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Conservationinterventions are central strategies for achieving sustainable
development goals given the inextricable dependence of humanity on
nature. Current debate centres on whether interventions such as marine
protected areas (MPAs) promote co-benefits or trade-offs among multiple
goals such as poverty alleviation, food security and protection of marine
resources. Resolving this questionis hindered by a lack of quantitative
impact evaluations of concurrent ecological and social co-benefits of MPAs.
Here we use a statistical matching approach to examine whether MPAs are
associated with co-benefits or trade-offs between reef fish abundances and
measures of human well-being, including income, diet and food security in
the Mesoamericanregion. We find that highly protected areas (HPAs) with
stringent fishing restrictions tend to support high mean abundances and
stable or increasing trends in fish abundances compared with unprotected
sites and ‘general use zones’ of MPAs. At the same time, indicators ofincome
and food security were elevated in communities near MPAs, especially
HPAs, compared with communities far from MPAs. Finally, proximity to
MPAs and to reefs with high fish abundance were both positively associated
with well-being across space. Together, these results provide quantitative
evidence of co-benefits for fish and people associated with MPAs,
highlighting the potential value of MPAs in achieving multiple sustainable
development goals.

Theglobal community hasadopted abroad set of Sustainable Develop-  onebeachieved without unintended negative consequences for another
ment Goals (SDGs) aimed at increasing the prosperity of humanitywhile  orare co-benefits possible’>? There is limited empirical evidence that
protecting the ecosystems on which it depends’. These goalsinclude ~ demonstrates synergiesamong multiple SDGs or the ability of conser-
alleviating poverty (SDG1), increasing food security (SDG 2), and pro-  vation interventions to produce co-benefits for nature and people®™’.

tecting and sustainably using marine resources (SDG 14, Aichi Targets 11). One of the intended benefits of marine protected areas (MPAs) is
However, thereis debate over whether these goals are compatible—can  to slow the declines of marine fisheries, a natural resource important
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Fig.1| Conceptual diagram illustrating potential co-benefits for fisheries and
local communities from MPAs. A primary objective of many MPAs is to maintain
marine ecosystems, including fish assemblages, through habitat protection
and fishing restrictions (A). However, the effectiveness of MPAs for maintaining
fisheriesis context dependent, with evidence supporting theimportance of well
enforced, no-take regulations and larger, older MPAs” . MPAs may also affect food
security and income of nearby communities through at least two general, non-
mutually exclusive pathways, A+B and C***. First, fishing is a primary source of
income and food security for many coastal communities (A+ B). If MPAs effectively
replenish adjacent fishing grounds, recruitment and spillover may increase income
and subsistence throughincreased catches near MPAs, especially those with no
or limited take. If benefits of MPAs are primarily through enhancing fisheries, we
expect households of fishers to benefit more than non-fishers. Second, MPAs can
generate access to alternative livelihood opportunities such as tourism, which may
benefitabroad cross-section of the local community (C). Conversely, loss of access
rightsin MPAs can have negative consequences for livelihoods in some cases. If
loss of access is not compensated through spillover and alternative livelihoods,
proximity to MPAs may be associated with decreased income and food security in
fisheries-dependent communities. Through our analyses, we assessed the impacts
of MPAs on reef fish abundances (A), the effect of proximity to MPAs onincome and
food security inlocal communities (A + B + C) and the spatial association between
fish abundance and human well-being indicators (B). The current data allow for
assessment of potential co-benefits associated with MPAs (pathways A+B+C) but
not for fully disentangling the contributions of pathways A+B versus C. Map data
arefrom opensources inrefs. 54,55.

for sustainable development'®. Countries have rapidly expanded their
MPA networks to cover >7% of oceans in pursuit of the 10% target set by
the Convention onBiological Diversity and SDG 14", as well as the more
recent commitment to 30% coverage by 2030". Achieving the under-
lying goals of these targets depends not only on increasing area but
also onthe ability of MPAs to generate co-benefits for fish and people
(Fig. 1). There is substantial evidence that MPAs can help sustain fish
assemblages” . However, MPA effectiveness depends on the complex
interplay among contextual conditions that can include the level of
human pressure'*, MPA size and age", fishing restrictions''®'’, enforce-
ment'*” and community engagement?’. Marine protected areas also
have potential to benefit people, for example, by improving fisheries
catches and providing livelihood alternatives related to tourism*-,
Conversely, MPAs can disempower and displace local communities
throughloss of access or tenure rights, which may decrease livelihoods
andfood security”**. However, quantitative evidence of MPA effects on
human well-being (HWB) is limited—few studies have used counterfac-
tual designs—and most research has focused on economic outcomes
while effects on health, nutrition and food security remain understud-
ied’?*>?, Furthermore, quantitative impact evaluations of MPAs have

typically examined ecological and social outcomes separately, limiting
direct evidence of trade-offs or co-benefits associated with MPAs™.

Here we examine the nexus of MPAs, fish assemblages and HWB
outcomes in the Mesoamerican Reef (MAR) region. This region rep-
resents an important potential proof-of-concept because it has a
well-developed network of 47 MPAs and a substantial coastal popula-
tion of over 2 million people with a high dependence on fisheries for
livelihoods and food security”. We use a long-term dataset of under-
water visual surveys to characterize reef fish abundance® and USAID
Demographic and Health Surveys (DHS) data® to characterize dimen-
sions of HWB in nearby coastal communities, includingincome, fish as
adietary component and stunting as anindicator of food insecurity.

Through our analysis, we address the overarching question of
whether MPAs lead to trade-offs or co-benefits for fisheries and coastal
communities. Todo so, we examined three underlying questions. First,
we asked what are the impacts of MPAs with different levels of fishing
restriction on fish abundances in the region? Second, what are the
effects of proximity to MPAs on income, fish as a dietary component
and probability of stunting in nearby communities? And third, looking
across coastal areas, does well-being of local communities covary with
the condition of fish assemblages at nearby reefs? Because locations
of MPAs are often biased toward areas with lower human pressure, we
statistically matched ssitesinside and outside of (or near and far from)
MPAs on the basis of site characteristics to reduce the influence of
location bias and thereby strengthen inferences about MPA impacts
(questions one and two; see methods). We then quantified associations
between fish and HWB outcomes across pairs of nearest-neighbour
communities and reef sites (question three).

We expected that proximity of communities to MPAs may be asso-
ciated withincome and nutrition benefits, either directly through the
natural resources they aim to protect, primarily increased catches
near or within the MPAs??, or indirectly through alternative income
streams, such as those associated with tourism? (Fig. 1). If the poten-
tial benefits of MPAs occur primarily through increased catches, we
expected these effects to be observed disproportionately in house-
holds of fishers compared with non-fishers. In contrast, if spillover and
alternative livelihoods are insufficient, communities near MPAs may
experience reduced income and food security resulting from fishing
restrictions®?*, In both cases, we tested whether income and food
security outcomes near MPAs are influenced by the level of fishing
restrictions that can determine both the maintenance of local fisheries
and level of access to those resources.

Outcomes for fish assemblages in MPAs

Todetermine whether MPAs are associated with co-benefitsinaregion,
itis necessary to concurrently assess the effects of MPAs on both fish-
eries and HWB. Therefore, we first examined whether MPAs and their
attributes (fishing restrictions, size, age and level of enforcement) affect
means and trends of fish abundance across the region. We compared
fish abundance outcomes among levels of fishing restrictions, which
included ‘open-access’ areas and MPAs subdivided into ‘general use
zones’ (GUZs) and highly protected areas (HPAs) (Methods). The HPAs
have complete prohibition of commercial fishing on reefs, while some
sites in this region allow for limited traditional and recreational catch
and release fishing. In contrast, GUZs have variable levels of fishing
restrictions thatinclude catch limits or bans on certain fishing gear. We
used statistical matching to select a subsample of GUZ sites (as these
were most prevalentin the dataset) thatreduced the average covariate
imbalance among the differentlevels of fishing restriction (Methods)"*.
The aim of matching was to limit bias in the estimation of MPA effects
on fish biomass by reducing the potential influence of differences in
site characteristicsamong groups, including coastal development, sea
surface temperature anomalies and reef type, among others. We fur-
ther controlled for these potential confounders by including matching
variables as covariates in our models. The fish dataset, post matching,
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Fig.2|Mean abundance and trends of reef fish in open-access sites and
marine protected areas (MPAs), including general use zones (GUZs) and
highly protected areas (HPAs). To assess the effects of fishing restrictions
associated with MPAs on assemblages, we used a statistical matching approach
wherein we first matched survey sites on the basis of site characteristics and then
quantified effects of fishing restrictions (GUZs versus HPAs) while controlling
for remaining variation in matching variables in Bayesian hierarchical models
(all covariate estimates provided in Supplementary Tables 1-4). a-d, Plots show
estimated effects of fishing restrictions on means (a,b) and trends (c,d) in total
biomass of all species (a,c) and commercially important species (b,d) (n = 4,336
transects sampled at 87 sites). Biomass trends represent model coefficients for
the effect of year; the units of these trends are change in log biomass per s.d. of
the year variable. Error bars represent 95% BCls and different letters indicate
differences among groups that have statistical support, thatis, 95% BCls for
contrasts excluding zero.

included observations of 83 finfish species from 4,336 transects sampled
at87sitesinthe Caribbean coastal waters of Mexico, Belize, Guatemala
and Honduras (Extended Data Fig.1aand Methods). Each site was sam-
pled during atleast three different years from 2005 to 2018.

We found evidence that strict fishing restrictions within MPAs
(HPAs) helped maintain local fish abundance in the Mesoameri-
can region and for some groups, these effects were strengthened
by increasing reserve age, size and level of enforcement (Fig. 2 and
Extended Data Figs. 2-5). When evaluating effects of fishing restric-
tions, we examined both variation in mean abundance across sites
(states) and linear rates of change in fishabundance over time (trends),
asthese represent two complementary indicators of the relative con-
dition of local fish assemblages. We defined well-performing sites as
those that have both high mean fish abundance relative to theregion,
and stable or increasing trends. In contrast, poorly performing sites
exhibit low mean abundance and decreasing trends. Sites that have
low meanabundance butincreasing trends may be indicative of assem-
blages undergoing recovery. We examined these potential abundance
outcomes by analysing the total biomass of all surveyed fish species,
the biomass of all commercially important species and counts of three
commerciallyimportant families—snapper (Lutjanidae), grouper (Ser-
ranidae) and grunts (Haemulidae)—as response variables.

Across fish groups, HPAs tended to support higher mean abun-
dance than open-access sites, as well as stable or increasing trends
(Fig. 2 and Supplementary Tables 1-4). The mean estimate of total

fish biomass was 27% (95% Bayesian credible interval (BCl) = 3-51%)
greater in HPAs than in open-access sites, with intermediate biomass
in GUZs (Fig. 2a and Supplementary Table 1). Similarly, biomass of
commerciallyimportant species was 35% (BCI = 2-71%) greater in HPAs
thanin open-access sites while not significantly different from thatin
GUZs (Fig. 2b and Supplementary Table 3). For total and commercial
biomass, HPA sites supported trends that were significantly more
positive than those in GUZs (95% BCls for contrasts exclude O; Fig. 2c,d,
and Supplementary Tables 2 and 4). Commercially important families
varied in their response to fishing restrictions. For example, snapper
and grunts reached highest mean counts and had increasing trends
in HPAs (Extended Data Fig. 2; 95% BCl for significant trend estimates
excludes 0), whereas grouper had highest mean counts and stable
trends (95% BCl for trend estimatesincludes O) inboth GUZs and HPAs.
This variation in responses among taxa may be mediated by different
life history traits and levels of fishing pressure across groups®. Our
resultsindicate that across groups (Fig. 2), full protection from fishing
within HPAs was more effective at maintaining high fish abundances
than the multi-use restrictions associated with GUZs, which constitute
the vast majority of current MPA coverage.

We then examined the effects of MPA age, size and enforcement
onfishassemblages. The effects of MPA age on total and commercially
important fish biomass depended on the level of fishing restrictions
(HPA or GUZ), such that mean biomass increased across sites with
increasing age of HPAs while decreasing with increasing age of GUZs
(95% BCls for interaction terms exclude O; Extended Data Fig. 3 and
Supplementary Table 5). When examining trends, biomass declined
within older GUZs, while MPA age had negligible influence on trends
in HPAs (Extended Data Fig. 4 and Supplementary Table 6). MPA size
had no effect on mean total biomass but trends in biomass tended to
bemorestableinlarger MPAs regardless of level of fishing restrictions
(Extended Data Fig. 5 and Supplementary Table 7). For most groups,
inclusion of enforcement levels as a covariate did not improve model
fit over level of fishing restrictions alone (Supplementary Table 8),
suggesting that even underenforced HPAs—those with limited patrols
and potentially higher levels of poaching—can reduce fishing impacts
onlocal assemblages'®. Importantly, all HPAs in the analysis had some
level of enforcement. Long-standing prohibitions on fishing (that is,
older HPAs) appear to be the mostimportant characteristics of MPAs
for maintaining high local biomass in the MAR. Although there was
remaining covariate imbalance after matching, these results are con-
sistent witha growing understanding that MPA effectiveness is highly
context dependent” %, Therefore, confirming the specific conditions
thatlead to benefits for fish—here, HPAs, especially old, large HPAs—is
arequisite for assessing potential co-benefits or trade-offs with HWB.

The nexus of MPAs, human well-being and fish
assemblages

Are the ecological benefits of MPAs, HPAs in particular, accompanied
by costs or benefits to peopleinterms of livelihoods and food security
in coastal communities? We examined whether proximity to MPAs
affects the DHS wealth index as an indicator of household assets and
income, and probability of stunting of children as an index of food
insecurity. Stunting is defined as height-for-age scores less than two
standard deviations below the Child Growth Standards median®’. We
also assessed the effect of MPA proximity on probability of fish con-
sumption as one potential mechanistic link between fisheries and food
security outcomes. We used statistical matching of DHS survey clusters
near (<10 km from) MPAs to those far (>10 km) from MPAs. Matching
was based on characteristics of clusters that are likely to be correlated
withmultiple dimensions of HWB, including education level, distance to
markets and population density, among others (Methods). After match-
ing, our dataset of HWB indicators contained survey responses for up
to 2,117 individuals from 222 survey clusters along the coasts of Guate-
malaand Honduras (depending on outcome variable; Supplementary
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Table 9 and Extended Data Fig. 1b). We fit models to compare HWB in
communities near and far from MPAs with different levels of fishing
restrictions (GUZs versus HPAs) while again controlling for possible
confounders by including matching variables in our models®?*,

Among coastal communities of Honduras and Guatemala, we
found that proximity to MPAs was associated with lower incidence of
stunting. The overall probability of stunting in the surveyed popula-
tion was 0.15 (BCI = 0.13-0.17; mean = 0.18 in Guatemala and 0.14 in
Honduras). Probability of stunting was 40-47% lower in communities
near MPAs than those that were far from MPAs (Fig. 3a and Supplemen-
tary Table10). There was statistical support for the negative effects of
both GUZs and HPAs on stunting (85, = —0.57,95% BCI = (-1.05,-0.01),
Buea=—0.72,95% BCl = (-1.46, —0.08)). However, the mean effects of
GUZs and HPAs on stunting were statistically indistinguishable (95% BCI
of contrast between GUZ and HPA effect includes 0), suggesting that
incidence of stunting tends to be lower near MPAs regardless of fishing
restrictions. To test whether households of potential fishers benefit
disproportionately from MPAs (Fig. 1), we examined the interactions
between proximity to MPAs and occupation, here coded as potential
fisher versus non-fishers. Although rates of stunting were greater in
households with potential fishers, the lack of significant interaction
indicates that stunting was similarly reduced near MPAs in households
of fishers and non-fishers. Because food security and income are often
tightly coupled, we thenrefit models with wealthindex as an additional
covariate to assess effects of MPAs on stunting after controlling for
income. The inclusion of wealth index resulted in a modest decrease
in the effect of HPAs but not of GUZs (Extended Data Fig. 6), suggest-
ing thattheinfluence of HPAs on stuntingis at least partially driven by
income. For all HWB outcomes, we examined model sensitivity to the
matchingapproach (use of calipers) and the choice of distance thresh-
olds for defining clusters near and far from MPAs, finding that results
were qualitatively similar under these different analytical decisions
(Methods and Extended DataFig. 7).

We assessed fish consumption as a potential mechanistic link
between maintenance of fisheries within MPAs and food security in
local communities. The probability of fish consumption was negatively
associated with proximity to HPAs (B4 = —1.54,95% BCI = (-2.79,-0.30);
Supplementary Table11), further indicating that reduced stunting near
HPAs probably occurs through other dietary sources that may become
moreaccessible asincomeincreases. Inmany regions, small-scale fish-
eries provide animportant food source that has potential to increase
food security in coastal communities®**. For example, the majority
of landed catches of small-scale fisheries is sold at local markets and
used for direct local consumption®, and diverse artisanal fisheries
have potential to supply critical micronutrients, with up to 50-90%
of animal protein in diets of some coastal communities coming from
fish consumption®*?. Inthe MAR region, however, subsistence fishing
andreliance on fish as a dietary component may be most prevalentin
lower-income communities that are far from HPAs. Further, increases
infood security in communities near MPAs may be more closely linked
withincome and levels of wealth from non-fisheries livelihoods.

We then considered the impacts of proximity to MPAs on house-
hold wealth index*®. We found no effect of GUZs on the wealth index.
In contrast, the average wealth index of households near HPAs was
33%greater than that of households far from MPAs (Fig. 3b; S5, = 0.29,
95% BCl = (0.15, 0.41); Supplementary Table 12). Proximity to MPAs
had similar effects on the wealth index for households of potential
fishers and non-fishers. For all HWB outcomes, considering other
MPA characteristics such as age and size did not improve model fit
(Supplementary Table13). Inresource-dependent populations such as
small-scale fishing communities, livelihoods are tightly linked to food
security, giving rise to positive or negative synergies between these
HWB dimensions”. For example, loss of access rights or gear con-
fiscation can reduce income and have cascading effects on nutrition.
Studies have documented both positive and negative effects of MPAs
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Fig.3| The probability of stunting is lower near marine protected areas
(MPAs), and the mean wealth index is greater near highly protected areas
(HPAs) thanin areas far from MPAs. To assess the effects of MPA proximity on
dimensions of human well-being, we used a quasi-experimental approach wherein
we first matched survey clusters near (<10 km) and far (>10 km) from MPAs on

the basis of site characteristics and then quantified effects of MPA proximity
onwell-being outcomes using Bayesian hierarchical models. We controlled for
remaining variation in matching variables by including them as covariates in our
models. Plots show model coefficients that represent the effects of MPA proximity
on the probability of (a) stunting (n =1,919 individuals) and (b) mean wealth index
(n=2,117 respondents). Error bars represent 80% (thick) and 95% (thin) BCls, and
asterisks indicate mean effects with statistical support (95% BCls excluding zero).

on income and food security, impeding generalizations. As with fish
outcomes, HWB outcomes appear heavily dependent on geographic,
social and ecological contexts. In coastal communities in Guatemala
and Honduras, proximity of households to MPAs, especially HPAs, was
associated with elevated indicators of both food security and income
within local communities.

Lastly, where there was geographicoverlapinfishand HWB datasets,
we examined whether HWB of coastal communities covaries with fish
abundance at the nearest sampled reef, to determine whether trade-offs
or co-benefits in these outcomes exist across space. This analysis pro-
videsacomplementary line of evidence to the separate analyses of MPA
impacts on fish abundance and HWB. On average, the probability of
stunting decreased while the probability of fish consumptionincreased
with increasing fish biomass at nearby reef sites; however, estimated
mean slopes were statistically indistinguishable from O (Extended Data
Fig.8). There wasasignificant positive association between fish biomass
and household wealth index across coastal communities (Fig. 4 and Sup-
plementary Table 14). When examining this overlapping subset of the
dataalongthe northern coasts of Guatemalaand Honduras, proximity to
both GUZs and HPAs had a significant positive effect on the wealthindex
(Bouz=0.19,95% BCl = (0.01, 0.36); Byipa = 0.25, 95% BCI = (0.07, 0.43)).
Coastal communities in Guatemala and Honduras are heavily depend-
ent on both subsistence and commercial fisheries for their livelihoods
and food security*’. Fishers typically venture 5-15 km from ports* and
navigate amosaic of open-access watersinterspersed among MPAs with
multiplelevels of restriction. The spatial associationamong fish biomass,
MPAs and HWB indicators emphasizes the importance of verifying the
ecological and social outcomes of conservation interventions beyond
justarea- and process-based indicators. Identifying contexts that have
produced co-benefits in the past is necessary for promoting future
synergies among SDGs related to food security, poverty alleviation and
sustainable use of marine resources.

Discussion

Achieving the SDGs depends on the potential for interventions such
as MPAs to improve HWB and ecological sustainability. Resolving the
question of whether MPAs can simultaneously contribute to poverty
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Fig. 4 |Fish biomassis positively associated with the wealth index of nearby
communities. Communities near marine protected areas (MPAs), both general
use zones (green) and highly protected areas (purple), had significantly
higherincome, as measured by a multivariate wealth index, compared with
communities far from MPAs (yellow) (n = 58 pairs of reef sites and survey
clusters). Heavy grey line represents the mean posterior effect of fish biomass on
the wealthindex, and light grey lines are 100 random samples from the posterior
distribution.

alleviation (SDG1), food security (SDG 2) and sustainable fisheries (SDG
14) requires evidence from impact evaluations that explicitly examine
these co-benefits. Even within ecological and social domains, studies of
MPA impacts on fish have only recently employed counterfactual-based
methods of impact evaluation to strengthen causal inferences'*°. Like-
wise, systematic reviews have found that assessments of MPA effects
on HWB infrequently used counterfactual designs”*. Using a statistical
matchingapproachto assess MPAimpacts onboth ecologicaland HWB
outcomes, we find evidence of potential co-benefits for nature and
people associated with MPAs, especially long-standing HPAs.

While there were positive HWB and fisheries outcomes associated
with MPAs on average, we interpret these results cautiously in light of
datalimitations and future research needs. First, fish monitoring sites
were non-randomly located with respect to environmental gradients
and we were able to only partially mitigate spatial biases through sta-
tistical matching, requiring that we also control for post-matching
variation in potential confounders in the models. Second, DHS data
represent asnapshot of HWB in the region, allowing for control-impact
comparisons but not before-after comparisons, limiting our ability to
make stronginferences about the direction of causality. For example, it
isuncertain whetherlocalincome remained high following establish-
mentof HPAs or ifitincreased over time following MPA establishment.
Third, the scope and resolution of the DHS data did not allow us to
fully address nuances that probably underlie MPA effects on HWB,
such as whether members of different social groups (for example,
those engaged in fisheries versus tourism or business owners versus
staff) experienced unequal benefits of MPAs”*%. Although there were
apparent co-benefits between fish abundance and indicators of food
security and income associated with MPAs, there may be trade-offs
with other social dimensions such as equity and cultural dimensions’.
Finally, thereisalsoaneed to further untangle the enabling conditions,
policies and management approaches that have allowed for appar-
ent synergies between fish assemblages and HWB in the region**%.
For example, examining the contributions of community-managed
HPAs to socio-ecological outcomes as well as the gender equality of
social outcomes are priorities. Increased integration of ecological
and social outcomes into quantitative impact analyses® will be vital for

determining the conditions under which continued expansion of MPAs
will be successful in contributing to multiple SDGs globally.

As countries expand MPA coverage to meet area-based targets of
the Post-2020 Biodiversity Framework and SDGs, numerous coastal
communities will be affected by these interventions. Expanded MPA
networks are unlikely to be effective and equitable without first deter-
mining the potential for co-benefits and the specific contexts under
which MPAs can maintain marine resources while benefiting local
communities. Here we find that (1) HPAs in the Mesoamerican region
tend to support high fish abundance and stable or increasing trends.
(2) Rather than experiencing reduced livelihoods and food security,
for example through access restrictions, communities had greater
food security near MPAs and higher incomes near HPAs specifically,
mirroring arecent finding for terrestrial protected areas®. (3) Finally,
MPAs themselves and the fisheries they support were both positively
associated with HWB across coastal areas. Taken together, these results
highlight the potential for synergies among SDGs at the nexus of MPAs,
marine resources and local communities.

Methods

Fish assemblage and MPA data

We characterized means and trendsin fish abundance using coral reef
monitoring data collected through the Healthy Reefs Initiative (HRI),
a multi-institutional collaboration that monitors the status of reef
ecosystems and management efforts in the MAR region. Since 2005,
underwater visual surveys (UVS) have been conducted at reef sites from
the northern Yucatan Peninsula of Mexico southward to Belize and
Guatemala and eastward along the northern coast of Honduras
(Extended Data Fig. 1a). These UVS followed standard protocols
developed by the Atlantic and GulfRapid Reef Assessment (AGRRA)?.
Briefly, dive teams counted individuals of 83 monitored fish species
(Supplementary Table15) along 30 x2 m belt transects. The focal spe-
cies are a subset of fish assemblages found on Caribbean coral reefs
and were chosen due to their ecological and commercial roles. The
size class of each fish was recorded and biomass was estimated using
species-specific allometric equations. Dive teams concurrently meas-
ured benthic variables at each site, including coral cover estimated as
the proportion of 100 evenly spaced points along 10 m transects that
intersectlive coral.

We limited the pre-matching dataset to 139 sites that have been
sampled during at least three different years (median of 5 years and
maximum of 6 years) over the monitoring period (2005-2018). Sites
were sampled once on a given year with at least 10 transects typically
sampled per site onagiven sampling occasion. Sites were categorized
according to three broad levels of fishing restrictions that exist in the
region: (1) ‘open-access’ fishing grounds wherein fishers adhere to
national fisheries regulations to enter the fishery and MPAs, which
are subdivided into (2) ‘general use zones’ (GUZs) and (3) ‘highly pro-
tected areas’ (HPAs). General use zones have variable levels of fish-
ing restrictions that include a mixture of catch limits (for example,
moratoriums) and bans on certain fishing gears (for example, fish
traps). Highly protected areas have complete prohibition of com-
mercial fishing on reefs (no-take zones), although some HPAs allow
for traditional fishing practices and recreational catch and release.
Most MPAs (HPAs and GUZs) are co-managed by a department within
a national government and a non-government organization (NGO);
however, community-led implementation of HPAs is increasing in the
region, whichisafisher-led response to declinesinlanded catches and
perceived associated benefits of HPAs. We used the World Database
of Protected Areas (which excludes other area-based conservation
measures) and shapefiles maintained by the Healthy Reef’s Initiative
to delineate MPAs. We derived two MPA variables: a static variable
indicating whether asite wasrecognized as an MPA at any time during
the monitoring period and adynamic variable that reflected changes in
site status (for example, open access to GUZ) at some sites during the
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monitoring period (see analyses). Enforcement of fishing restrictions
in GUZs and HPAs was scored as part of an audit conducted by HRI,
using standardized ratings based on surveys of NGOs, local managers
and government agencies*.

Demographic and health survey data

We quantified income and food security indicators from USAID Demo-
graphic and Health Surveys (DHS), a programme aimed at generating
data for planning and evaluating nutrition and health programmes®.
These data are collected in over 90 countries with 5,000-30,000
households surveyed per country during asurvey year. Sampled house-
holds are spatially aggregated into survey clusters withup to 25 house-
holds sampled per cluster. Ateach household, interviewers administer
household-level and individual-level questionnaires. We obtained
survey responses for Guatemalaand Honduras for the years 2011, 2012,
2014 and 2015 (Extended Data Fig. 1; surveys were notimplementedin
Mexico and Belize within the 2005-2018 timeframe of our analysis).
We extracted responses from the DHS Standard Survey, which gathers
information on education, housing conditions, wealth, nutrition and
healthindicators, among other topics.

Toderive and analyse indicators of relative income and food secu-
rity, we extracted responses from individual women and children sur-
veyson child age, years of education attainment of women, anindex of
fishas adietary component, height-for-age scores of children 6 months
to 5Syears old and a household wealth index. We also characterized
broad occupational categories of ‘potential fishers’and ‘other occupa-
tions’ from 32 possible occupation responses, such as ‘teachers’, ‘health
workers’and ‘agriculture and fishery worker’. We compared households
with ‘potential fishers’ to households with adult males (as surveyed)
from other occupations to determine whether effects of MPAs are
greater for fishers; although the category ‘potential fishers’ may also
include agricultural workers, fishing is a predominant occupationinthe
coastal region of the study?. The wealth index is calculated by USAID
asalinearized metric of multiple survey responses meant to character-
ize relative income on the basis of the presence at the household of a
standardized suite of material items, such as a television, motorcycle
and other items. Fish as a dietary component was quantified using a
binary variable indicating whether a child had received fish/shellfish
inthelast24 hornot. Height-for-age scores were reported as standard
deviations (z-scores) calculated using the World Health Organization’s
(WHO) Child Growth Standards. From these scores, we derived abinary
variableindicating whether a child was stunted using the WHO defini-
tion of stunting as height-for-age less than two standard deviations
below the Child Growth Standards median™.

Covariates

We characterized environmental variables associated with each site
for pre-analysis matching and to further control for these variablesin
our models (Supplementary Tables 16 and 17). For analyses examin-
ing MPA impacts on reef fishabundance, we extracted three remotely
sensed variables: humanimpact, ocean productivity and local climate
change. Human modification of coastal areas around each site was
quantified using the human footprint index, which is a composite of
population densities, land use and infrastructure® and here serves
as a proxy for direct human pressures on reefs, such as siltation and
fishing. We extracted near-surface concentrations of chlorophyll a
(mg m™) from NASA’s MODIS product at each site, for each month
between 2005-2018. Mean chlorophyll a concentrations were then
calculated across the entire monitoring period (2005-2018) to capture
variation in long-term average conditions among sites. These values
largely reflect geographic variationin phytoplankton biomass, which
can serve as an indicator of ocean productivity and at high values,
eutrophication*. We characterized local climate changes as means
of sea surface temperature (SST) anomalies from NOAA’s Coral Reef
Watch®. The SST anomaly data provide deviations of daily temperature

from 28-year averages (from 1985-2012) of SST for each month. Ateach
site, we calculated a mean of the maximum annual SST anomalies from
2005t02018. Positive values, therefore, representincreased frequency
of temperatures above the long-term average at a given site. We also
characterized depth, reefhabitat type and meanlive coral cover ateach
site from transect surveys (all covariates and hypothesized effects are
listed in Supplementary Table 16).

For analyses examining MPA impacts on human well-being met-
rics, we measured spatial covariates within a 10 km radius centred
around the GPS coordinates for each DHS survey cluster. These vari-
ables describe demographic and biophysical characteristics of sites
that broadly characterize communities’ placement along urban-rural
gradients. These variables caninfluence dimensions of HWB, as access
toemploymentand services are generally greater in developed, densely
populated areas™ (all covariates and hypothesized effects are listed
in Supplementary Table 17). We characterized the amount of natural
landcover for 2012 as derived from the European Space Agencies’ CCI
product*®to align with the years of the DHS. Elevation of each cluster
was measured using a digital elevation model derived from NASA’s
STRM databecause elevation can constrain property values, suitability
for agriculture and associated livelihoods, as well as ease of access to
services***°, We also characterized population densities using data
from NASA’s SERDAC v.4 2015 product and travel time to cities, which
isheavily determined by proximity to urban centres and the least-cost
path afforded by local road networks®. We measured the distance of
each cluster to the nearest coast. Lastly, we characterized the mean
education level and wealth index of DHS clusters for site matching.

Pre-analysis matching for fish abundance outcomes
Thelocations of MPAs are non-random and often biased toward ecolog-
icallyintact areas, farther from population centres and with relatively
low levels of fishing pressure®®. When assessing the impacts of MPAs
on fish assemblages (question and analysis1below), itisimportant to
account for site characteristics that may affect fish abundances and
can be biased with respect to MPA locations, including diffuse stressors
such as climate change and coastal land use*’. To account for these
stressors and other observable confounding factors, we matched sites
on the basis of SST anomalies, chlorophyll a concentrations, human
footprint in nearby coastal areas, live coral cover, site depth and reef
habitat type (Supplementary Tables 16 and 18).

We matched sites with the nearest multivariate Mahalanobis dis-
tance, thereby minimizing multivariate differences between sets of
matching variables for each sample group. Sites were matched without
replacement, achieving a 1:1 ratio of sites between pairs of sample
groups. Because the majority of HRI sites are within GUZs (90 of 139
sites; Extended Data Fig.1a), we separately matched GUZs asreference
sites to 26 open-access and 23 HPA sites, using the static MPA vari-
able. This approach was necessary to retain adequate sample sizes of
open-access and HPA sites in the database while increasing balance of
these samples with areference category, here GUZ sites. Some variables
remained moderately imbalanced post matching (Supplementary
Table 18), and we controlled for this remaining variation by including
matching variables as covariates in models (below). Post matching,
we obtained 87 sites that were used in the analyses (26 open-access, 38
GUZ and 23 HPA sites; post-matching sample sizes are also provided
inSupplementary Table 9). Unmatched GUZ samples were discarded
from further analysis.

Pre-analysis matching for HWB outcomes

When assessing the impacts of MPAs on human well-being (question
and analysis 2 below), we again used pre-analysis matching to pair DHS
survey clusters near MPAs to those far from MPAs. We first subset survey
clusters to those <30 km from a coast. We then calculated the distance
of coastal clusters to the nearest MPA using polygons from the World
Database of Protected Areas for GUZs and those from the Healthy Reefs
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Initiative for HPAs. We excluded MPAs that were designated after the sur-
veyswere conducted. Survey clusters were then categorized as ‘near to’
or ‘farfrom’an MPA using 10 km as a threshold distance. This threshold
represents the scale at which we expect diminished impacts of MPAs,
considering spillover of fish populations, distances typically travelled
daily to fishing grounds and proximity of tourism**, and it allows direct
comparisons to a previous study of terrestrial protected areas*. We
assessed the sensitivity of our results to the choice of distance thresh-
olds by refitting models with thresholds of 5,10, 15 and 20 km, finding
that results were qualitatively similar (Extended Data Fig. 7).

We matched near and far survey clusters on the basis of geographic
covariates that may influence HWB metrics, including natural land
cover, elevation, population density, travel time to cities, distance to
nearest coast, country, Caribbean versus Pacific coasts and education
level of respondent (Supplementary Tables 17 and 19). Matched sam-
ples were again selected using Mahalanobis distances, here minimizing
the sum of all pairwise distances and selecting one control (far from
MPAs) for every treatment (near MPA) cluster without replacement.
Unmatched survey clusters were not included in analyses. Because
there was moderate imbalance in some covariates post matching, we
again controlled for matching variables as covariates in all models.
Allmatching was performed using the Matchlt package in R (ref. 52).

Sensitivity of HWB results

Wefurther assessed theinfluence of covariateimbalance onHWBresults
by repeating the matching process using calipers. We set calipers that
resulted in post-matching standardized mean differencesin all covari-
ates (between near and far clusters) that were <0.25 (Supplementary
Table 20). The use of calipers resulted in loss of treatment sites (near
MPAs) for which matches did not meet the threshold and therefore
yielded a post-matching dataset with lower sample sizes. Neverthe-
less, the effects of MPA proximity on HWB indicators were qualitatively
similar when using calipers, suggesting that the results are robust to
decisions made about the matching approach (Supplementary Tables
21-23).See Supplementary Methods for analyses of sensitivity of results
to potential hidden bias (and Supplementary Table 24).

Site pairing for associations between biomass and HWB
outcomes

To examine associations between fish biomass and HWB indicators
(question and analysis 3 below), we paired DHS clusters with the
nearest-neighbour reef site in the HRI dataset (Extended Data Fig. 1c)
for theregion where there was spatial overlap in HWB and fish datasets
along the Caribbean coasts of Guatemala and Honduras. In pairing
nearest-neighbour survey clusters with reef sites, the order of sites
was randomized and pairing was conducted without replacement.

Statistical analyses

To address our three overarching questions, we conducted three sets
of analyses that quantified: (1) the effects of MPAs and their attrib-
utesonfishabundanceintheregion after statistical matching of sites
(above), (2) the effect of proximity to MPAs on HWB using indicators
ofincome, diet and stunting, after statistical matching of survey clus-
ters (above) and (3) whether the condition of reef fish assemblages
covaries with measures of HWB in nearby communities across pairs of
nearest-neighbour reef sites and survey clusters (above).

Analyses of effects of MPAs on reef fish abundance

To evaluate potential co-benefits of MPAs for fish and HWB, we first
examined the impacts of MPAs on fish assemblages. We estimated
states and trends in fish abundance using Bayesian implementations
of generalized linear mixed models (GLMMs). Models included envi-
ronmental covariates—coral cover, chlorophyll, SST anomalies, human
footprintand depth—to control for remaining variation post matching,
while assessing the impacts of fishing restrictions (MPA type) and level

ofenforcementon fishabundance (see Supplementary Methods for the
fullmodelstructure). For all analyses, we centred and scaled covariates
and examined pairwise correlations among covariates (for all pairwise
correlations, r<0.7).

For analyses of total fish biomass and biomass of all commercially
important species as the response, we fit models with agamma prob-
ability distribution. This distribution was chosen because it accom-
modated the positive continuous outcome variables as well as the
right-skewed distribution of commercially important biomass. Models
ofbiomass trends included varyingintercepts and slopes for the effect
of yearamongindividualssites to allow for spatial variation in estimates
and account for spatial structure of the dataset (Supplementary Meth-
ods). Models of mean biomass across sitesincluded varyingintercepts
amongsitesand years. For models of commercially important families,
including snapper, grouper and grunts, we fit the same covariate and
random effect structure as for biomass butinstead used zero-inflated
Poisson GLMMs to model counts and accommodate excess zeroes in
the data for these groups.

To analyse variation in mean fish abundances (both biomass and
counts) across sites, we fit models with a dynamic MPA variable that
reflected changes in site status at some sites across survey years (pri-
marily sites where GUZs were established in open-access areas during
the monitoring period). When analysing variation in trends, to avoid
confounding year and MPA effects in the model, we fit models with
the static MPA variable thatindicates whether asite wasan MPA atany
pointduring the monitoring period. To examine the effects of enforce-
ment of fishing restrictions, we fit the same model structures as above
but with acomposite factor that combined fishing restrictions (open
access, GUZ and HPA) and level of enforcement (inadequate, moderate
or good). For example, HPA sites were categorized into three factor
levels representing the level of enforcement at each site. On the basis
of leave-one-out information criterion (LOOIC), we evaluated whether
the inclusion of enforcement of fishing restrictions improved model
fit over models that did not include enforcement level. To examine
the effects of MPA age and area on mean abundance and trends, we
subset the data to MPA sites and refit the base models above while
including these MPA characteristics. Each of these models was run
using two Markov chain Monte Carlo (MCMC) chains with a total of
5,000 iterations sampled at a thin rate of 20 iterations, 500 of which
were discarded as burnin. We examined Gelman-Rubin statistics and
traceplots to assess adequate mixing and convergence, and evalu-
ated model fit using standard posterior predictive checks. Allmodels
addressing questions 1 and 2 were fit in Stan using the Brms package
(v.2.16) to interface with the R environment (v.4.10)>>.

Analysis of effect of proximity to MPAs on HWB
We again used Bayesian GLMMs to analyse the effects of MPA proximity
onHWB metrics from DHS data. We fit three main models, one for each
outcome variable. When analysingindicators of stunting and fish diet
as binary responses, we specified a binomial probability distribution
inthelikelihood function. We included DHS cluster as avarying inter-
cept in the model to account for spatial non-independence of survey
responses from the same cluster. All models were fit with additive
covariates of distance to coast, natural land cover, time to city, popula-
tiondensity, elevation, education and country, as well asthe interaction
between MPA proximity and occupation (Supplementary Methods).
When analysing stunting and fish diet as outcomes, we refit models
withand without wealthindexincluded as both amatching variable and
model covariate to examine the partial effects of MPAs after controlling
for wealthindex. When analysing wealth index as the response variable,
we fit models with the same general structure, except that we instead
specified anegative binomial probability distribution appropriate for
integers. To examine the contributions of additional covariates to all
HWB outcome variables while being cautious to not overfit models,
we then fit and compared a second set of models with an expanded
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covariate structure that included characteristics of MPAs, including
MPA area and age as well as their interactions with MPA proximity.
We compared the fit of base and expanded models using LOOIC. Each
model was again run using two MCMC chains with a total of 5,000
iterations sampled at a thin rate of 20 iterations, 500 of which were
discarded as burnin.

Analysis of associations between fish biomass and HWB

To examine covariationin total fishbiomass and HWB metrics for pairs
of nearest-neighbour reef sites and survey clusters, we conducted
two-stage analyses. In the first stage, we estimated means of HWB
metrics for each survey cluster using GLMMs. In the second stage, we
fit models that simultaneously estimated mean fish biomass for each
site while also modelling HWB estimates (the response) as a function
of biomass estimates and fishing restrictions as covariates in linear
models. We thereby integrated uncertainty in estimates of fish biomass
estimates into each stage of the analyses.

In the first stage of the analysis, we estimated mean wealth index
(quartiles) for each survey cluster as a varying intercept in a GLMM
withanegative binomiallikelihood function toaccommodate integers
and potential overdispersion (see Supplementary Methods for the
fullmodel structure). Similarly, we estimated the mean probability of
stunting and fish consumption at each clusterasavaryinginterceptin
aGLMM with abinomial probability distributionin thelikelihood func-
tion. Then, in the second stage, we fit a submodel to estimate biomass
foreachreefsiteasavaryingintercept. Here, focusing on total biomass,
we fitamodel with a Gaussian error distribution, as total biomass was
normally distributed. At the same time, we fit asubmodel of variation
inestimated wealthindex for each survey cluster as alinear function of
mean total fish biomass of the nearest-neighbour reef site and whether
clusters are near GUZs or HPAs. As the relationship between wealth
index and fishbiomass was curvilinear, weincluded a polynomial term
inthe model (Supplementary Table 14). To model variationin the prob-
ability of stunting and fish consumption in response to fish biomass
and MPAs, we specified abeta probability distributionin the likelihood
function, as the responses varied between 0 and 1. We fit two-stage
models in JAGS and used the jagsUI package to implement models
from the R environment. To sample the posterior from adequately
converged chains, models were ultimately run with four chains for
10,000 iterations atasampling rate of 20 iterations, discarding 5,000
iterations as burnin.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Alldatausedinthis study were obtained from opensourceslisted in Sup-
plementary Tables16 and 17. Ecological dataare available on www.agrra.
org, withsomeyearsalso displayedin healthyreefs.org. Humanwell-being
indicators are freely available from www.dhsprogram.com/data.

Code availability
The Rand JAGS code used for analyses are available upon reasonable
request to the corresponding author.
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Extended Data Fig. 1| Maps of monitored reef sites and Demographic and DHS clusters along coasts of Guatemala and Honduras that were far from MPAs

Health Survey (DHS) clusters in coastal areas. (A) To examine the effects of (>10 km; yellow) or near GUZs (<10 km; green) or HPAs (purple). (C) To evaluate
marine protected areas (MPAs) on fish abundance, we analysed monitoring potential tradeoffs or synergies between human well-being and fish assemblages
datafromreef sites (n = 87) along coastal waters of Mexico, Belize, Guatemala across space, we analysed fish biomass and indicators of food security and

and Honduras in open access waters (yellow) and in general use (GUZs; green) income from nearest neighbour reef sites (triangles) and DHS clusters (squares)
and highly protected areas (HPAs; purple) of MPAs. Unmatched sites are shown along the Atlantic coast of Guatemala and Honduras. Map data are from sources
ingrey. (B) To determine whether MPAs affect indicators of human well-being, inrefs.28,29,56.

we analysed survey responses for up to 2,117 individuals from 222 matched

Nature Sustainability


http://www.nature.com/natsustain

Article https://doi.org/10.1038/s41893-023-01150-4

Grouper Snapper Grunts
a b b a b c 2.5 a b c
~ 0.5 2.01
e 20
. 1.51 :
=
= R 4 J
3 1.0 1.0 1.5
O
0.5 101
'1 . 5 1 T T T T T T T T T
$ 0.0 0.4
5 0.51
S
% -0.21 0.2
c
> 0.01 0.01
0 -0.41
O -0.21
& e > & 2 > & 2 >
@ o x @ o x% @ o x%
(9 v Q,(» (& v Q/(, C v &
> ,_)Q/ XX > ,_)6 x¥ > (,’Q/ x¥
R 0O & R QA R L W
S ) e ) S &
© NS o NS © \S
Extended Data Fig. 2| Mean abundance and trends in open access sites and HPAs) while controlling for remaining variation in matching variables in Bayesian
general use (GUZs) and highly protected areas (HPAs) of marine protected hierarchical models. Plots show estimated effects of fishing restrictions on
areas (MPAs) (n = 4,336 transects sampled at 87 sites). To assess the effects means and trends in counts for three commercially important fish families. Error
of fishing restrictions associated with MPAs on assemblages, we used a quasi- barsrepresent 95% Bayesian credible intervals, and letters indicate difference
experimental approach wherein we first matched survey sites based on site among groups that have statistical support - that is, 95% BCls for contrasts
characteristics and then quantified effects of fishing restrictions (GUZs versus exclude zero.
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Extended Data Fig. 3| Interactive effects of fishing restrictions and age (shaded areas) are from Bayesian hierarchical models fit with interaction terms
of marine protected areas (MPAs) on mean total fish biomass (n = 2,596 for MPA age and fishing restrictions while controlling for leftover variationin

transects sampled at 61sites). Mean predictions (lines) and 95% credible bands matching variables. MPA age is centreed and scaled (z-score).
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Extended Data Fig. 4 | Interactive effects of fishing restrictions and age of (shaded areas) are from Bayesian hierarchical models fit with interaction terms
marine protected areas (MPAs) on trends in total fish biomass (n = 3,102 among MPA age, fishing restrictions, and year while controlling for leftover

transects sampled at 61sites). Mean predictions (lines) and 95% credible bands variation in matching variables. Year is centred and scaled (z-score).
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Extended DataFig. 5 | Effects of size of marine protected areas (MPAs) on hierarchical models fit with interaction terms for MPA area and year while
trendsin total fish biomass (n = 3,102 transects sampled at 61sites). Mean controlling for leftover variation in matching variables. Year is centred and
predictions (lines) and 95% credible bands (shaded areas) are from Bayesian scaled (z-score).
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Extended DataFig. 6 | The probability of stunting (n = 1,880 individuals)
islower near marine protected areas (MPAs) than areas far from MPAs.
Plot shows model coefficients that represent the effects of MPA proximity
on probability of stunting, here while controlling for wealth index. To assess
the effects of MPA proximity on dimensions of human wellbeing, we used a
quasi-experimental approach wherein we first matched survey clusters near

3 2 - 0 1

Model coefficients

and far from MPAs based on site characteristics and then quantified effects of
MPA proximity while controlling for remaining variation in matching variables
using Bayesian hierarchical models. Error bars represent 80% (thick) and 95%
(thin) Bayesian credible intervals (BCI), and asterisks indicate mean effects with
statistical support - 95% BCls exclude zero.
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Extended Data Fig. 7 | Effects of proximity to general use zones (GUZ) and relative to the reference category of clusters far from MPAs. Error bars represent
highly protected areas (HPA) on well-being indicators are qualitatively 95% Bayesian credible intervals. Sample sizes varied across datasets when
similar under different choices of threshold distances for defining clusters applying different distance thresholds. For the stunting outcome, nfor 5 km=
near and far from these zones of marine protected areas (MPAs). Model 1251,10 km=1919,15 km=2611, and 20 km = 2843. For the fish diet outcome,

coefficients are from Bayesian hierarchical models fit as in Fig. 3, while defining nfor5km=796,10 km=1305,15 km=1801,and 20 km=2012. For the wealth
threshold distance as 5,10, 15, or 20 km. Coefficients represent mean differences index outcome, nfor 5 km=1382,10 km=2117,15 km =2866, and 20 km =3121.
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Extended Data Fig. 8 | Association between fish biomass and probability well-beingindicators, and light grey lines are 100 random samples from the
of fish consumption (A) and stunting (B) in nearby communities. Colours posterior distribution. For the fish diet outcome, n = 56 pairs of reef sites and
indicate communities near general use zones (green) and highly protected areas survey clusters. For the stunting outcome, n = 58 pairs of reef sites and
(purple) of marine protected areas (MPAs) and those far from MPAs (yellow). survey clusters.

Heavy grey line represents the mean posterior effect of fish biomass on human
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Guatemala and Honduras and were generated from surveys that were conducted in 2011, 2012, 2014, and 2015.
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security data, we excluded all USAID survey clusters that were > 30 km from a coast and then matched sites far from MPAs to those
near MPAS, resulting in 2,201 survey responses from 219 clusters (communities). Unmatched samples were discarded from further

analysis.
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methods), finding that our results were robust to these assessments. Data are open access and analysis code will be available on
Figshare.
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treatment sites (those in or near MPAs) on the basis of potentially confounding covariates (e.g., population density, natural habitat
cover, etc.). We matched treatment sites and potential controls using multivariate Mahalanobis distances, based on sets matching
variables, resulting in a 1:1 ratio of samples in and outside of MPAs (or near and far from MPAs).

Blinding Blinding was not used or necessary as no experimental procedures were used that could be prone to observer biases.
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Validation Describe the validation of each primary antibody for the species and application, noting any validation statements on the
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Field-collected samples | For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature,
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Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI [ ]Used [ ] Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.qg.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | Whole brain [ | ROI-based [ | Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.
(See Eklund et al. 2016)

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.qg. FWE, FDR, permutation or Monte Carlo).

Models & analysis

n/a | Involved in the study
D |:| Functional and/or effective connectivity

D |:| Graph analysis

D |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis  Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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