for Iron and Zinc but against vitamin A (Figure 4a,b). As
such, the relatively consistent average selectivity values across all
countries and micronutrients, as seen in micronutrient mass se-
lectivity, belie a complex assortment of micronutrient trade-offs
between any given countries fisheries.

Our results were robust to uncertainty in the sets of species that
defined the optimal fishing strategy (MN,,..,), current fishing strategy

85U8017 SUOWIWIOD aA 181D 3[ceol|dde auy Aq peusenof a1e sejoliie YO ‘8SN Jo Sa|nJ o) Aeiq1T 8UlUO /8|1 UO (SUORIPUOD-PUE-SWLBIAL0D" A3 1M ATeIq 1jBu 1 [UO//SdNL) SUOTIPUOD pUe SWie 1 84} 88S [9202/90/72] uo AkeiqiTauliuo A8]im Alsieniun %000 seuer Aq 95/0T gued/Z00T 0T/I0p/uioo 48] im Ale.d 1 pul|uo's feuInosaq/:sdny wouy pepeojumod ‘T ‘202 ‘vTE8S.Se



2 | I T
2 ECOLOGICAL
“NATURE SOCIETY
(a)
Eritrea -18 -12 14 -7
Liberia -15 {3 -10 3
Comoros -15 -4 13 4
S&o Tomé and Principe 8 8 -13 -12
Seychelles -19 -2 10 -7
Somalia -13 0 8 11
Libya | —14 -10 8 -13 P
Mayotte -20 -7 4 -12 8
Sierra Leone -4 8] -8 -19
Senegal 4 11 -9 1
Equatorial Guinea -20 -14 -6 -19
Cape Verde -7 0 0 -13
Benin -23 -1 -11 -19
Saint Helena =23 -16 -14 -18
Sint Maarten -17 -18 - -24
British Virgin Islands -22 -18 -25
Martinique -13 -5 12 =21
Peru -10 19 3 -2
Suriname -16 -2 7 -12
Dominican Republic -16 -11 3 -20
Guyana -11 ) 9 -10
Belize -20 -6 -1 -16
Haiti -16 -8 1 -16 .
Cuba -3 -9 10 -3 3
Saint Vincent and the Grenadines -9 -6 5 -1 %
Antigua and Barbuda -15 -4 -17 -5 o
Grenada -4 3 -12 -5
Montserrat -14 -6 0 -1
Jamaica -1 -10 1 -10
Cayman Islands -8 -4 -16 -9
Saint Lucia -13 -5 -15 -9
Aruba -10 -8 -2 -12
Dominica -10 -7 -7 -12
Saint Kitts and Nevis -1 -10 -10 -15
Turks and Caicos Islands -10 -9 -5 -8
Maldives -21 -6 -15
Bangladesh -3 -8 -18
Philippines -14 0 -17 >
Sri Lanka -12 -1 8 2
Vietnam 6 7 -7
Indonesia -7 1 -8
Yemen -3 -2 -12
Nauru -12 -20
Vanuatu =21 -19
Norfolk Island - -11
Solomon Islands 36
Guam =21 -12
New Caledonia -12 4
Marshall Islands =17 -8 10 2
Northern Mariana Islands -20 -10 7 0 1%
Wallis and Futuna -17 -9 5 5 3
Nive | 13 -8 10 2 z
Samoa -17 -6 -13 6
Micronesia -20 -7 2 -3
Fiji -14 -6 7 -5
American Samoa -16 -7 -2 2
Papua New Guinea -7 3 -3 -14
Kiribati -19 -23 -14 -29
Tuvalu -4 -1 -7 =11
Calcium Iron Vitamin A Zinc

WALDOCK ET AL.
(b)
Saint Helena 10
Equatorial Guinea 29
Seychelles 20
Liberia 29
Eritrea 21
Comoros -2
Libya 36 5
Mayotte 22 il
Benin 17
Sierra Leone 49
Somalia 22
Sao Tomé and Principe -1
Cape Verde -10
Senegal 60
British Virgin Islands -2
Dominican Republic 11
Peru 27
Sint Maarten 2
Cayman Islands 37
Belize 8
Guyana 13
Cuba 10
Haiti 19
Martinique 7 §
Saint Vincent and the Grenadines 10 g
Jamaica 16 3
Grenada 8
Saint Kitts and Nevis 19
Montserrat 15 28 24 21
Suriname 14 25 24 23
Aruba -4 -4 2 -4
Antigua and Barbuda -2 2 0 8
Turks and Caicos Islands 1 4 -1 1
Saint Lucia -7 -6 -3 -6
Dominica -4 -4 -1 -4
Bangladesh | NG9 33
Maldives -7 -2 -4
Sri Lanka 5, 6 15 >
Philippines 2 9 13 2 2
Indonesia 12 1 14 10
Yemen 0 -1 -1 -1
Vietnam -1 -1 -2 -1
Vanuatu -4 -4 -6
Nauru 0 4 -1
New Caledonia 15 19 22
Solomon Islands 20 9 0 5
Samoa 21 23 39 29
Wallis and Futuna 20 21 35 31
Northern Mariana Islands 19 23 36 28
American Samoa 21 18 34 27 14
Norfolk Island -5 0 9 -2 3
Nive 20 14 21 22 &
Kiribati 12 18 11 17
Micronesia 18 21 24 23
Marshall Islands 7 9 10 13
Guam -6 -5 -3 -5
Fiji -5 -3 -2 -4
Tuvalu 1 1 3 0
Papua New Guinea -3 -3 -2 -3
Calcium Iron Vitamin A Zinc

FIGURE 4 Trade-offs between different micronutrients in the selectivity of fisheries-derived micronutrients. Orange coloured values
indicate higher selectivity of a micronutrient for a country compared to the other three micronutrients, and blue the opposite. Within-
country divergences that are masked in Figure 3 are shown here. Text values inside boxes indicate selectivity for micronutrient Reference
Micronutrient Intake (a) and mass (b) whereas colours represent the difference between selectivity values for each micronutrient and the
mean across all micronutrients, per country. To highlight trade-offs between micronutrients, countries are ordered by the deviation in
selectivity between micronutrients separately in panels a and b, and separately in each region.

(MN¢hed), and the randomised null pool of species (MN,,,). The quan-
titative magnitude and qualitative direction of micronutrient optimal-
ity and selectivity among countries in our main findings were robust
to under-sampling issues when we simulated a decreased sampling
to only 50% of the species in any of the species pools (Tables 51 and
S2). In addition, evaluating selectivity when defining the fished spe-
cies pool using a family-level classification (Table S3) and using local
scuba transects rather than species distribution and biomass mod-
els for defining regional species pools (Tables S4 and S5) revealed

qualitatively consistent results although sample sizes are greatly re-

duced due to fewer countries having suitable data.

4 | DISCUSSION
Food insecurity and malnutrition have substantial negative impacts
on human health. Small-scale fisheries in marine and inland areas

already benefit population health by supporting half a billion people
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economically and nutritionally—especially people outside formal
markets (FAO et al., 2023). Biodiverse ecological systems can further
contribute to food security by providing more diverse micronutrient
pools. Yet for multi-species tropical reef fisheries, our results reveal
the need for a better understanding of the mismatch between wild-
potential versus harvested micronutrients. Overall, this finding sup-
ports others in reporting low realisation of micronutrient-sensitive
food policies in agricultural and marine food systems and little rec-
ognition of the role of biodiverse food systems in human health
(Lachat et al., 2017; Ruel et al., 2013; Vianna et al., 2020).

Fish are a valuable micronutrient source, and, as such, policies to
increase consumption can improve human health. Fish from small-
scale fisheries are increasingly advocated as important to help ad-
dress micronutrient deficiencies, which are not declining in line
with sustainable development goals. For example, approximately
320 million more people in 2020 are without reliable access to
food compared with 2019 (FAO et al., 2023). The health benefits of
fish consumption include lower rates of childhood stunting, higher
birth weight and reduced risk of cardiovascular disease (Headey
et al.,, 2018; Muthayya et al., 2009). Yet, while closing micronutri-
ent gaps by increasing consumption of micronutrient-rich fishes has
been shown to improve the nutritional quality of food sources, our
results highlight new challenges in quantifying and comparing fish-
eries and ecosystem nutrients that should be further investigated to
address health goals through fisheries (Bogard et al., 2015; Thilsted
et al., 2016). Indeed, data gaps and discrepancies are associated with
an increased likelihood of failing to meet policy targets (Jacob, 2017).
In addition, many fisheries are already overexploited, leading to po-
tential practical challenges in sustainably increasing fisheries catch
to obtain micronutrients (MacNeil et al., 2015). Promisingly, the pos-
itive selectivity of micronutrient mass of fisheries in many countries
indicates that countries often fished the species with relatively high
micronutrient mass in the ecosystem (Figure 3). We also found some
countries had low selectivity for micronutrients. Empirical data can
indicate some fisheries capture a highly biased portion of available
fish biomass, such as spearfishing in the Moorea, French Polynesia,
which could lead to the micronutrient mismatches between availabil-
ity and catch that we observe here (Rassweiler et al., 2020). However,
optimising for micronutrient mass may not be necessary or feasible
in non-selective reef fisheries, and, as such, retention and use of
available micronutrients may be the only option (Hicks et al., 2021).
Policies focussing on the use of available micronutrient mass through
targeting access, redistribution and consumption of fish are there-
fore well poised to capitalise on the already selective fisheries for
micronutrient mass (Koehn et al., 2022). However, the use of avail-
able micronutrient mass must acknowledge the trade-offs we reveal
here between micronutrients that benefit health in different ways
(Figure 4). One proposed solution to such trade-offs is evaluating lo-
cally available non-fish micronutrient sources, and, as such, a food
system perspective beyond fisheries is required, as indicated by the
trade-offs revealed herein (Halpern et al., 2019).

Broadly, interventions to improve micronutrient intake from bio-

diverse food sources include assessing micronutrient availability in

terms of biomass and species compositions, improving access via
price and market distribution, and increasing awareness via food
choices. It may be difficult to choose between these interventions if
insufficient information exists on the in situ biodiversity that deter-
mines micronutrients available for consumption. To date, nutritional
content of non-commercialised fishes in human food systems is not
well-considered, and disaggregated species-specific data would
improve the design of micronutrient-sensitive policies (Halpern
et al., 2019). Our results highlight how catch under-reporting and
under-sampling of expected biodiversity can impact micronutrient
content estimates provided by fisheries and biodiversity models
or surveys (which we jointly compare here), leading to a relatively
weak correlation among these data sources. Further comparison and
ground-truthing of the mismatch between potentially available and
caught micronutrients in natural systems will benefit potential deci-
sions between micronutrient-sensitive policy levers. More broadly,
localised surveys and data integration across socio-economic and
ecological systems are a key knowledge gap in how small-scale fish-
eries can contribute to health outcomes to better achieve sustain-
able development goals (FAO et al., 2023).

Our findings raise a key question: why are data sources in-
complete to address nutritional mismatches between ecosystems
and fisheries? Fisheries monitoring continues to perceive fisheries
through an economic commodity rather than a public health lens—
which in turn affects available fisheries data compiled by national
and international organisations. This fundamental economic fram-
ing leads to weak consideration and incorporation of nutrition in
the managing and targeting of fish species and stocks (Driscoll &
Chan, 2022; Koehn et al., 2022), and can even lead to negative mi-
cronutrient yields (Driscoll & Chan, 2022; Willer et al., 2022). The
fact that fisheries policies under-prioritise nutritional resources in
fisheries may explain the large gaps in nutritional optimality and se-
lectivity observed here. If small-scale fisheries catches are not per-
ceived as a fundamental human health resource, then economic and
policy incentives for their capture and domestic retention are weak
because these fish are relatively cheap (Robinson, Mills, et al., 2022),
and instead fish may be sold for fishmeal or traded internationally.
Indeed, a recent global study revealed trade as a major mediator of
micronutrient supply (Nash et al., 2022). There are potential health
costs if economic incentives divert fish away from human consump-
tion (Marinda et al., 2018), so viewing fisheries through a public
health lens and addressing associated incentive structures is critical
to manage fisheries for human health.

Trade-offs emerge between different goals for food supply sys-
tems, such as: economic development goals around income gener-
ation; sustainable development goals around food supply, human
health, and nutrition; and environmental goals around reducing
biodiversity loss and recovering depleted populations. These trade-
offs are critical to consider if modifying food systems towards any
one goal (Béné et al., 2016; Koehn et al., 2022). One key trade-off
could be that micronutrient goals can only be met through wide-
scale depletion of species diversity. Importantly, our simulations
suggest that more nutritionally rich species are available for the
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same species richness during capture, which implies low conflict
between different sustainability targets. This is especially true
when targeting micronutrient mass because a few species often
dominate communities in terms of biomass (Figure S4). However,
targeting micronutrient mass leads to the selection of higher bio-
mass species which could lead to further total reef fish biomass
and abundance depletion and potential reductions in dimensions
of biodiversity such as genetic diversity and ecosystem stability
(Benkwitt et al., 2020; Cinner et al., 2020; Leffler et al., 2012).
Given the expected increase in demand for seafood to feed and
nourish a global population approaching 10 billion people by 2050,
multiple sustainability goals could be better achieved if the trades-
offs explored here are considered more deeply than at present
(Costello et al., 2020).

Our work highlights two approaches to move towards sustain-
ability of small-scale aquatic food systems: (i) increase the limited
information on micronutrient content and species-level diversity,
and (ii) develop micronutrient-orientated policies to maximise mi-
cronutrient mass. We took the perspective that biodiversity forms
a reservoir, or pool, of available micronutrients and focussed on
the potential of a modelled system, rather than what is reported as
currently fished (Cantwell-Jones et al., 2022; Powell et al., 2015).
Species with different ecological traits have distinct micronutrient
profiles that are complementary, therefore more biodiverse human
diets are expected to increase the nutritional content that is con-
sumed (Bernhardt & O'Connor, 2021). Indeed, micronutrient ade-
quacy can be more strongly related to species richness in the human
diet than the consumption of adequate calories or multiple food
groups (Lachat et al., 2017). As such, managing fisheries to obtain
maximum micronutrient mass has been advocated (Robinson, Nash,
et al., 2022). However, our work reveals that estimates of micronu-
trients caught are likely inadequate at present to assess micronutri-
ent mass optimisations completely. This problem is also highlighted
by a recent global report on small-scale fisheries where only 63%
of marine and 40% of inland fisheries catches are identified to fam-
ily level, not to mention the vast proportion unidentified to species
level (FAO et al., 2023). Resolving data to the species level is es-
sential to link species identities to the variation in life history and
feeding ecology that contributes to the micronutrient composition
of individuals. Improvements in taxonomic resolution of catch data
and better biodiversity inventories are therefore required to design
micronutrient-oriented fisheries policies.

We observed trade-offs in micronutrient selection which may
challenge effective fisheries policies to change micronutrient sup-
ply. We reveal these trade-offs to be specific to each country's
fisheries. In general, selecting iron and calcium does not necessarily
lead to high levels of all micronutrients, because zinc and vitamin
A's RNI were decoupled from iron and calcium's RNI (Bernhardt &
O'Connor, 2021). Ideally, fishers could selectively target an optimal
yet minimal set of high-micronutrient species with a complemen-
tary micronutrient profile, but this strategy comes with problems
(Bell et al., 2009). Small-scale fisheries are often multi-species with
non-selective methods, have low capital investment and individual

fishers use few gear types that select a consistent subset of the
community (Dalzell et al., 1996; Selgrath et al., 2018). In reality, the
most impactful interventions may be in actions that: (i) reduce and
eliminate harmful subsidies to large-scale fisheries that outcompete
small-scale fisheries, (ii) financially support well-managed sustain-
able small-scale fisheries that provide fish with higher micronutrient
content to local communities, (iii) reduce market incentives that fa-
cilitate the export of local catch or fishmeal processing, (iv) increase
the use of micronutrient-rich bycatch, (v) reduce micronutrient loss
through handling, processing and storage of fish, (vi) increase the
awareness of the health benefits of fish for infants, children and
mothers, and (vi) rebuild collapsed and overfished stocks (Andreoli
et al., 2023; FAO et al., 2023; Hicks & McClanahan, 2012; Pauly &
Zeller, 2016; Schuhbauer et al., 2017; Selgrath et al., 2018; Sumaila
et al., 2019). Yet, our results also indicate that many of the above ac-
tions would still require or benefit from more robust species-specific
country-level data and biodiversity assessments. It must also be ac-
knowledged that any micronutrient-sensitive fisheries policy must
focus on micronutrients that have high human physiological impor-
tance, with established micronutrient deficits, and where micro-
nutrients have high concentrations in fish relative to other dietary

sources (Zamborain-Mason et al., 2023).

4.1 | Limitations

We attempted to inventory biodiversity to first establish the hy-
pothetically available biodiversity pool that could be fished. This
ecosystem-based perspective attempts to quantify the capture of
micronutrients by fisheries relative to the availability in the wider
ecosystem (Robinson, Nash, et al., 2022), allowing our definitions of
optimality and selectivity. Here, we aimed to provide a first broad
overview of micronutrient optimality and selectivity using compara-
ble methods across different countries. We therefore chose the ap-
proach of using models at large spatial scales to define our available
species pool, and the country-level Sea Around Us data to define our
fished species pool. Species distribution and biomass models would
further benefit from the inclusion of local-scale environmental vari-
ables, for example, using local benthic and pelagic habitat variables
such as coral and algae cover, water turbidity, wave exposure and
terrestrial run-off (Lyons et al., 2024; Violet et al., 2024). While we
did not aim to model intra-country variation in species presence and
biomass, doing so is an important future step that could provide a
more accurate comparison between fisheries catch and source pools
at smaller spatial scales. Furthermore, here we consider standing bi-
omass but determining spatial drivers of ecosystem productivity, as
a rate, would provide a better estimate of micronutrient availability
through time (Morais et al., 2020; Robinson et al., 2023). Likewise,
the Sea Around Us data as well as the data reported by countries to
the FAO on which Sea Around Us data are based (Zeller et al., 2016)
would benefit immensely from better species-specific data being
collected and reported on by the contributing countries. Further,
accounting for intraspecific variation in species micronutrient
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compositions, for example, driven by body size or local ecological
conditions, could improve micronutrient concentration estimates.
Our work provides only a heuristic exercise that is suboptimal
for country-level or local applications and policy reform but hints
at a large potential for micronutrient optimality and selectivity to
be further investigated using better taxonomically resolved biodi-
versity and local fisheries and supply chain information (Thilsted
et al., 2016). Recent reports from international bodies support this
conclusion by highlighting the localised nature of wild-fish food sup-
ply systems that support micronutrient accessibility and economic
benefits for people living nearer to fisheries (FAO et al., 2023).

The optimality and selectivity gaps identified here arise at least
partly because the Sea Around Us data remain a conservative esti-
mate of tonnage and species diversity landed, even though it is more
comprehensive than the officially reported data as presented by
the FAO on behalf of countries (Pauly & Zeller, 2016). As such, we
likely underestimate MN¢g o, @s Well as optimality and selectivity,
compared with reality. Additionally, we would underestimate MN .,
if species are missing or are under-represented globally in fisheries
records, which would then underestimate the potential to extract fish
and thus micronutrients from ecosystems. Furthermore, baselines of
historically available or more common species that were depleted be-
fore current fishery monitoring efforts developed could also impact
our findings. Our sensitivity tests suggested only a modest effect
of under-sampling. However, it is important to note that we could
only sample species from existing data, which might result in a biased
view of catch records for or against certain species and functional
groups. In interpreting this work, we must remember a multitude of
reef fish are caught and eaten and this is only partially represented in
our data (Dalzell et al., 1996; Mbaru et al., 2020; Zeller et al., 2015).
Additionally, accounting for the effect of food processing and prepa-
ration on micronutrient content, as well as the micronutrient contri-
butions from non-muscle portions that are often consumed, would
further refine our micronutrient estimates. Our perspective that re-
gional biodiversity forms a reservoir of nutrients will have the great-
est impact when combined with high-quality local catch records that
contain fewer false negatives. A large proportion of catch data is not
resolved to species level, which is probably the main limitation in ap-
plying the optimality and selectivity metrics defined here, but also a

key result revealed by comparison across information sources.

5 | CONCLUSIONS

Overall, we report that reef fisheries have a high availability of
micronutrients that already contribute substantially to health and
nutrition. More robust species-level localised catch data would
benefit micronutrient-sensitive fisheries policies and address the
currently low selectivity for the most nutritious species within
the ecosystem. Our analysis focussed on the Global South but the
challenges outlined here are also prevalent across Global North
fisheries, thus likely exist independently from economic resources
available to monitor fisheries and biodiversity (Driscoll & Chan, 2022,

2023; Willer et al., 2022). We thus support recent international calls
to recognise wild-capture fisheries as a critical source of nutrition
and one pillar of sustainable development (FAO et al., 2023). Efforts
to shift fisheries policies must be cognisant of historical and ongoing
declines in biomass, changes in biodiversity and ecosystem function
on coral reefs that are undermining the long-term contributions of
these ecosystems to people beyond fisheries (Eddy et al., 2021;
Edgar et al., 2014; Lefcheck et al., 2021). It will be a challenge for
future food policies to balance potential biodiversity losses and
human well-being benefits, and a lack of species-level knowledge
in fisheries and their contributions to nutrition only makes this
harder. Use of local knowledge involving participatory processes
and knowledge co-production should help ensure policy change
is equitable (Cinner et al., 2019; van Kerkhoff & Lebel, 2015). The
decoupling between nutrients in ecosystems and in fisheries catches
indicates that social, economic, and biodiversity policies are not yet
shaped around nutrients, but this is key to fostering a sustainable
and healthy planet for both people and nature.
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