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Abstract

Anthropogenic  activities  are  eroding  biodiversity  and  its  contributions  to  nature  and  people

worldwide. Yet, the dual imperative to protect nature and sustain human well-being raises potential

trade-offs that remain to be quantified. Using standardized fish surveys across 1,237 tropical reefs

worldwide, we converted the presence and abundance data of 1,024 species into 29 fish community

contributions  that  primarily  benefit  either  nature  or  people.  We  show  that  “Nature-for-Nature”

contributions  are  mostly  positively  correlated  to  total  fish  biomass,  while  “Nature-for-People”

contributions  are  more  independent.  Trade-offs  among contributions  are  not  the  rule,  with  some

tropical fish communities simultaneously providing high levels of different contributions. High mean

contributions  have  been  found  in  all  tropical  oceans,  so  sustaining  healthy  tropical  reefs  while

promoting human well-being seems achievable within most countries, rather than mutually exclusive.

Our framework offers an opportunity to explore different management strategies and pathways on

tropical  reefs  between  the  use  and  sparing  of  nature,  towards  more  favorable  and  sustainable

ecological and social futures.
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Introduction

Humans are profoundly impacting the Earth by altering climate and overexploiting natural  living

resources.  The impact of anthropogenic activities on biodiversity is so pervasive that  the ability of

impoverished  ecosystems  to  sustain  themselves  and  continue  to  support  human  well-being  and

livelihoods is  increasingly  questioned.1,2 Thus,  the  conservation  and  sustainable  management  of

ecosystems and their biodiversity, which provide Nature's Contributions to People (NCP), are a prime

concern among government  policies and stakeholder strategies.  The 'Intergovernmental Platform on

Biodiversity  and  Ecosystem  Services'  (IPBES)  was  formed  to  consider  the  dual  imperative  to

conserve biodiversity and sustain human well-being. One step further, IPBES recently developed the

Nature Futures Framework (NFF) to achieve this goal. This heuristic tool separately considers the

three different management perspectives of ‘Nature-for-Nature’, ‘Nature-for-Society’ and ‘Nature-as-

Culture’,  which  respectively  promote  an  ecocentric  vision  protecting  nature's  intrinsic  value,  an

optimization of nature to meet human material needs, and the preservation of bio-cultural values.3–5

Although  these  three  perspectives  may  be  seen  along  continuums  with  blurred  boundaries,

recognizing these three poles helps to account for a wide diversity of links between nature and people,

and to  navigate the  different  associated management  pathways.5,6 With this tool,  IPBES calls  for

imagining new “positive  futures”  for  both nature and people7,  breaking away from the pervasive

economic  growth  and Gross  Domestic  Product  paradigm.8 Yet,  the  extent  of  potential  trade-offs

between the dual imperatives of protecting nature and maintaining human well-being remains to be

quantified.

Tropical shallow reefs cover less than 1% of our oceans but support about one-third of global marine

biodiversity9 and provide essential cultural and food contributions to over a billion people.10 However,

this biodiversity and its associated contributions to ecosystem functioning and human well-being are

threatened by climate change and overexploitation.7,11 Together, these stressors degrade habitats and

deplete  fish  populations,  leading  to  local  species  extirpation12 and  loss  of  traditional  resources13.

Fishes are the main links between shallow reefs and human societies in the tropics,  supporting a
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myriad of key contributions to people from seafood and micronutrient production14,15 to cultural and

recreational  benefits16,17.  In this context,  it  remains unclear whether tropical  fish communities can

simultaneously  provide  benefits  relevant  to  each  of  the three  NFF  perspectives,  or  if  specific

management  strategies  can  optimize  them,  in  a  'one-size-fits-all'  approach.  This  uncertainty  is

compounded by the absence of a quantitative framework that integrates the multiple contributions

provided by reef fish communities. If the ’one-size-fits-all’ hypothesis is rejected (i.e., there are more

trade-offs than co-benefits among NFF perspectives), a subsequent question is how the different NFF

perspectives  are  globally distributed  across  tropical  reefs,  i.e.,  among countries  and management

types.

An important knowledge shortfall in applying the NFF framework to tropical reef fish communities is

the  positioning  and  quantification  of  the  ‘Nature-as-Culture’  perspective  globally.  Tropical reefs

provide various non-economic  and non-material  contributions  that could be considered as cultural

benefits,  such  as  identity,  attachment,  and  other  forms  of  satisfaction,18,19 yet  these  contributions

remain difficult to estimate consistently worldwide. In addition, some would argue that contributions

to human cultures are intimately intertwined with several contributions  to society. For example, in

addition to seafood supply, fishing has a significant traditional value in many coastal societies.20,21 The

aesthetic value of  reef fish communities creates an emotional attachment to nature16 but is also a

source of lucrative activities through tourism.22 As both ‘Nature-for-Society’ and ‘Nature-as-Culture’

perspectives support human well-being and livelihoods, we merged them into a single perspective,

referred  to  hereafter  as  ‘Nature-for-People’,  although  the  latter  is  skewed  towards  society's

contributions due to a lack of data on cultural aspects.  We then distinguish fish contributions that

primarily  sustain  people’s  well-being  from  those  that  primarily  benefit  to  ecosystem  state  and

processes  (Table  1)  -  although recognizing that  some contributions  are  in  between,  since  people

depend  on  ecosystem  functioning,23,24 while  biodiversity  conservation  may  depend  on  people’s

attachment to nature or cultural management25.

Here, we present a global quantitative assessment of 29 potential contributions to both people and

nature  provided  by  reef  fish  communities  in  tropical  regions. Our  main  objective  is  to  assess
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covariations between contributions  provided by fish communities  to “Nature-for-Nature” (NN) and

‘Nature-for-People’  (NP)  perspectives,  and  the  extent  to  which  these  potential  contributions  are

spatially distributed across tropical reefs. To do so, we took advantage of the largest fish survey on

tropical shallow reefs worldwide, in which standardized visual assessments were undertaken at 1,237

sites in 37 countries, providing 112,000 quantitative biomass observations of 1,024 species. Then, we

(i) defined and quantified 29 relevant  indicators of NN and NP perspectives,  (i i) determined the

dimensionality of these 29 contributions owing to trade-offs and co-benefits to test the one-size-fits-

all hypothesis, (iii) proposed a typology of reef fish communities based on their balance between the

two NFF perspectives, (iv) mapped the global distribution of NN- vs. NP-oriented  fish community

contributions across  tropical reefs,  and (v) discussed future management options to eventually re-

balance  NFF  perspectives.  We  found  that  while  many  of  the  NN  contributions  were  positively

correlated with total fish biomass, many others were largely independent and few were antagonistic,

indicating that overall  reef fish communities  can simultaneously provide a high level  of different

contributions. Spatial autocorrelation among contributions occurred at local scale, but not at the global

scale,  suggesting  the  predominance  of  local  or  regional  factors  underpinning  the  level  of  fish

contributions rather than major biogeographical constraints. Such studies can provide guidance for

building management plans with achievable targets, and enable us to imagine desirable futures for

both people and nature. 

Results

Methods summary

We used biomass data from 1,024 ray-finned fishes and presence data from 60 elasmobranch species

in 1,237 tropical reefs,  collected by the standardized underwater visual  protocol  of the Reef Life

Survey  initiative.26,27 For  each reef,  we estimated 29 contributions  that  the  observed tropical  fish

communities can  potentially  provide  either  to  local  people  or  to  nature;  see  Table  1  for  a  full

description of NN and NP contributions. To assess covariations among these contributions at a global

scale, we performed a Principal Component Analysis (PCA) and determined the dimensionality of

fish contributions to nature and people on tropical reefs.  We then introduced a heuristic framework
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classifying  reef  fish  communities according  to  the  “Nature-for-Nature”  and  ‘Nature-for-People’

perspectives4,23 using  two  averaged  synthetic  NN  and  NP  scores. We  finally  studied  the  global

distribution of NN and NP scores, their spatial autocorrelation estimated by the Moran index, and

their links with protection status.

Table 1: Nature contributions used in this study. We divided the 29 fish-based contributions into

two categories: Nature contribution for Nature (NN) and for People (NP). All metrics were calculated

at the reef fish community level using data from standardized reef fish surveys. We assumed that the

values  of  each  contribution  scale  positively  with  its  benefit  to  people  or  nature.  Contributions

identified by (*) have been log-transformed to limit  the effect  of  asymmetric and high-magnitude

distributions (see table S1 for calculation details and data sources).
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Category Contribution Description Reference

Biodiversity

Taxonomic richness of
teleostei

Number of teleost species per reef

Taxonomic richness of
elasmobranchii

Number of elasmobranch species per reef

Endemism
Mean of endemism of species. Endemism
is assessed from species geographic range 

37

Trait distinctiveness
Mean of species functional trait
distinctiveness at the reef level

94

Evolutionary
distinctiveness

Mean of species evolutionary
distinctiveness at the reef level 

95

Biomass
distribution

Biomass per trophic
guild*

(3 trophic groups)

Total biomass of reef fish split into
herbivores, invertivores and piscivores

trophic guilds
96

Functional entropy
Functional distance between species,

weighted by their relative biomass in the
reef

97

Phylogenetic entropy
Phylogenetic distances between species,
weighted by their relative biomass in the

reef
98

Biogeochemical
flows

Nitrogen* Total nitrogen excreted by reef fish 99

Phosphorus* Total phosphorus excreted by reef fish 99

Carbonates*
(5 polymorphs)

For each polymorph: total carbonates
excreted by reef fish

100

Food web
stability

Trophic web 
robustness

Allometric coefficient between the number
of trophic interactions and species richness,

as a proxy of trophic robustness to local
extirpations

101

Mean trophic level
Species trophic level inferred in each local

trophic web, weighted by their relative
biomass.

87

Food
 availability

Available biomass*
Total biomass of reef fish belonging to

fishable families (expert opinion)
39

Turnover of available
biomass

Biomass turnover of fishable species in the
reef

15

Nutrient quality
of fish

Available nutrients 
in fish flesh

(Calcium, Iron, Omega
3, Selenium, Vitamin A,

Zinc)

Nutrient quantities contained in an average
100g portion of fish on the reef (i.e.

nutritive quality relative to the fishing
effort)

28

Cultural value

Aesthetic value Aesthetic value of reef fish community 16, 102

Public interest
Public interest (online) of reef fish

community
103
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Correlations between contributions

We initially examined whether reefs tend to show high values of several contributions simultaneously,

by measuring the linear correlation between contributions. The pairwise correlations between the 29

contributions provided by fish communities in 1,237 tropical reefs ranged from -0.70 to 0.93, with a

median of the absolute values of 0.21.  Although some contributions were antagonistic or strongly

congruent, the majority of them showed correlations close to 0. Among the 406 pairwise correlations,

half showed minimal dependence (r  [-0.2; 0.2]),∊  while 155 (38%) pairs were positively correlated

(r > 0.2),  and 51 (13%) were negatively correlated (r < -0.2;  Fig.  S1).  Nitrogen and  phosphorus

recycling, as well as available biomass and phosphorus recycling, were the most strongly correlated

contributions (r = 0.93 for each pair). Fish communities with high phosphorus recycling also tended

to have high nitrogen recycling and more available biomass (i.e., biomass of fish families caught for

human  consumption). Conversely,  endemism  and  aesthetic  value,  and  endemism  and  taxonomic

richness, were the most negatively correlated pairs of contributions (r = -0.7 for each), with high

endemism being associated with low taxonomic richness  and aesthetic value.  Between these two

extremes, many contributions were roughly independent. For example, for a given level of endemism,

we may found communities with very different invertivore biomass (r = -0.001; Fig. 1 and S2).

As the tropical regions were not equally sampled (700 reefs in Australia out of 1,237 in total), we

tested the robustness of the Pearson pairwise correlations between contributions to this unbalanced

sampling design. To achieve this, we compared the correlations among all pairs of contributions in

Australia  (n  =  702)  and  the  rest  of  the  world  (n  =  535).  A Mantel  test  showed  that  these  two

correlation matrices were fairly similar (r = 0.84, p = 0.001; Fig. S5). This implies that correlations

among contributions  were  robust  to  geographic  overrepresentation  and  suggests an  absence  of

distinction between Australia and other regions in terms of contribution covariations.

Dimensionality of contributions

To better visualize covariations among all contributions, we studied this multidimensional space using

a PCA on the 29 contributions. We applied a weighted PCA to ensure that each contribution category
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(e.g.,  'Food  web  stability',  see  Table  1)  had  the  same  importance,  regardless  of  the  number  of

contributions. The first four axes explained 64% of the total variance among the  fish communities,

with PC1 and PC2 explaining 26% and 21%, respectively. PC1 was shaped by NN contributions, such

as nitrogen,  phosphorus,  or  carbonate recycling,  which depend on reef fish biomass.  Hence,  PC1

distinguished fish communities with low versus high total  fish biomass  (correlation between  fish

community biomass and PC1 coordinates was high: r = 0.86; Fig. 1A). Taxonomic richness was also

positively  correlated  with  biomass,  notably  due  to  reef  fish  communities  in the  Coral  Triangle,

characterized by high values in both taxonomic richness and biomass. Thus, more than one third of

the contributions (11 out of 29) appeared to be closely associated with total fish biomass (Fig. S6) and

taxonomic richness. In contrast, Caribbean fish communities tended to show low values of biomass

but hosted many endemic species, so endemism was the only NN contribution negatively correlated

with PC1. Among NN contributions, PC2 was shaped by endemism and trait distinctiveness, which

were  mostly related to ecological originality and mean trophic level (Fig. 1A and 1C). Taxonomic

richness was negatively correlated to PC2 (r = -0.40) since species-rich Indo-Pacific communities had

fewer distinct species and covered a large homogeneous biogeographic area.

In contrast to NN contributions, which were broadly positively correlated with fish biomass (Fig. S6)

and therefore had relatively low dimensionality, NP contributions showed more diverse covariations

(Fig. 1B). Some NP contributions were positively (e.g., Iron and Calcium: r = 0.61) and negatively

correlated  (e.g.,  Biomass  Turnover  and  Available  Biomass:  r  =  -0.36),  whereas  others  were

independent (e.g., Aesthetic and Vitamin A: r = -0.17). Consequently, we could not summarize these

contributions along a single gradient. Since most reef fishes were consumed in at least some locations

and could be classified as harvested when considered at the global scale, the available biomass was

correlated to total fish biomass (r = 0.94) and was thus well represented by PC1. The cultural aspects

of NP contributions were instead better represented by PC2, with a strong public interest and aesthetic

value for fish communities with high biodiversity like in the Coral Triangle.
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Although the first two axes of the PCA accounted for an important proportion of the total variance

(47% of the variance of the 29 dimensions summarized in two axes),  more axes were needed to

accurately describe covariations among contributions. Biomass turnover, for  example,  was mainly

related to the third axis, while elasmobranch diversity and trait distinctiveness aligned with the 9th

and 8th axes, respectively (Fig. 1C). As a result, the elbow method, which selects the best trade-off

explaining a maximum total variance in contributions with a minimal number of PCA axes, suggested

that nine dimensions were required to adequately describe the overall covariations among the 29 fish-

based contributions on tropical reefs,  capturing 84% of the total variance (see insert  Fig.  1A).  In

comparison, when the 29 contributions were randomized (i.e., when contributions were uncorrelated),

the elbow method selected 14 dimensions, explaining 55% of the variance.

Figure  1:  Covariations  and  dimensionality  of  twenty-nine  fish-based  contributions  to  Nature

(green) and People (blue) on tropical reefs worldwide.

The covariations of contributions are represented in the two first PCA axes (Mg = Magnesium, N =

Nitrogen, P = Phosphorus). Total fish biomass, reported by color gradient, increases with the first
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dimension  of  the  PCA  (A  and  B).  (A) and  (B) represent  the  same  PCA,  yet  contributions  are

highlighted in color according to their classification: either Nature-for-Nature (A), or Nature-for-

People  (B).  (A) Only  well-represented  contributions  are  displayed  (cos²  >  0.25):  phylogenetic

entropy,  evolutionary  distinctiveness  and  elasmobranch  diversity  are  not  represented.  The  inset

displays eigenvalues of PCA axis in percent, and the cumulative curve of variance explained. The

black  dot  represents  the  dimensionality  required  to  parsimoniously  describe  covariations  of

contributions according to the elbow method (9 dimensions, 84% of variance explained; see Fig. S3).

(B) All  contributions  are  represented.  (C) Dot  sizes  are  proportional  to  the  importance  of  a

contribution  in  the  total  variance  for  a  given  PCA  axis.  Gray  background  indicates  negative

correlation with the dimension, white background indicates positive correlation. The importance of

PCA dimensions in the total variance is reported as a percentage below. To see the PCA-biplot with

all contributions and color-blind friendly colors, refer to Fig. S4.

NN and NP scores are weakly correlated globally

To reduce this multidimensional space in two dimensions, we calculated the mean of the contributions

according to the NN and NP perspectives.24 More precisely, we scaled the contributions (mean of 0

and  standard  deviation  of  1)  and  performed  a  weighted  arithmetic  mean  of  the  NN  and  NP

contributions, using the same weights as for the PCA. This resulted in NN and NP scores for each reef

fish community that were normally distributed, zero-centered, and ranged between [-1.8; 1.4] and [-

2.0; 1.7], respectively. Across the 1,237 studied fish communities, we found a weak, albeit significant,

positive relationship between NN and NP scores  (R-squared = 0.06, p < 0.01;  Fig. 2A). This weak

relationship was influenced by some high latitude reefs included in the dataset showing both low NN

and NP values. Considering only locations with minimum monthly sea surface temperature (SST) >

20°C (n = 1,030, instead of the 1,237 reefs warmer than 17°C), the R-squared value was reduced to

0.01 (p < 0.01; Fig. S8). Consequently,  reef fish communities could be represented across a two-

dimensional space made of NN and NP scores, where the number of communities in each of the four

portions was similar (Fig. 2-A).
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NN and NP scores are weakly related to protection

We further classified the 1,237  reef fish communities into three management categories based on

protection status: 403 were fished, 601 had restrictions on fishing activities, and 233 reefs were in

effective no-take MPAs. Using a chi-square test, we showed that the number of fish communities in

each of the four parts of the NN-NP space was significantly influenced by the three management

categories (Chisq = 28.2, df = 6, p-value < 0.01). More precisely, we observed that the proportion of

fished communities was highest where both NN and NP scores were negative, and lowest where both

scores were positive (Fig. 2-B). However, we found that the protection status had little influence on

the distribution of  fish communities in the NN-NP space (effect size measured by the V index of

Cramer: V = 0.11, df = 6). This was consistent with the roughly equivalent proportions of restricted

MPAs in dark and bright spot communities (Fig 2-B), defined as those having both low NN and low

NP scores vs. high NN and high NP scores.

High NN and NP scores are widespread across the tropics

We then investigated the global spatial distribution of these NN and NP scores across the tropics. For

each score, we calculated the Moran’s index separately to measure the spatial  autocorrelation for

increasing distance classes. The Moran indices allowed us to determine the distance at which the

scores were no longer  autocorrelated (i.e.,  nearby reef  communities  no longer  had similar  scores

relative  to  a  random spatial  distribution;  Moran index close  to  0).  We observed that  the  spatial

autocorrelations of NN and NP scores became negligible beyond distances over 1,348 km and 263

km, respectively (Fig. S9). This suggests that although NN scores were correlated at regional scales

and  NP  scores  at  a  more  local  scale,  these  associations  were  not  consistent  across  larger

biogeographic gradients or clustered within large areas or oceans.

 In line with the absence of geographic clustering of contributions observed in the PCA, high scores

were widespread across tropical reefs (Fig. S10).  Although the top 5% ‘outlier’ fish communities

(most extreme values) in each of the four NN x NP categories occurred in almost all oceans (Fig. 2-
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C), we examined a few archetypal situations to illustrate where high scores could occur. For example,

NP-only  outliers  emerged,  among  other  regions, in  the  Caribbean and the  south-western  Pacific

Islands. While Caribbean fish communities were characterized by high values of public interest, iron

concentration, and available biomass, reef fishes in SW Pacific islands tended to support remarkably

high aesthetic and nutrient (iron and calcium) contributions. In contrast, the NN-only outliers were

mostly  present  in  the  Galapagos  archipelago  due  to  a  combination  of  high  biomass,  endemism,

evolutionary distinctiveness, and mean trophic level. Dark spot (both negative NN and NP scores)

outliers were mostly located at high absolute latitudes, as these fish communities had low aesthetic,

biomass, or mean trophic level values. These dark spot outliers, i.e., Canary (Spain) and Lord Howe

(Australia) islands, were more rocky sub-tropical reefs rather than tropical coral reefs, and tended to

experience  colder  temperatures  (minimum SST ranging from 17°C to  20°C).  In  contrast,  French

Polynesia was an outlier example among the bright spots (both positive NN and NP scores). This

archipelago concentrated important values of reef fish biomass, a high mean trophic level,  a high

biodiversity,  significant  concentration  of  selenium,  and  fishes  of  high  aesthetic  value.  Central

America was a region with outliers from both NN-only and NP-only categories. The Pacific side of

Central America hosted NN-only and bright spot outliers, due to high values of mean trophic level,

nutrient recycling, and evolutionary distinctiveness, whereas the Caribbean side was characterized by

NP-only fish communities with high biomass turnover and public interest. In the same way, Western

Australia  and  the  southern  Pacific  islands  hosted  fish communities with  high  values  in  the  four

corners of the NN-NP spectrum within the same geographic area (Fig. 2-C and S11).
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Figure 2: The four corners of the NN vs. NP spectrum and management strategies.

(A) At the global scale, NN and NP scores are weakly correlated (r = 0.24, p < 0.001). The dashed

lines indicate for each color the 50% quantile of the NNxNS gradient. Therefore, the dashed curved

lines  encompass  50%  of  the  reefs. Symbols  for  reefs  that  are  5%  outliers  of  each  quarter  are

highlighted with black borders (see Fig. S7 for details of outliers).  (B) Protection status (No take

reserves,  restricted areas, fished area) does not strongly influence reefs categories in the NN - NP

space (Chisq = 28.2, df = 6, p-value < 0.01, Cramer’s V = 0.11) (C) Geographic distribution of the

5% reefs outliers in each NN-NP category and their management status.

Discussion

Tropical fish communities provide a myriad of contributions to people and nature, yet little is known

about  whether  these  contributions  can  occur  simultaneously  or  face  inherent  trade-offs.  Using

quantitative  estimates  of  29  fish-based  potential  ‘Nature-for-Nature’  and  ‘Nature-for-People’
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contributions, we found that these two perspectives are relatively independent, with high and low

values distributed globally across tropical  fish communities. So, sustaining nature while promoting

human well-being seems achievable  over larger scales, rather than representing mutually exclusive

options.  Trade-offs  may  be  more  common  at  smaller  scales,  however  (Fig.  2).  This  relative

independence  of  NN and NP scores  is  explained  by  the  high  dimensionality  of  fish  community

contributions to nature and people, where nine dimensions, from 29 initial contributions, are needed to

describe the diversity of reef fish contributions.  We show that  trade-offs or  negative correlations

among contributions are not the rule, so  reef fish communities can provide high levels of several

different contributions, as observed in French Polynesia.

We  also  highlight  synergies  with  many  NN  contributions  being  positively  correlated  with  fish

biomass, since many NN and NP contributions are intrinsically linked to the amount of fish, such as

recycling capacities and available biomass for fisheries. In this sense, despite the central role of total

biomass  in  several  NN  contributions,  we  divided  this  biomass  into  different  categories  (i.e.,

herbivores,  invertivores,  piscivores  and available  biomass)  to  disentangle  the  different  aspects  of

ecosystem functioning and people's needs. However, the weights given to these categories in the PCA

analysis  and  the average scores,  ensure  that  biomass  remains  equally  important  relative  to  other

contributions. Some contributions, such as nutrient concentrations, are independent of fish biomass,

since we chose to measure these contributions relative to human consumption (per 100g portion  of

fish) and not by stock size (total biomass underwater). By considering catchable biomass and average

nutritive quality of fish, we take into account both important and complementary aspects of fisheries.28

Some other contributions are also largely independent from others, such as elasmobranch diversity,

which  can  provide  an  early  warning  signal  of  human  impact  before  the  collapse  of  other

contributions.29 In addition, tropical reefs also include contributions to nature and people not based on

fish and not estimated here (e.g., shoreline protection30, or coral growth31), which might be less related

to fish presence and biomass. Importantly, our study globally quantifies relative contributions of non-

material values provided by tropical reef fishes, such as aesthetics and public interest, and how these

compare to more economically-oriented contributions.1,32 Regarding the NP perspective, we refer to
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these as  potential contributions because we only evaluate them underwater, but to become realized

contributions, they need to be accessed by people, which is influenced by a range of institutional

conditions as well as cultural, economic, and health dimensions not measured in our study.33–35

Covariations  among all  contributions  seemed consistent  across  the  geographical  regions  sampled

(e.g., similar covariations within and outside Australia) and climatic outliers (reefs with minimal SST

between 17°C and 20°C). This illustrates that, except for some contributions such as endemism and

evolutionary distinctiveness, fish-based contributions are more likely to be driven by local or regional

factors rather than by broad-scale geography or environmental gradients. As exceptions, endemism

and  evolutionary  distinctiveness  are  stronger in  Central  America  than  in  Indo-Pacific  reef

communities,  because  the  former  is  a  smaller  region  and  has  been  isolated  for  longer  than  the

latter.36,37 Fish communities valuable for both nature and people are widespread across the tropics

(especially for the NP scores),  and we can reject  the hypothesis that  fish-based contributions are

simply  driven  by  global  geographic  gradients,  such  as  ocean  basins  or  mean  SST.  Spatial

autocorrelation demonstrates that NN and NP values remain spatially correlated within the regional

scale only.  While NN scores  are  no more similar  to one another  than expected by chance alone

beyond a distance of ~1,350 km, the spatial correlation between NP scores is significant only at a few

hundred  kilometers.  This  suggests  that  NN  values  are  more  driven  by  regional  environmental

conditions  or  fish  life-history  traits38 while  NP values  depend on  more  local  conditions  such  as

ecosystem uses, human impacts, management strategies, or habitat characteristics.39

Confronted  with  the  challenge  of  reducing  the  dimensional  space  to  adequately  summarize  the

distribution of all contributions across reef fish communities, we averaged the contributions along two

dimensions representing reef potentials for nature and people. Although averaging induces a loss of

natural complexity, we consider this heuristic  framework  necessary to visualize the global patterns

and trends of all estimated contributions, and to offer a broad view of fish community contributions in

line  with  the  Nature  Future  Framework  (NFF). In  our  approach,  we  weighted  each  contribution

category equally, yet several studies show that perceptions of Nature's contributions can differ across
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populations  and  within  populations.40–42 Weighting  human  contributions  in  accordance  with

indigenous perception and local knowledge43 - or even according to local group perceptions44 - would

be a critical step towards a finer and inclusive consideration of nature’s contributions to people 45. This

would require extensive socio-cultural information, but might lead to important, potentially different,

insights into covariations between contributions and management priorities. Despite this simplified

framework, we found that NN and NP values succeeded in capturing well-known outstanding reefs

supporting the highest scores. For example, the Galapagos Islands are "Nature-for-Nature'' positive

outliers, due to their high endemism, elasmobranch diversity and well-preserved marine resources in

general.46 Caribbean reefs are highly valuable for people, given the presence of commercial fishes and

the large human coastal population close to the reefs (e.g., attachment, recreational diving).47 Finally,

the Coral Triangle is identified here as outstanding for both nature and people in some remote or well-

managed reefs.48,49 

On the other hand, reefs with the lowest scores are mainly located at high latitudes where reefs tend to

provide reduced levels of contributions compared to near-equatorial reefs. The predominance of dark-

spots  in  subtropical  reefs may be due to the  fact  that  these ‘marginal  reefs’  are  often located in

conditions that are sub-optimal for foundational species such as corals.50,51 However, it is worth noting

that the standardization of contributions, required to aggregate them, ensures that the average is zero.

Negative scores therefore only reflect reefs with below-average contributions. In addition, dark spots

were  also  found  in  tropical  coral  reefs  such  as  in  the  nearshore  of  the  Great  Barrier  Reef,  and

conversely, above-average contributions were also observed in higher-latitude reefs as in Red Sea,

Florida or southern French Polynesia (Fig. S8 and S11). This suggests that all reefs may show any

contribution level regardless of their position along the latitudinal gradient. The inclusion of marginal

sub-tropical reefs in our analysis allowed us to describe a large gradient of ecological conditions. This

is important, especially considering that marginal reefs are often considered as natural laboratories to

understand  the  potential  future  state  of  coral  reefs  under  growing  human  impact  and  warming

conditions.51 Moreover, several tropical species are moving toward higher latitudes following climate

change.52 This tropicalization may induce shifts in fish trait diversity38,52 and thus a shift in provision

of some contributions to both nature and people that remains to be quantified.
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We separated NN and NP contributions in our analyses for consistency within the NFF framework 4,

considering that contributions are valuable for people first or nature first. However, we recognize that

overlap exists for some contributions as people also indirectly benefit from NN contributions.53 For

example, the capacity of an ecosystem to recycle nutrients or stabilize biomass through a high mean

trophic level would have obvious positive feedback on fisheries contributions to people. In this sense,

as contributions are sometimes interconnected, it would be interesting to investigate the relationships

between them in greater depth. For example, Antunes et al. (2024)54 recently suggested using network

analysis  to  examine  the  diversity  of  contributions,  allowing  the  modeling  of  links  between

contributions and the measurement of energy flows that support material contributions. Thus, it would

be possible to express some NP contributions (e.g.,  available biomass) as a function of other NN

contributions  (e.g.,  piscivore  biomass  and  others),  which  might  provide  additional,  potentially

different, insights into the strength of relationships between contributions, and could be valuable for

explanatory or predictive purposes.

Moreover,  we  have  combined  the  'Nature-to-Society'  and  'Nature-as-Culture'  contributions  into

'Nature-for-People' contributions to visualize reefs within a 2-dimensional space and because many

NCs are difficult to estimate globally, but some NC and NS contributions may be largely independent.

For example, cultural and immaterial values, as symbolic or spiritual meanings of particular species,

might be unrelated to their material or economic value and are best studied independently. Although

29 different contributions were considered, the two cultural contributions that we were able to extract

from  fish  community  data  represent  a  third  of  the  Nature-for-People  dimensions,  biasing  this

perspective towards an utilitarian value. Introducing additional bio-cultural contributions, ideally on a

finer scale, such as heritage or symbolic species, would potentially highlight new and more complex

relationships  between  reef  contributions  and  people,55 and  better  represent  the  diversity  of  links

between people and nature. Further studies of reef cultural importance are an important next step if we

are to better account for the diversity of bio-cultural systems and progress our understanding of  the

interplay  between  the  three  NFF dimensions.  More  generally,  future  inclusion  of  overlooked  or

underrepresented contributions may modify the structure and dimensionality of the NN-NP space but
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may  also  add  redundant  information  given  the  broad  range  of  fish  roles  and  functions  that  we

considered in this most comprehensive database available to date.

We did not find clear associations between reef protection status and the NN and NP scores of reef

fish communities (Chisq = 28.2, df = 6, p-value < 0.01, Cramer's V = 0.11). As many countries or

bioregions have valuable reefs that significantly contribute to both NN and NP  scores, one might

question whether the absence of any effect of protection status on NN and NP scores may result from

the placement of MPAs relative to socio-environmental constraints47 or from a limited effect of MPAs

on most NN and NP contributions.56 In this sense, we suggest that although multiple synergies exist

and  some  sites  are  valuable  for  many  NN  and  NP  contributions  at  once,  the  relatively  high

dimensionality of fish community contributions to nature and people implies that this is not the rule.

Making  "one-size-fits-all"  areas  is  challenging  and  not  always  feasible,  therefore  the  ‘win-win’

paradigm  of  MPAs  should  probably  evolve  towards  more  specific  and  context-dependent

objectives.57,58 This NN-NP space based on tropical reefs worldwide can be used in more local studies

to quantitatively characterize a reef, track its temporal trend, or facilitate comparative analyses among

others.  With  this  heuristic  framework,  we  can  more  explicitly  quantify  specific  objectives  of

protection and sustainable use of tropical reefs, and better allow narratives of success and positive

outcomes to be backed by data, rather than unsubstantiated claims.

As proposed by the Nature Futures Framework, our approach may indeed provide an exploration of

different conceptions we have regarding tropical reefs to shape our ecological and social futures.5,6,53

The NN axis raises awareness of the need to preserve ecosystem integrity and intrinsic values of

nature,  independently  of  anthropic  interests.  On  the  other  hand,  the  NP  axis,  and  especially  its

economic component, illustrates the emerging societal priority: whether the growth or post-growth

economic  paradigm  is  preferable,  and  what  relationship  do  we  want  with  nature  (see  Fig.  3).5

Together, these two dimensions capture the ongoing debate on conservation and human future. Should

we  better  integrate  people  into  nature  (‘land  sharing’)  or  spatially  separate  places  of  use  and

protection (‘land sparing’)?59,60 Would conservation benefit more from a total "half earth" protection,
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i.e. fully protect half of the planet and use the other half, or a "whole earth" management including

people, i.e. maintain healthy ecosystems through the sustainable use of natural resources across the

whole earth?61,62 While bright spots, valuable for both nature and people, would fit well with the land

sharing and whole earth management visions, the one-sided value of NN-only and NP-only reefs

would fit better with the land sparing and half earth perspectives. This mental space (Fig. 3) provides

an  opportunity  to  quantitatively  explore  a  gradient  of  narratives  proposed  by  the  Nature  Future

Framework,  between  “Arcology”  (people  concentrated  in  dense,  futuristic,  self-sufficient  cities,

surrounded by totally pristine nature, i.e “NN only”) and “Optimizing nature / Innovative commons”

through a bio-cultural and social world that exploits whatever is necessary for human well-being as

long as it is sustainable.5,6
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Figure 3: Human well-being in Nature: which future for tropical reefs?

The  four  parts  defined  by  the  gradient  of  Nature  protection  and  exploitation  illustrate  different

possible  futures,  exposed  by  the  NFF.6 “Optimizing  nature  for  humans  /  Innovative  commons”

proposes a bio-cultural and social future where societies exploit whatever is necessary for human

well-being as long as it is sustainable. “Arcology” calls for a future where people are concentrated in

dense, futuristic, self-sufficient cities, surrounded by totally pristine nature. Between both, “Sharing

through sparing” depicts a future where people exploit as little of nature as possible for their well-

being and safeguards the remainder. Possible dynamics are highlighted in orange and red.

Conclusion

This  study  provides  a  global  snapshot  of  fish  community contributions  but  does  not  explicitly

examine whether these contributions are robust or resilient to human uses and ecological disturbances.

Determining the temporal dynamics of  fish community scores in this NN-NP space is thus critical.

We also need to  better  understand the conditions  of  protection,  habitat  and climate  under  which

tropical reefs can remain in favorable states over time or instead shift towards less favorable states for

nature or people. From a management point of view, the goal is to determine how to enhance both NN

or  NP  scores  on  a  given  tropical reef  under  different  protection  rules.  Although  these  concerns

challenge scientists and managers, they also resonate with societal choices: is it preferable to protect

NN-only reefs to maintain their status or try to increase their NP score and move towards a "nature-

based inclusive prosperity" 4 scenario? While prohibiting human uses in ecological bright spots would

maintain the last reef refugia in a valuable state for nature (“Arcology”), their use by people, even if

partial or regulated, would expose them to a risk of rapid exploitation leading to a sharp decrease in

NN score, particularly due to fish biomass decline63,64 and top predator extirpation.47,65 Likewise, the

priority  may be to  shift  dark spot  reefs  towards more desirable  states  through restoration and/or

rewilding activities66,67 to  target  either  Nature-for-Nature contributions  or  to shape these reefs  for

populations by supporting local Nature-for-People contributions like marine biomass turnover through

subsidies (e.g. aquaculture) and facilitating other uses (e.g. ecotourism). This kind of management

could  be  guided  by  multi-action  planning  tools  which  identify,  on  a  given  territory,  an  optimal
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combination  of  management  actions  to  achieve  a  set  of  recovery  targets  while  minimizing

costs.68,69Such actions could be integrated into this NN-NP framework as people's contributions to

nature, influencing current reef status either negatively through overfishing and habitat degradation or

positively through effective ecosystem stewardship (Fig. 3).70

Overall,  understanding which reefs are in which categories, using  NN and NP scores and how to

enhance  them,  will  be  crucial  to  develop  "living  in  harmony  with  Nature"  scenarios. 6,71 By

quantitatively exploring the question of nature use into the NFF framework, we illustrate that these

two dimensions are not necessarily antagonistic but rarely met. In this context, protected areas may

play complementary roles since their objectives have increasingly shifted from a primary focus on

regulating  or  prohibiting  human  activities  to  preserve  biodiversity  and  maintain  ecosystem

functioning, to more balanced approaches that address the needs of both people and nature. 33 A more

realistic and operational option than seeking the "one-size-fits-all" management is to build networks

of  protected  areas  varying  in  their  priority  values  regarding  NCPs  and  wildlife  conservation. 72

Towards this objective and given the third target of the CBD-COP15 to protect at least 30% of both

land and sea before 2030, managing co-benefits and trade-offs within but also among protected areas

is a priority.73 The NN-NP quantitative framework we propose is a step forward in this objective.

Ultimately, this study offers insights into how nature conservation and human well-being can coexist

across tropical regions, highlighting potential synergies. It underscores the need for nuanced, context-

specific approaches to reef management for a sustainable desirable future.

Experimental procedures

Reef fish data

We compiled data from the Reef Life Survey (RLS) database containing the abundance and size

distribution of fish species collected through standardized surveys of tropical reefs worldwide.27,75

These underwater visual assessments, conducted between September 2006 and May 2019, consist of
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50-meter-long transects with two 5 m wide (by 5 m high) belts surveyed, one on each side of the line.

Global  sampling  effort  in  RLS has  been  heterogeneous,  more  intensive  around Australia,  so  we

explicitly considered the Australian oversampling in our global analyses (see section ‘Correlation and

dimensionality of contributions’ for more details).

We focused on sites  with a  minimum monthly  sea surface temperature  (SST) above  17°C.  This

broader definition of “tropical reefs”, including some sub-tropical reefs with no corals, has previously

been used to consider all  reefs where tropical  species are present. 15,49 We excluded anguilliforms

(Congridae, Muraenidae, Ophichthidae) and cryptobenthic families76 because they remain difficult to

visually  quantify  consistently  with  daytime  diver  observations.  Fish  abundance  counts  and  size

estimates  were  converted  to  biomass  per  species  per  transect  using  length–weight  relationships

(https://fishbase.mnhn.fr/). Since diver perception of fish size can be biased in underwater surveys,77,78

we corrected fish size estimates according to Edgar et al. (2004).79 To minimize the bias related to

juvenile identification, we excluded individuals < 3.75 cm for species with a maximum body size < 25

cm, and individuals < 6.25 cm for species with a maximum body size ≥ 25 cm.80 Since the count and

biomass estimation of many elasmobranchs can be biased using underwater visual surveys,81,82 we

only  considered  their  species  diversity  not  their  abundance  within  each  transect.  To avoid  over-

estimating fish abundance due to temporary fish aggregations or large roaming schools, we excluded

surveys with a total biomass over 500 kg/500m² or an abundance exceeding 10,000 individuals.

We classified reefs according to their protection status. Reefs within no-take Marine Protected Areas

(MPAs) or MPAs with multiple no-take zones, combined with high enforcement (expert opinion)39

were classified as "No-take", while reefs located in other MPAs were qualified as "Restricted", and

those without any documented MPAs were considered as "Fished" (Fig. S12).

Assessment of contributions to nature and people

We  calculated  29  fish-based  nature  contributions  in  each  tropical  reef,  split  into  NN  and  NP

categories  (Table  1,  see  Table  S1  for  calculation  details).  These  contributions  were  primarily

identified by an expert panel from the REEF-FUTURES consortium and co-authors of this study (UF,
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DM, CA, SB, JC, GE, MG, FL, NL, AM, EM, MM, VP, LP, NS, RS, SV, and NM). Nitrogen and

phosphate recycling, carbonates excretion, biomass turnover, nutrient quality of fish, public attention

and fish aesthetics have all been measured on RLS data and published by the REEF-FUTURES group

(see Table 1 and S1 for references). Additionally, we considered facets of biodiversity such as species

richness, functional and phylogenetic diversity and trophic interactions, which determine ecosystem

functioning and stability.32,83,84 Estimates of diversity, biomass, and biogeochemical fluxes, which are

crucial  to  ecological  processes  on  tropical  reefs,76 were  compared  with  more  human-centered

contributions, through material or non-material bonds between Nature and People. 85 Based on the

literature  and  the  expert  panel  of  co-authors,  contributions  related  to  biodiversity  or  ecosystem

functioning were considered primarily valuable for nature (NN contributions).5,32,76,83,84 On the other

hand, contributions that reflect opportunities for food supplies and cultural benefits were more related

to  human  well-being  and  livelihood  (NP  contributions).5,23,85,86 We  considered  that  these  29

contributions together capture the essence of fish roles and functions on tropical reefs with available

data on more than 1,000 species. We assumed that values of each contribution scale positively with its

benefit to people or nature. For example, a higher ‘mean trophic level’ is assumed to promote the

stability of the overall fish biomass.87

To compare the different contributions among reefs, we only considered species for which we could

estimate all contributions (others than elasmobranchs; leaving 1,024 out of the 1,679 observed species

in final dataset) and we selected transects with more than 80% of biomass and more than 80% of

abundance  represented  by  these  species.  Ultimately,  we  conducted  our  study  on  1,809  transects

corresponding to  1,237 sampling sites,  distributed over  37  countries,  and based  on  1,024 teleost

species, and 60 elasmobranch species. In this global study, we refer to ‘reef’ as a single coordinate

location (called ‘site’ in the RLS protocol75). Each fish community contribution was calculated as the

average of the fish contributions across all the transects at this given reef. Despite the dissimilarity in

sample size among reefs, we consider that averaging the values limits the over-sampling bias of more

studied reefs by giving equal weight to all of them.
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Correlation and dimensionality of contributions

To assess relationships among contributions while avoiding the influence of extreme values, we log-

transformed contributions with at least one order of magnitude between the median and the highest

value (see Table 1).

All  contributions were centered (mean of 0) and reduced (standard deviation of 1) to study their

covariation  in  a  linear  multidimensional  space.  We  performed  a  weighted  Principal  Component

Analysis (PCA) on the dataset comprising 1,237 reefs described by 29 contributions. The weighting

coefficients were chosen to fix the same weight for each category of contributions (e.g., ‘Food web

stability’, see table 1) in the PCA. This way, we gave equal importance to all the categories of nature

contributions  whatever  their  number  of  contributions.  For  example,  despite  the  large  number  of

carbonate polymorphs measured, their contributions had no greater influence on the PCA than the

contributions relating to food web stability, which allows us to be more flexible in the contributions

used. We extracted the eigenvalues of each PCA dimension to evaluate the percentage of the total

variance  explained  by  each  axis.  The  number  of  dimensions  required  to  best  represent  all

contributions across reefs was determined using the elbow method,88 selecting the best trade-off to

explain a maximum of the initial variance in contributions with as few PCA dimensions as possible. If

most  fish  community contributions  are  highly  correlated,  the  majority  of  variance  could  be

summarized with a few PCA dimensions with high eigenvalues. Conversely, if most contributions are

independent,  all  PCA dimensions would have similar  importance in explaining the total  variance

(eigenvalues  equal  to  1).  When  randomizing  contribution  values  among  reefs,  i.e.  offsetting  all

potential pairwise correlations between contributions, the elbow method indicated that the best trade-

off  in  terms  of  PCA  dimensions  for  capturing  initial  variance  was  about  half  the  number  of

contributions. The weighted PCA was conducted in R with the ‘FactomineR’ package v.2.8.89

As the tropical regions have not been equally sampled (700 reefs in Australia out of 1,237 in total),

we  also  tested  the  robustness  of  the  Pearson  pairwise  correlations  between  contributions  to  this

unbalanced sampling design. To achieve this, we measured the correlations among all contributions in
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Australia and the rest of the world, and assessed the similarity of these two correlation matrices by

computing the Mantel index on R with the ‘vegan’ package v.2.6-4.90

Aggregation into a two-dimensional framework

To reduce the multidimensional space in two dimensions we aggregated all log-transformed, centered,

and  scaled  contributions  into  two  synthetic  scores  according  to  two  categories:  NN  and  NP

contributions. To estimate these NN and NP scores per reef, we used a weighted arithmetic mean of

NN and NP contributions.24 The same weighting coefficients were used as for the PCA. To ensure that

the way we aggregate contributions into composite indicators is not inducing bias in the analyses, we

compared the NN and NP scores obtained by seven different aggregation methods (see Table S2). All

NN (and respectively NP) scores were highly positively correlated to the weighted arithmetic mean,

with Pearson correlation coefficients above 0.96 and 0.74 for NN and NP scores, respectively (see

Fig. S13). As all aggregation methods were consistent, we pursued the analysis with the weighted

arithmetic mean, as it was the most parsimonious, using the same weights as in the PCA.

Since we averaged and centered all contributions, the means of NN and NP scores across all reefs are

zero. Thus, a negative score for a fish community implies that it has a lower value than the average of

all sampled sites, and conversely for positive values. We qualified sites with both positive NN and NP

scores as “bright spots” (i.e. reefs with valuable contributions both to people and nature), while those

with both negative scores were coined as “dark spots”.

Spatial distribution and protection status

To test for spatial effects in the global distribution of scores on tropical reefs, we compared the spatial

autocorrelation (measured by the Moran index) of the NN and NP scores to a null model with the R

package  ‘ncf’  and  estimated  the  spatial  extent  of  possible  correlations  with  the  interpolate  “x-

intercept” of Epperson (1993).91

We also investigated whether NN and NP fish community scores could be related to their protection

status. The dispersion around zero of both scores as a function of the protection status was assessed
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using a chi-square test, while the effect size of this relationship was estimated using the V index of

Cramer.92,93

All analyses and figures (except  Fig. 3)  were carried out on R v.4.1.2 (R Core Team 2021).  All

relevant  codes  and  data  are  available  in  a  GitHub  repository  (see  sections  Data  and  materials

availability).

Resource availability

Lead contact

Requests for further information and resources should be directed to and will be fulfilled by the lead

contact, Ulysse Flandrin (ulysse.flandrin@gmail.com).

Materials availability

This study generated no new materials. The original Reef Life Survey data used in this study are

available online (https://reeflifesurvey.com/).

Data and code availability

All  data  and  codes  necessary to  reproduce  analyses  and  figures  are  available  online  at

https://doi.org/10.5281/zenodo.13753006.74

Acknowledgments

Our research was partially funded through the 2017–2018 Belmont Forum and BiodivERsA REEF-

FUTURES project under the BiodivScen ERA-Net COFUND program. E.M. received funding from a

Leverhulme Trust Early Career Fellowship.

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

https://doi.org/10.5281/zenodo.13753006
https://reeflifesurvey.com/
mailto:ulysse.flandrin@gmail.com
mailto:ulysse.flandrin@gmail.com


Page 28 of 56

Statement of authorship

Conceptualization:  U.F.,  D.M.,  N.M. Methodology:  All  authors.  Data Curation:  All  authors.  Data

analyses: U.F., N.L., D.M., N.M. Visualization: U.F. & NM. Writing – original draft: U.F. Writing –

review & editing: All authors.

Competing Interest Statement

The authors declare that they have no competing interests.

References

1. Díaz, S., Settele, J., Brondízio, E.S., Ngo, H.T., Agard, J., Arneth, A., Balvanera, P., Brauman,
K.A., Butchart, S.H.M., Chan, K.M.A., et al. (2019). Pervasive human-driven decline of life on
Earth  points  to  the  need  for  transformative  change.  Science  366,  eaax3100.
https://doi.org/10.1126/science.aax3100.

2. Willcock, S., Cooper, G.S., Addy, J., and Dearing, J.A. (2023). Earlier collapse of Anthropocene
ecosystems  driven  by  multiple  faster  and  noisier  drivers.  Nat.  Sustain.,  1–12.
https://doi.org/10.1038/s41893-023-01157-x.

3. Palacios-Abrantes, J., Badhe, R., Bamford, A., Cheung, W.W.L., Foden, W., Frazão Santos, C.,
Grey, K.-A., Kühn, N., Maciejewski, K., McGhie, H., et al. (2022). Managing biodiversity in the
Anthropocene: discussing the Nature Futures Framework as a tool for adaptive decision-making
for nature under climate change. Sustain. Sci. https://doi.org/10.1007/s11625-022-01200-4.

4. Pereira,  L.M.,  Davies,  K.K.,  den  Belder,  E.,  Ferrier,  S.,  Karlsson-Vinkhuyzen,  S.,  Kim,  H.,
Kuiper, J.J., Okayasu, S., Palomo, M.G., Pereira, H.M., et al. (2020). Developing multiscale and
integrative nature–people scenarios using the Nature Futures Framework. People Nat.  2, 1172–
1195. https://doi.org/10.1002/pan3.10146.

5. Martin,  A.,  Gomez-Baggethun,  E.,  Quaas,  M.,  Rozzi,  R.,  Tauro,  A.,  Faith,  D.P.,  Kumar,  R.,
O’Farrell,  P.,  and  Pascual,  U.  (2024).  Plural  values  of  nature  help  to  understand  contested
pathways to sustainability. One Earth 7, 806–819. https://doi.org/10.1016/j.oneear.2024.04.003.

6. Durán, A., Kuiper, J., Aguiar, A., Cheung, W., Diaw, M., Halouani, G., Hashimoto, S., Gasalla,
M., Peterson, G., Schoolenberg, M., et al. (2023). Bringing the Nature Futures Framework to life:
creating  a  set  of  illustrative  narratives  of  nature  futures.  Sustain.  Sci.,  1–20.
https://doi.org/10.1007/s11625-023-01316-1.

7. Obura, D.O., DeClerck, F., Verburg, P.H., Gupta, J., Abrams, J.F., Bai, X., Bunn, S., Ebi, K.L.,
Gifford, L., Gordon, C., et al. (2022). Achieving a nature- and people-positive future. One Earth.
https://doi.org/10.1016/j.oneear.2022.11.013.

8. Bennett, N.J., Villasante, S., Espinosa-Romero, M.J., Lopes, P.F.M., Selim, S.A., and Allison,
E.H.  (2022).  Social  sustainability  and  equity  in  the  blue  economy.  One  Earth  5,  964–968.
https://doi.org/10.1016/j.oneear.2022.08.004.

659

660

661

662

663

664

665

666

667



Page 29 of 56

9. Plaisance,  L.,  Caley,  M.J.,  Brainard,  R.E.,  and Knowlton,  N. (2011).  The Diversity  of Coral
Reefs:  What  Are  We  Missing?  PLOS  ONE  6,  e25026.
https://doi.org/10.1371/journal.pone.0025026.

10. Sing Wong, A., Vrontos, S., and Taylor, M.L. (2022). An assessment of people living by coral
reefs over space and time. Glob. Change Biol. n/a. https://doi.org/10.1111/gcb.16391.

11. Setter, R.O., Franklin, E.C., and Mora, C. (2022). Co-occurring anthropogenic stressors reduce
the timeframe of environmental viability for the world’s coral reefs. PLOS Biol.  20, e3001821.
https://doi.org/10.1371/journal.pbio.3001821.

12. Sherman, C.S., Simpfendorfer, C.A., Pacoureau, N., Matsushiba, J.H., Yan, H.F., Walls, R.H.L.,
Rigby, C.L., VanderWright, W.J., Jabado, R.W., Pollom, R.A., et al. (2023). Half a century of
rising  extinction  risk  of  coral  reef  sharks  and  rays.  Nat.  Commun.  14,  15.
https://doi.org/10.1038/s41467-022-35091-x.

13. Eddy, T.D., Lam, V.W.Y., Reygondeau, G., Cisneros-Montemayor, A.M., Greer, K., Palomares,
M.L.D., Bruno, J.F., Ota, Y., and Cheung, W.W.L. (2021). Global decline in capacity of coral
reefs  to  provide  ecosystem  services.  One  Earth  4,  1278–1285.
https://doi.org/10.1016/j.oneear.2021.08.016.

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

15. Seguin,  R.,  Mouillot,  D.,  Cinner,  J.,  Stuart-Smith,  R.,  Maire,  E.,  Graham,  N.,  McLean,  M.,
Vigliola, L., and Loiseau, N. (2022). Towards a productivity-based management of tropical reefs
in the Anthropocene. Consid. Nat. Portf. J. https://doi.org/10.21203/rs.3.rs-1392481/v1.

16. Langlois, J., Guilhaumon, F., Baletaud, F., Casajus, N., Braga, C.D.A., Fleuré, V., Kulbicki, M.,
Loiseau, N., Mouillot, D., Renoult, J.P., et al. (2022). The aesthetic value of reef fishes is globally
mismatched  to  their  conservation  priorities.  PLOS  Biol.  20,  e3001640.
https://doi.org/10.1371/journal.pbio.3001640.

17. Spalding, M., Burke, L., Wood, S.A., Ashpole, J., Hutchison, J., and zu Ermgassen, P. (2017).
Mapping  the  global  value  and  distribution  of  coral  reef  tourism.  Mar.  Policy  82,  104–113.
https://doi.org/10.1016/j.marpol.2017.05.014.

18. Marshall, N., Adger, W.N., Benham, C., Brown, K., I Curnock, M., Gurney, G.G., Marshall, P., L
Pert, P., and Thiault, L. (2019). Reef Grief: investigating the relationship between place meanings
and  place  change  on  the  Great  Barrier  Reef,  Australia.  Sustain.  Sci.  14,  579–587.
https://doi.org/10.1007/s11625-019-00666-z.

19. Marshall,  N.A.,  Fenton,  D.M.,  Marshall,  P.A.,  and  Sutton,  S.G.  (2007).  How  Resource
Dependency Can Influence Social Resilience within a Primary Resource Industry*. Rural Sociol.
72, 359–390. https://doi.org/10.1526/003601107781799254.

20. Dacks, R., Ticktin, T., Jupiter, S.D., and Friedlander, A.M. (2020). Investigating the Role of Fish
and Fishing in Sharing Networks to Build Resilience in Coral Reef Social-Ecological Systems.
Coast. Manag. 48, 165–187. https://doi.org/10.1080/08920753.2020.1747911.

21. Grafeld, S., Oleson, K.L.L., Teneva, L., and Kittinger, J.N. (2017). Follow that fish: Uncovering
the  hidden  blue  economy  in  coral  reef  fisheries.  PLOS  ONE  12,  e0182104.
https://doi.org/10.1371/journal.pone.0182104.



Page 30 of 56

22. Robles-Zavala, E., and Chang Reynoso, A.G. (2018). The recreational value of coral reefs in the
Mexican  Pacific.  Ocean  Coast.  Manag.  157,  1–8.
https://doi.org/10.1016/j.ocecoaman.2018.02.010.

23. Alexander, P., Henry, R., Rabin, S., Arneth, A., and Rounsevell, M. (2023). Mapping the shared
socio-economic pathways onto the Nature Futures Framework at the global scale. Sustain. Sci.
https://doi.org/10.1007/s11625-023-01415-z.

24. Haga, C., Maeda, M., Hotta, W., Matsui, T., Nakaoka, M., Morimoto, J., Shibata, H., Hashimoto,
S., Saito, O., Okayasu, S., et al. (2023). Modeling desirable futures at local scale by combining
the  nature  futures  framework  and  multi-objective  optimization.  Sustain.  Sci.
https://doi.org/10.1007/s11625-023-01301-8.

25. Dawson, N.M., Coolsaet, B., Bhardwaj, A., Booker, F., Brown, D., Lliso, B., Loos, J., Martin, A.,
Oliva, M., Pascual, U., et al. (2024). Is it just conservation? A typology of Indigenous peoples’
and  local  communities’  roles  in  conserving  biodiversity.  One  Earth  7,  1007–1021.
https://doi.org/10.1016/j.oneear.2024.05.001.

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

27. Edgar,  G.J.,  Cooper,  A.,  Baker,  S.C.,  Barker,  W.,  Barrett,  N.S.,  Becerro,  M.A.,  Bates,  A.E.,
Brock,  D.,  Ceccarelli,  D.M.,  Clausius,  E.,  et  al.  (2020).  Establishing the ecological  basis  for
conservation  of  shallow  marine  life  using  Reef  Life  Survey.  Biol.  Conserv.  252,  108855.
https://doi.org/10.1016/j.biocon.2020.108855.

28. Maire, E., Graham, N.A.J., MacNeil, M.A., Lam, V.W.Y., Robinson, J.P.W., Cheung, W.W.L.,
and Hicks, C.C. (2021). Micronutrient supply from global marine fisheries under climate change
and overfishing. Curr. Biol. 31, 4132-4138.e3. https://doi.org/10.1016/j.cub.2021.06.067.

29. Simpfendorfer, C.A., Heithaus, M.R., Heupel, M.R., MacNeil, M.A., Meekan, M., Harvey, E.,
Sherman,  C.S.,  Currey-Randall,  L.M.,  Goetze,  J.S.,  Kiszka,  J.J.,  et  al.  (2023).  Widespread
diversity  deficits  of  coral  reef  sharks  and  rays.  Science  380,  1155–1160.
https://doi.org/10.1126/science.ade4884.

30. Burke, L., and Spalding, M. (2022). Shoreline protection by the world’s coral reefs: Mapping the
benefits  to  people,  assets,  and  infrastructure.  Mar.  Policy  146,  105311.
https://doi.org/10.1016/j.marpol.2022.105311.

31. Howlett, L., Camp, E.F., Edmondson, J., Henderson, N., and Suggett, D.J. (2021). Coral growth,
survivorship and return-on-effort within nurseries at high-value sites on the Great Barrier Reef.
PLOS ONE 16, e0244961. https://doi.org/10.1371/journal.pone.0244961.

32. Naeem,  S.,  Bunker,  D.E.,  Hector,  A.,  Loreau,  M.,  and  Perrings,  C.  (2009).  Biodiversity,
Ecosystem  Functioning,  and  Human  Wellbeing:  An  Ecological  and  Economic  Perspective
(Oxford University Press).

33. Baker, D.M., Bennett, N., Gruby, R.L., Mangubhai, S., Rotjan, R.D., Sterling, E., Sullivan-Wiley,
K., Gill, D., Johnson, D., Singh, G.G., et al. (2023). Improving human well-being outcomes in
marine  protected  areas  through  futures  thinking.  One  Earth  6,  1286–1290.
https://doi.org/10.1016/j.oneear.2023.09.008.

34. Hicks, C.C., and Cinner, J.E. (2014). Social, institutional, and knowledge mechanisms mediate
diverse ecosystem service benefits from coral reefs. Proc. Natl. Acad. Sci.  111, 17791–17796.
https://doi.org/10.1073/pnas.1413473111.



Page 31 of 56

35. Ribot,  J.C.,  and  Peluso,  N.L.  (2009).  A  Theory  of  Access*.  Rural  Sociol.  68,  153–181.
https://doi.org/10.1111/j.1549-0831.2003.tb00133.x.

36. Cowman,  P.F.,  Parravicini,  V.,  Kulbicki,  M.,  and  Floeter,  S.R.  (2017).  The biogeography of
tropical  reef  fishes:  endemism  and  provinciality  through  time.  Biol.  Rev.  92,  2112–2130.
https://doi.org/10.1111/brv.12323.

37. Kulbicki, M., Parravicini, V., Bellwood, D.R., Arias-Gonzàlez, E., Chabanet, P., Floeter, S.R.,
Friedlander, A., McPherson, J., Myers, R.E., Vigliola, L., et al. (2013). Global Biogeography of
Reef  Fishes:  A  Hierarchical  Quantitative  Delineation  of  Regions.  PLOS  ONE  8,  e81847.
https://doi.org/10.1371/journal.pone.0081847.

38. McLean, M., Stuart-Smith, R.D., Villéger, S., Auber, A., Edgar, G.J., MacNeil, M.A., Loiseau,
N., Leprieur, F., and Mouillot, D. (2021). Trait similarity in reef fish faunas across the world’s
oceans. Proc. Natl. Acad. Sci. 118, e2012318118. https://doi.org/10.1073/pnas.2012318118.

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

40. Martín-López, B., Iniesta-Arandia, I., García-Llorente, M., Palomo, I., Casado-Arzuaga, I., Amo,
D.G.D.,  Gómez-Baggethun,  E.,  Oteros-Rozas,  E.,  Palacios-Agundez,  I.,  Willaarts,  B.,  et  al.
(2012).  Uncovering  Ecosystem  Service  Bundles  through  Social  Preferences.  PLOS  ONE  7,
e38970. https://doi.org/10.1371/journal.pone.0038970.

41. Woodhead, A.J., Graham, N.A.J., Robinson, J.P.W., Norström, A.V., Bodin, N., Marie, S., Balett,
M.-C., and Hicks, C.C. (2021). Fishers perceptions of ecosystem service change associated with
climate-disturbed coral reefs. People Nat. 3, 639–657. https://doi.org/10.1002/pan3.10220.

42. Lau, J.D., Hicks, C.C., Gurney, G.G., and Cinner, J.E. (2019). What matters to whom and why?
Understanding the importance of coastal ecosystem services in developing coastal communities.
Ecosyst. Serv. 35, 219–230. https://doi.org/10.1016/j.ecoser.2018.12.012.

43. Christie, M., Martín-López, B., Church, A., Siwicka, E., Szymonczyk, P., and Mena Sauterel, J.
(2019). Understanding the diversity of values of “Nature’s contributions to people”: insights from
the  IPBES  Assessment  of  Europe  and  Central  Asia.  Sustain.  Sci.  14,  1267–1282.
https://doi.org/10.1007/s11625-019-00716-6.

44. Pingarroni,  A.,  Castro,  A.J.,  Gambi,  M.,  Bongers,  F.,  Kolb,  M.,  García-Frapolli,  E.,  and
Balvanera, P. (2022). Uncovering spatial patterns of ecosystem services and biodiversity through
local  communities’  preferences  and  perceptions.  Ecosyst.  Serv.  56,  101436.
https://doi.org/10.1016/j.ecoser.2022.101436.

45. Díaz, S., Demissew, S., Carabias, J., Joly, C., Lonsdale, M., Ash, N., Larigauderie, A., Adhikari,
J.R., Arico, S., Báldi, A., et al. (2015). The IPBES Conceptual Framework — connecting nature
and people. Curr. Opin. Environ. Sustain. 14, 1–16. https://doi.org/10.1016/j.cosust.2014.11.002.

46. Grenié,  M.,  Mouillot,  D.,  Villéger,  S.,  Denelle,  P.,  Tucker,  C.M.,  Munoz,  F.,  and Violle,  C.
(2018).  Functional  rarity of coral  reef fishes at  the global  scale:  Hotspots and challenges for
conservation. Biol. Conserv. 226, 288–299. https://doi.org/10.1016/j.biocon.2018.08.011.

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



Page 32 of 56

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

49. Parravicini,  V.,  Kulbicki,  M.,  Bellwood,  D.R.,  Friedlander,  A.M.,  Arias-Gonzalez,  J.E.,
Chabanet, P., Floeter, S.R., Myers, R., Vigliola, L., D’Agata, S., et al. (2013). Global patterns and
predictors  of  tropical  reef  fish  species  richness.  Ecography  36,  1254–1262.
https://doi.org/10.1111/j.1600-0587.2013.00291.x.

50. Chong, F., Sommer, B., Stant, G., Verano, N., Cant, J., Lachs, L., Johnson, M.L., Parsons, D.R.,
Pandolfi, J.M., Salguero-Gómez, R., et al. (2023). High-latitude marginal reefs support fewer but
bigger  corals  than  their  tropical  counterparts.  Ecography  2023,  e06835.
https://doi.org/10.1111/ecog.06835.

51. Schoepf, V., Baumann, J.H., Barshis, D.J., Browne, N.K., Camp, E.F., Comeau, S., Cornwall,
C.E.,  Guzmán,  H.M.,  Riegl,  B.,  Rodolfo-Metalpa,  R.,  et  al.  (2023).  Corals  at  the  edge  of
environmental  limits:  A new conceptual  framework to  re-define  marginal  and  extreme coral
communities. Sci. Total Environ. 884, 163688. https://doi.org/10.1016/j.scitotenv.2023.163688.

52. Silva, F.C., Floeter, S.R., Lindegren, M., and Quimbayo, J.P. (2023). Warming-induced changes
in reef fish community traits in the Southwestern Atlantic transition zone. Mar. Ecol. Prog. Ser.
710, 107–123. https://doi.org/10.3354/meps14288.

53. Kim, H., Peterson, G.D., Cheung, W.W.L., Ferrier, S., Alkemade, R., Arneth, A., Kuiper, J.J.,
Okayasu, S., Pereira, L., Acosta, L.A., et al. (2023). Towards a better future for biodiversity and
people:  Modelling  Nature  Futures.  Glob.  Environ.  Change  82,  102681.
https://doi.org/10.1016/j.gloenvcha.2023.102681.

54. Antunes, A.C., Berti, E., Brose, U., Hirt, M.R., Karger, D.N., O’Connor, L.M.J., Pollock, L.J.,
Thuiller,  W., and Gauzens, B. (2024). Linking biodiversity, ecosystem function, and Nature’s
contributions  to  people:  a  macroecological  energy  flux  perspective.  Trends  Ecol.  Evol.,
S0169534724000041. https://doi.org/10.1016/j.tree.2024.01.004.

55. Sena, P.H.A., Gonçalves-Souza, T., Gonçalves, P.H.S., Ferreira, P.S.M., Gusmão, R.A.F., and
Melo, F.P.L. (2022). Biocultural restoration improves delivery of ecosystem services in social-
ecological landscapes. Restor. Ecol. 30, e13599. https://doi.org/10.1111/rec.13599.

56. Petit,  I.J., Campoy, A.N., Hevia, M.-J.,  Gaymer, C.F., Squeo, F.A., Petit,  I.J., Campoy, A.N.,
Hevia, M.-J., Gaymer, C.F., and Squeo, F.A. (2018). Protected areas in Chile: are we managing
them? Rev. Chil. Hist. Nat. 91. https://doi.org/10.1186/s40693-018-0071-z.

57. Gatiso, T., Kulik, L., Bachmann, M., Bonn, A., Bösch, L., Eirdosh, D., Freytag, A., Hanisch, S.,
Heurich, M., Sop, T., et al. (2022). Effectiveness of protected areas influenced by socio-economic
context. Nat. Sustain., 1–8. https://doi.org/10.1038/s41893-022-00932-6.

58. McShane,  T.O.,  Hirsch,  P.D.,  Trung,  T.C.,  Songorwa,  A.N.,  Kinzig,  A.,  Monteferri,  B.,
Mutekanga,  D.,  Thang,  H.V.,  Dammert,  J.L.,  Pulgar-Vidal,  M.,  et  al.  (2011).  Hard  choices:
Making trade-offs between biodiversity conservation and human well-being. Biol. Conserv. 144,
966–972. https://doi.org/10.1016/j.biocon.2010.04.038.

59. Collas, L., Crastes dit Sourd, R., Finch, T., Green, R., Hanley, N., and Balmford, A. (2023). The
costs of delivering environmental outcomes with land sharing and land sparing. People Nat.  5,
228–240. https://doi.org/10.1002/pan3.10422.

60. Loconto, A., Desquilbet, M., Moreau, T., Couvet, D., and Dorin, B. (2020). The land sparing –
land  sharing  controversy:  Tracing  the  politics  of  knowledge.  Land  Use  Policy  96,  103610.
https://doi.org/10.1016/j.landusepol.2018.09.014.



Page 33 of 56

61. Büscher, B., Fletcher, R., Brockington, D., Sandbrook, C., Adams, W.M., Campbell, L., Corson,
C., Dressler, W., Duffy, R., Gray, N., et al. (2017). Half-Earth or Whole Earth? Radical ideas for
conservation,  and  their  implications.  Oryx  51,  407–410.
https://doi.org/10.1017/S0030605316001228.

62. Kopnina,  H.  (2016).  Half  the  earth  for  people  (or  more)?  Addressing  ethical  questions  in
conservation. Biol. Conserv. 203, 176–185. https://doi.org/10.1016/j.biocon.2016.09.019.

63. Turnbull,  J.W.,  Johnston,  E.L.,  and  Clark,  G.F.  (2021).  Evaluating  the  social  and  ecological
effectiveness of partially protected marine areas. Conserv. Biol. J. Soc. Conserv. Biol.  35, 921–
932. https://doi.org/10.1111/cobi.13677.

64. Valdivia, A., Cox, C.E., and Bruno, J.F. (2017). Predatory fish depletion and recovery potential
on Caribbean reefs. Sci. Adv. 3, e1601303. https://doi.org/10.1126/sciadv.1601303.

65. Letessier,  T.B.,  Mouillot,  D.,  Bouchet,  P.J.,  Vigliola,  L.,  Fernandes,  M.C.,  Thompson,  C.,
Boussarie, G., Turner, J., Juhel, J.-B., Maire, E., et al. (2019). Remote reefs and seamounts are
the  last  refuges  for  marine  predators  across  the  Indo-Pacific.  PLOS  Biol.  17,  e3000366.
https://doi.org/10.1371/journal.pbio.3000366.

66. MacNeil, M.A., Graham, N.A.J., Cinner, J.E., Wilson, S.K., Williams, I.D., Maina, J., Newman,
S.P., Friedlander, A.M., Jupiter, S.D., Polunin, N., et al. (2015). Recovery potential of the world’s
coral reef fishes. Nature 520, 341–344. https://doi.org/10.1038/nature14358.

67. Pettorelli,  N.,  and  Bullock,  J.M.  (2023).  Restore  or  rewild?  Implementing  complementary
approaches  to  bend  the  curve  on  biodiversity  loss.  Ecol.  Solut.  Evid.  4,  e12244.
https://doi.org/10.1002/2688-8319.12244.

68. Salgado-Rojas,  J.,  Hermoso,  V.,  and  Álvarez-Miranda,  E.  (2023).  prioriactions:  Multi-action
management  planning  in  R.  Methods  Ecol.  Evol.,  1–12.  https://doi.org/10.1111/2041-
210X.14220.

69. Voskamp, A., Fritz, S.A., Köcke, V., Biber, M.F., Nogueira Brockmeyer, T., Bertzky, B., Forrest,
M., Goldstein, A.,  Henderson, S., Hickler,  T.,  et al. (2023). Utilizing multi-objective decision
support  tools  for  protected  area  selection.  One  Earth  6,  1143–1156.
https://doi.org/10.1016/j.oneear.2023.08.009.

70. Ojeda, J., Salomon, A.K., Rowe, J.K., and Ban, N.C. (2022). Reciprocal Contributions between
People  and  Nature:  A  Conceptual  Intervention.  BioScience  72,  952–962.
https://doi.org/10.1093/biosci/biac053.

71. IPBES (2019). Summary for policymakers of the global assessment report on biodiversity and
ecosystem services (Zenodo) https://doi.org/10.5281/zenodo.3553579.

72. Adams, V.M., Chauvenet, A.L.M., Stoudmann, N., Gurney, G.G., Brockington, D., and Kuempel,
C.D. (2023). Multiple-use protected areas are critical to equitable and effective conservation. One
Earth 6, 1173–1189. https://doi.org/10.1016/j.oneear.2023.08.011.

73. Nowakowski, A.J., Canty, S.W.J., Bennett, N.J., Cox, C.E., Valdivia, A., Deichmann, J.L., Akre,
T.S.,  Bonilla-Anariba,  S.E.,  Costedoat,  S.,  and  McField,  M.  (2023).  Co-benefits  of  marine
protected areas  for  nature  and people.  Nat.  Sustain.,  1–9.  https://doi.org/10.1038/s41893-023-
01150-4.

74. Flandrin, U. (2024). Tropical-reef-contributions-Workflow_Flandrin_et_al_2024.

75. Edgar, G., and Stuart‐Smith, R. (2014). Systematic global assessment of reef fish communities by
the Reef Life Survey program. Sci. Data 1, 140007. https://doi.org/10.1038/sdata.2014.7.



Page 34 of 56

76. Brandl,  S.J.,  Goatley,  C.H.R.,  Bellwood,  D.R.,  and  Tornabene,  L.  (2018).  The  hidden  half:
ecology  and  evolution  of  cryptobenthic  fishes  on  coral  reefs.  Biol.  Rev.  93,  1846–1873.
https://doi.org/10.1111/brv.12423.

77. Davis, T., Harasti, D., and Smith, S. (2014). Compensating for length biases in underwater visual
census  of  fishes  using  stereo  video  measurements.  Mar.  Freshw.  Res.  66.
https://doi.org/10.1071/MF14076.

78. Yulianto, I., Hammer, C., Wiryawan, B., Pardede, S.T., Kartawijaya, T., and Palm, H.W. (2015).
Improvement of fish length estimates for underwater visual census of reef fish biomass. J. Appl.
Ichthyol. 31, 308–314. https://doi.org/10.1111/jai.12672.

79. Edgar, G.J., Barrett, N.S., and Morton, A.J. (2004). Biases associated with the use of underwater
visual census techniques to quantify the density and size-structure of fish populations. J. Exp.
Mar. Biol. Ecol. 308, 269–290. https://doi.org/10.1016/j.jembe.2004.03.004.

80. Stuart-Smith, R.D., Mellin, C., Bates, A.E., and Edgar, G.J. (2021). Habitat loss and range shifts
contribute  to  ecological  generalization  among  reef  fishes.  Nat.  Ecol.  Evol.  5,  656–662.
https://doi.org/10.1038/s41559-020-01342-7.

81. Boussarie, G., Bakker, J., Wangensteen, O.S., Mariani, S., Bonnin, L., Juhel, J.-B., Kiszka, J.J.,
Kulbicki, M., Manel, S., Robbins, W.D., et al. (2018). Environmental DNA illuminates the dark
diversity of sharks. Sci. Adv. 4, eaap9661. https://doi.org/10.1126/sciadv.aap9661.

82. Ward-Paige, C., Flemming, J.M., and Lotze, H.K. (2010). Overestimating Fish Counts by Non-
Instantaneous  Visual  Censuses:  Consequences  for  Population  and  Community  Descriptions.
PLOS ONE 5, e11722. https://doi.org/10.1371/journal.pone.0011722.

83. Cardinale, B.J., Duffy, J.E., Gonzalez, A., Hooper, D.U., Perrings, C., Venail, P., Narwani, A.,
Mace,  G.M.,  Tilman,  D.,  Wardle,  D.A.,  et  al.  (2012).  Biodiversity  loss  and  its  impact  on
humanity. Nature 486, 59–67. https://doi.org/10.1038/nature11148.

84. Cadotte, M.W., Cavender-Bares, J., Tilman, D., and Oakley, T.H. (2009). Using Phylogenetic,
Functional and Trait Diversity to Understand Patterns of Plant Community Productivity. PLOS
ONE 4, e5695. https://doi.org/10.1371/journal.pone.0005695.

85. Díaz, S., Pascual, U., Stenseke, M., Martín-López, B., Watson, R.T., Molnár, Z., Hill, R., Chan,
K.M.A., Baste, I.A., Brauman, K.A., et al. (2018). Assessing nature’s contributions to people.
Science 359, 270–272. https://doi.org/10.1126/science.aap8826.

86. Liquete, C., Piroddi, C., Drakou, E.G., Gurney, L., Katsanevakis, S., Charef, A., and Egoh, B.
(2013). Current Status and Future Prospects for the Assessment of Marine and Coastal Ecosystem
Services:  A  Systematic  Review.  PLOS  ONE  8,  e67737.
https://doi.org/10.1371/journal.pone.0067737.

87. Danet, A., Mouchet, M., Bonnaffé, W., Thébault, E., and Fontaine, C. (2021). Species richness
and  food-web  structure  jointly  drive  community  biomass  and  its  temporal  stability  in  fish
communities. Ecol. Lett. 24, 2364–2377. https://doi.org/10.1111/ele.13857.

88. Mouillot,  D.,  Loiseau, N.,  Grenié, M., Algar, A.C., Allegra, M., Cadotte, M.W., Casajus, N.,
Denelle, P., Guéguen, M., Maire, A., et al. (2021). The dimensionality and structure of species
trait spaces. Ecol. Lett. 24, 1988–2009. https://doi.org/10.1111/ele.13778.

89. Lê, S., Josse, J., and Husson, F. (2008). FactoMineR: An R Package for Multivariate Analysis. J.
Stat. Softw. 25, 1–18. https://doi.org/10.18637/jss.v025.i01.



Page 35 of 56

90. Oksanen, J., Simpson, G.L., Blanchet, F.G., Kindt, R., Legendre, P., Minchin, P.R., O’Hara, R.B.,
Solymos, P., Stevens, M.H.H., Szoecs, E., et al. (2022). vegan: Community Ecology Package.
Version 2.6-4.

91. Epperson, B.K. (1993). Spatial and Space-Time Correlations in Systems of Subpopulations with
Genetic Drift and Migration. Genetics 133, 711–727.

92. Cramér,  H. (1946).  Mathematical  Methods of Statistics (PMS-9) (Princeton University Press)
https://doi.org/10.1515/9781400883868.

93. Sun, S., Pan, W., and Wang, L.L. (2010). A comprehensive review of effect size reporting and
interpreting practices in academic journals in education and psychology. J. Educ. Psychol.  102,
989–1004. https://doi.org/10.1037/a0019507.

94. Cornwell,  W.K.,  Westoby,  M.,  Falster,  D.S.,  FitzJohn,  R.G.,  O’Meara,  B.C.,  Pennell,  M.W.,
McGlinn, D.J., Eastman, J.M., Moles, A.T., Reich, P.B., et al. (2014). Functional distinctiveness
of major plant lineages. J. Ecol. 102, 345–356. https://doi.org/10.1111/1365-2745.12208.

95. Kembel,  S.W.,  Cowan,  P.D.,  Helmus,  M.R.,  Cornwell,  W.K.,  Morlon,  H.,  Ackerly,  D.D.,
Blomberg, S.P., and Webb, C.O. (2010). Picante: R tools for integrating phylogenies and ecology.
Bioinforma. Oxf. Engl. 26, 1463–1464. https://doi.org/10.1093/bioinformatics/btq166.

96. Parravicini, V., Casey, J.M., Schiettekatte, N.M.D., Brandl, S.J., Pozas-Schacre, C., Carlot, J.,
Edgar, G.J., Graham, N.A.J., Harmelin-Vivien, M., Kulbicki, M., et al. (2020). Delineating reef
fish  trophic  guilds  with  global  gut  content  data  synthesis  and  phylogeny.  PLOS  Biol.  18,
e3000702. https://doi.org/10.1371/journal.pbio.3000702.

97. Mason, N.W.H., de Bello, F., Mouillot, D., Pavoine, S., and Dray, S. (2013). A guide for using
functional diversity indices to reveal changes in assembly processes along ecological gradients. J.
Veg. Sci. 24, 794–806. https://doi.org/10.1111/jvs.12013.

98. Marcon, E., and Hérault, B. (2015). entropart: An R Package to Measure and Partition Diversity.
J. Stat. Softw. 67, 1–26. https://doi.org/10.18637/jss.v067.i08.

99. Schiettekatte, N., Barneche, D.,  Villéger, S.,  Allgeier,  J.,  Burkepile, D., Brandl, S.,  Casey, J.,
Mercière, A.,  Munsterman, K., Morat,  F.,  et  al.  (2020). Nutrient limitation, bioenergetics and
stoichiometry:  A new model  to predict  elemental  fluxes mediated by fishes.  Funct.  Ecol.  34.
https://doi.org/10.1111/1365-2435.13618.

100. Ghilardi,  M.  (2023).  A  multilevel  assessment  of  the  drivers  of  fish  contribution  to  the
inorganic carbon cycle on coral reefs. https://doi.org/10.26092/elib/2648.

101. Carpentier, C., Barabás, G., Jürg Werner Spaak, Jürg Werner Spaak, Spaak, J.W., and De
Laender, F. (2021). Reinterpreting the relationship between number of species and number of
links  connects  community  structure  and  stability.  Nat.  Ecol.  Evol.  5,  1102–1109.
https://doi.org/10.1038/s41559-021-01468-2.

102. Tribot, A.-S., Deter, J., Claverie, T., Guillhaumon, F., Villéger, S., and Mouquet, N. (2019).
Species diversity and composition drive the aesthetic value of coral reef fish assemblages. Biol.
Lett. 15, 20190703. https://doi.org/10.1098/rsbl.2019.0703.

103. Mouquet, N., Langlois, J., Casajus, N., Auber, A., Flandrin, U., Guilhaumon, F., Loiseau, N.,
McLean, M., Aurore, R., Stuart‐Smith, R., et al. (2024). Low human interest for the most at-risk
reef fishes worldwide. Sci. Adv. 10, eadj9510. https://doi.org/10.1126/sciadv.adj9510.

https://doi.org/10.1126/sciadv.adj9510


Page 1 of 56

Supplemental materials

Table S1: Assessment method of the twenty-nine fish-based contributions on tropical reefs.  All
metrics  were  calculated  at  the  reef  level  using  data  from  standardized  reef  fish  surveys  (visual
census).  Contributions  identified by (*)  have been  log-transformed (log10(x+1)  for  contributions
including  some  zeroes  and  log10(x)  for  the  others)  to  limit  the  effect  of  asymmetric  and  high-
magnitude distributions.

Contributions Assessment Unit Impact
References and data

sources

Biomass*:
Herbivores

biomass

Invertivores
biomass

Piscivores
biomass

Available
biomass

Visual census in Reef Life Survey
protocol. Fish abundance counts and

size estimates were converted to
biomass per species per survey using
length–weight relationships presented

for each species in Fishbase
(https://fishbase.mnhn.fr/).

Total biomass is the sum of each
individual weight in each reef.

Total biomass was divided into 3
trophic guilds, according to species

diet inferred by Parravicini et al.
(2020) (“Herbivores” = herbivores +

microvores + detritivores,
“Invertivores” = corallivores +
invertivores + planktivores, and

“Piscivores” = piscivores).

Available biomass is assessed as the
biomass of catchable families (expert

opinion): Acanthuridae, Bothidae,
Caesionidae, Carangidae, Ephippidae,
Haemulidae, Kyphosidae, Labridae,
Lethrinidae, Lutjanidae, Mugilidae,
Mullidae, Nemipteridae, Scaridae,

Sciaenidae, Scombridae,
Scorpaenidae, Serranidae, Siganidae,

Sparidae, Sphyraenidae, 
and species bigger than 20cm for the
families: Balistidae, Holocentridae,
Pomacanthidae, and Priacanthidae.

kg /
500m²

Biomass
involved in

nature
processes.

Many
contributions
are inherently

biomass-
dependent,

with different
ecological
roles for
different

trophic guilds.

The available
biomass is the

stock of
catchable fish

at a given time.
It represents
part of the
fisheries
potential.

RLS data:
https://

www.reeflifesurvey.co
m

RLS method: 1

Trophic guild data: 2

Fishable families: 3,
expert opinion

Taxonomic
richness

Number of teleost species in a reef
(only non-cryptobenthic and non-

anguiliforms teleosteii) 

teleoste
ii

species
/reef(5
00m²)

component of
teleostean

biodiversity

Elasmobranch
diversity

Number of elasmobranch species
detected in a reef (no additional filter)

elasmo
branch
species

component of
elasmobranch
biodiversity.

668
669
670
671
672
673
674
675

https://www.reeflifesurvey.com/
https://www.reeflifesurvey.com/
https://www.reeflifesurvey.com/
https://fishbase.mnhn.fr/


Page 2 of 56

Contributions Assessment Unit Impact
References and data

sources

/reef(5
00m²)

Presence of
rare/endangere

d species

Endemism

Mean of endemism of species present
in a reef. 

Species endemism = [ max(range of
each species) - specific range ] /
[ max(range of each species) -

min(range of each species) ]. This
way, the most ubiquitous species has
an endemism of 0, while the species
with the smallest living area has an

endemism of 1.
Range maps of species were extracted
from Duhamet et al. (2023)4, based on

the method of Albouy et al. (2019)5

with occurrence data from OBIS
(https://obis.org/).

presence of
species with

narrow
geographic

range.
Potential

sensitivity of
species to

anthropogenic
pressures, from
a biodiversity

protection
perspective.

6

Range map data: 4 ,
method from 5

Functional
and

phylogenetic
entropy

Reef functional entropy: sum of
pairwise functional distance weighted
by relative biomass of species inside

each reef (mFD package).

Reef phylogenetic entropy:
phylogenetic distance weighted by
relative biomass of species inside

each reef (Entropart package). 

complementari
ty in functional

niches

Functional entropy
from R package mFD
v1.0.5 7 (https://cran.r-
project.org/web/packag

es/mFD/index.html)

Phylogenetic tree
 from 8

9;
Phylogenetic entropy

calculated with R
package Entropart

v1.6-13 10

(https://cran.r-
project.org/web/packag
es/entropart/index.html

)

Traits and
Evolutionary

distinctiveness

Functional distance between each
species in a Diet x Size x Water

position x Activity trait space (mFD
package). Mean of species

distinctiveness at the reef level.

Mean of species evolutionary
distinctiveness at the reef level

(Picante package).

Importance of
evolutionary

history of
communities in
the adaptability
of ecosystems.

7

Trait distinctiveness
from R package mFD
v1.0.5 (https://cran.r-

project.org/web/packag
es/mFD/index.html)

Phylogenetic tree
 from 8

Computation with R
package Picante v1.8.2
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Contributions Assessment Unit Impact
References and data

sources

(https://cran.r-
project.org/web/packag
es/picante/index.html)

Nitrogen and
Phosphorus
Recycling*

Individual phosphorus and nitrogen
excretion estimated with the

bioenergetics modeling described in
Schiettekatte et al (2020)11, using the

fishflux R package
(https://nschiett.github.io/fishflux/ind

ex.html). Sum up all individual
excretions at reef scale.

gnutrients .
m-2.d-1

Inorganic
nutrients

released by
fishes in the
ecosystem
enhance

growth of
primary

producers 

Methods for
bioenergetics modeling

from 11

Carbonates
excretion*
Low Mg
Calcite 

             
High Mg
Calcite          

Aragonite 

 Monohydrocal
cite

Amorphous
carbonate

Individual carbonate excretion
estimated using recently published

models (Ghilardi et al., 2023)12. Sum
up all individual contributions at the

reef scale.

µmol.
m-2.d-1

Release of
carbonate in

the ecosystem
= enhance
inorganic

carbon cycling

Assessment model: 12
Data from: 13

Trophic web
robustness

We constructed a trophic metaweb
from trophic interaction probabilities
between species by applying a body

size niche model described by Albouy
et al. (2019)5. We extracted local

trophic webs of each reef to assess
their robustness to secondary
extinction (Rob0.5), with the

allometric coefficient linking the
number of links and species:

L=(S/2)^b =>
b = log2(L) / (log2(S) - 1)
 (Carpentier et al., 2021).

robustness of
an ecosystem

to local species
extirpations14

Trophic web model: 5

Trophic web analysis:
14

Mean Trophic
Level 

In each reef, we weighted species
trophic level inferred in each local

trophic web (see above), by the
relative biomass of each species.

Proxy of the
biomass
stability

through time in
empirical food

web15

Trophic web model: 5

Trophic web analysis:
15

Turnover of
Available

Individual biomass turnover assessed
with rfishprod package. Reef turnover

%.d-1 Biomass
turnover of

16, 17
Data from 18
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Contributions Assessment Unit Impact
References and data

sources

Biomass
is determined as the proportion of
biomass produced per day (total

production per day / total biomass).

targeted
species in

ecosystems.
Proxy of the
rate at which
humans can

harvest a given
portion

Available
nutrients:
Calcium 

Iron

Zinc

Selenium

Vitamin A 

Omega 3 

Nutrient quantities are determined
from the nutrient concentration

(Calcium, Iron, Omega 3, Selenium,
Vitamin A, Zinc) in each species and
their biomass in each reef. Nutrient
availability is considered as the total
nutrient quantities present in a 100-g
food portion (wet weight) of fishable

species at the reef scale.

calciu
m,

iron,
zinc:

mg/100
g of
fish

Seleniu
m,

Vitami
n A:

µg/100
g of
fish

Omega
3:

g/100g
of fish

Availability of
essential

nutrients for
local

populations.
Nutrient

concentrations
are

independent of
the available

biomass and so
focus on the
nutritional

quality of fish
relative to

fishing effort.

Data from 19

Aesthetic
value

Estimation of species aesthetic value
at the reef level, by accounting for

species composition (individual
species aesthetic values) and richness.

potential for
the

development
of tourism

activities, and
emotional links

to coral reef
biodiversity

Methods from 20 and

21; data from 22

Public interest

Public interest of species is obtained
by combining the number of views of
wikipedia articles, photos on Flickr
and mention on twitter. Reef public

interests is the 3rd quartile of species
public interest of the reef fish.

Public concern
and cultural

importance of
reef fish

biodiversity.

Data from 22

676
677
678
679
680
681
682



Page 5 of 56

Table  S2:  Methods  for  aggregating  multiple  contributions  into  a  composite  indicator.  We
present here different methods to reduce complex information from different variables into an easier-
to-use composite indicator. The comparison of these composite indicators for reef NN and NP scores
is presented in figure S13.

Composite
indicator

Method of aggregation Interest of the method Reference

Arithmetic
unweighted

mean

Arithmetic mean of reef contribution
values. Each contribution is previously

centered (mean of 0) and scaled (standard
deviation of 1)

Takes into account the
quantitative values of

contributions, avoiding
subjective choice of
contribution weights

Arithmetic
weighted mean

Same as above, but with a weighting
coefficient. The weighting coefficients have

been chosen to give equal importance to
each contribution category (e.g. "food web

stability", see Table 1)

Gives equal importance to
the different facets of

contributions

Estimator in
Dependant

Sample (EDS)

Arithmetic mean of centered and scaled
contributions, weighted by their degree of

independence

Avoids the over-influence of
highly correlated

contributions that repeatedly
provide identical

information, by giving more
weight to independent

contributions

24

Rank mean Mean reef ranks across all contributions Robust to outlier values

Geometric
aggregation

Weighted geometric mean of the
contributions values of a reef. Each

contribution is scaled between 1 and 2.

Geometric mean is less
compensatory than additive

methods (as arithmetic
mean).

Technique for
Order

Preference by
Similarity to

an Ideal
Solution

(TOPSIS)

Proximity index (Euclidean distance) to a
theoretical ideal reef (maximum values for

each contribution). Each contribution is
centered (mean of 0) and scaled (standard

deviation of 1).

Scales explicitly the reefs
between worst-case and best-

case scenarios.
25

Mazziotta-
Pareto Index

(MPI)

Non-compensatory composite index which,
based on linear aggregation, introduces a

penalty for reefs with unbalanced
contributions.

Assumes imperfect
substitutability between
various dimensions. The

MPI favors reefs with
balanced contributions.

Concept: 26,
Package
used: 27

Factor analysis

By performing a principal component
analysis (PCA), the composite indicator is
based on the reef coordinates in each PCA

axis, multiplied by the proportion of
variance explained in each axis.

Cannot be used to estimate
NN and NP scores, as PCA

axes do not conserve the
directionality of

contributions when they are
negatively correlated.

27
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Figure  S1:  Distribution  of  pairwise  correlation  coefficients  between  all  contributions.  We
measured the Pearson pairwise correlations between the 29 contributions provided by fishes in 1,237
tropical reefs. Within the 406 pairwise correlations, half show minimal dependence (r  [-0.2; 0.2];∊
bounded by the dotted lines), 156 (38%) pairs are positively correlated (r > 0.2) and 53 (13%) are
negatively correlated (r < -0.2). All correlations with |r| > 0.07 are significant (p-value < 0.01) and the
median of |r| is 0.21.
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Figure  S2:  Correlogram  of  Pearson  coefficient  correlation  between  the  29  fish  community
contributions. Colors  illustrate  the value of the  r  coefficient  of  the  correlation,  with blue colors
indicating positive correlations and red colors indicating negative correlations.  The upper triangle
precises each r coefficient.
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Figure S3:  Principal components, eigenvalues (in %), and explained variance from principal
component analysis (PCA) performed at the global scale: 9 dimensions are worth describing the
variability of reefs in a 29 contribution space. Gray bars indicate the eigenvalue of each PCA
dimension,  the  blue  line  represents  the  cumulative  curve  of  the  variance  explained,  the  last  9
dimensions of the PCA are not displayed.  The black dot represents the dimensionality required to
parsimoniously describe covariations of contributions according to the elbow method (9 dimensions,
84% of variance explained).

709
710
711
712
713
714
715
716
717
718
719



Page 9 of 56

Figure S4:  PCA biplot  of  all  contributions used in this  study.  Color  of  variables  indicates  if
contributions are relative to Nature (green) or People (blue). Points colors illustrate the total biomass
in the reef. Many Nature-for-Nature contributions are positively correlated to the biomass, whereas
Nature-for-people contributions are more scattered.
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Figure S5: Robustness of pairwise correlations between contributions to the sampled region. We
measured the Pearson pairwise correlations between the 29 contributions in reefs of Australia (n=702)
and in reefs out of Australia (n=535). This plot compares the 406 pairwise correlations between these
two sampled regions. The dashed line illustrates the 1:1 relationship. By comparing the correlation
matrix of contributions between Australian reefs (n = 702 reefs) and tropical reefs in the rest of the
world (n = 535 reefs), the Mantel test shows that these two correlograms are fairly similar (r = 0.835,
p = 0.001).
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Figure S6: Relationship between Nature’s Contributions and total biomass in coral reefs. At the
global scale, we can see that many of Nature-for-Nature contributions (green) are positively correlated
to the total biomass of the reef (r pearson correlation: median = 0.43, 1st  quartile = 0.13, 3rd quartile
= 0.67), whereas Nature-for-people contributions (blue) are more independent (r pearson correlation:
median = 0.03, 1st quartile = -0.17, 3rd quartile = 0.22), except for available biomass (r = 0.94).
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Figure S7: The position of reefs in the NNxNP space. For each reef, we average all contributions
according to their category (NN or NP). In each quarter, the 5% outliers are named and highlighted in
black (each name is preceded by a unique ID called 'SiteCode' in the RLS protocol).
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Figure S8: Sensitivity analysis: the four corners of the NN vs. NP spectrum and management
strategies in tropical reefs only. This figure has been constructed in the same way as figure 2, but
considering only tropical reefs (minimum monthly sea surface temperature (SST) ≥ 20°C).  We can
note that the trends are largely conserved with figure 2, and that the reefs highlighted in (C) can be
found in figure S11.

(A) Relationship between NN and NP scores of tropical reefs. At the global scale, NN and NP scores
are weakly  correlated (r  = 0.12,  p  < 0.001).  The dashed lines  indicate  for  each color  the  50%
quantile of the NNxNS gradient.  Therefore, the dashed curved lines encompass 50% of the reefs.
Symbols  for  reefs  that  are  5% outliers  of  each  quarter  are  highlighted  with  black  borders.  (B)
Proportion of reefs under the different protection status (No take reserves, restricted areas, fished
area). (C) Geographic distribution of the 5% tropical reefs outliers in each NN-NP category and their
management status. 
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Figure  S9:  Spatial  autocorrelation  of  NN and  NP scores. Moran  indices  estimate  the  spatial
dependence of scores at discrete distance classes (increment of 100 km). A Moran index measures the
spatial autocorrelation of scores separately, e.g. by estimating whether nearby reef communities have
closer scores than expected by chance. Moran indices significantly different from 0 are reported in red
dots (p-value <0.01). Significant Moran index means that scores at this distance are more correlated
than in a random spatial distribution of reefs. The Epperson x-intercept, highlighted by the dashed
line, is the distance at which the reefs can be considered to be no more similar than expected by-
chance-alone  across  the  map  (compared  with  99  random  models,  i.e  when  the  effect  size  of
autocorrelation is close to 0). Reefs nearer than 1348 km have NN scores closer than expected by
chance,  while  only  reefs  nearer  than  263  km  have  close  NP  scores.
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Figure S10: Global distribution of NN and NP scores. In each reef, we average all contributions
according to their category (NN or NP). The intensity of green and blue represents the value of the
scores of NN and NP respectively. The 2% highest scores are highlighted by black circles.
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Figure S11:  Geographic distribution of  the tropical  reefs  according to their  contribution to
Nature and People. Colors of reefs are displayed according to their position in the NNxNP space (see
Fig. S7), reefs in the corner NN-only are in green, NP-only in blue, dark spots in grey and bright spots
in yellow. The brightness of colors hints at the level of contributions and the 5% outliers of each
corner are highlighted with a bold circle (see Fig. S7). Figures (B) and (C) are zooms on Central
America and Australia (black rectangles in (A)).
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Figure S12: Reef life surveys used in this study and their protection status. Reefs within no-take
Marine  Protected  Areas  (MPAs)  or  MPAs  with  multiple  no-take  zones,  combined  with  high
enforcement (expert opinion; Cinner et al. 2020) were classified as "No-take", while reefs located in
other MPAs were qualified as "Restricted", and those without any documented MPAs were considered
as "Fished".  Figures (B) and (C) are zooms on Central America and Australia (black rectangles in
(A)).
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Figure S13: Correlogram of Pearson coefficient correlation between Nature-for-Nature (NN)
and Nature-for-People (NP) scores estimated using different methods for calculating composite
indicators. Colors illustrate the value of the pearson r coefficient of the correlation, with blue colors
indicating positive correlations and red colors indicating negative correlations. The value of each r
coefficient  is  specified  for  each  pair  in  gray.  All  NN  (and  respectively  NP)  scores  are  highly
positively correlated with the weighted arithmetic mean (highlighted in red), with Pearson correlation
coefficients above 0.96 and 0.74 for NN and NP scores, respectively.

833

834
835
836
837
838
839
840
841
842
843
844



Page 19 of 56

Supplemental references
1. Edgar, G., and Stuart‐Smith, R. (2014). Systematic global assessment of reef fish communities by

the Reef Life Survey program. Sci. Data 1, 140007. https://doi.org/10.1038/sdata.2014.7.

2. Parravicini, V., Casey, J.M., Schiettekatte, N.M.D., Brandl, S.J., Pozas-Schacre, C., Carlot, J.,
Edgar, G.J., Graham, N.A.J., Harmelin-Vivien, M., Kulbicki, M., et al. (2020). Delineating reef
fish  trophic  guilds  with  global  gut  content  data  synthesis  and  phylogeny.  PLOS  Biol.  18,
e3000702. https://doi.org/10.1371/journal.pbio.3000702.

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

4. Duhamet, A., Albouy, C., Marques, V., Manel, S., and Mouillot, D. (2023). The global depth
range of marine fishes and their genetic coverage for environmental DNA metabarcoding. Ecol.
Evol. 13, e9672. https://doi.org/10.1002/ece3.9672.

5. Albouy,  C.,  Archambault,  P.,  Appeltans,  W.,  Araújo,  M.B.,  Beauchesne,  D.,  Cazelles,  K.,
Cirtwill, A.R., Fortin, M.-J., Galiana, N., Leroux, S.J., et al. (2019). The marine fish food web is
globally connected. Nat. Ecol. Evol. 3, 1153–1161. https://doi.org/10.1038/s41559-019-0950-y.

6. Kulbicki, M., Parravicini, V., Bellwood, D.R., Arias-Gonzàlez, E., Chabanet, P., Floeter, S.R.,
Friedlander, A., McPherson, J., Myers, R.E., Vigliola, L., et al. (2013). Global Biogeography of
Reef  Fishes:  A  Hierarchical  Quantitative  Delineation  of  Regions.  PLoS  ONE  8.
https://doi.org/10.1371/journal.pone.0081847.

7. Magneville,  C.,  Loiseau,  N.,  Albouy,  C.,  Casajus,  N.,  Claverie,  T.,  Escalas,  A.,  Leprieur,  F.,
Maire, E., Mouillot, D., and Villéger, S. (2022). mFD: an R package to compute and illustrate the
multiple facets of functional diversity. Ecography 2022. https://doi.org/10.1111/ecog.05904.

8. Siqueira, A.C., Morais, R.A., Bellwood, D.R., and Cowman, P.F. (2020). Trophic innovations
fuel reef fish diversification. Nat. Commun. 11, 2669. https://doi.org/10.1038/s41467-020-16498-
w.

9. Kembel,  S.W.,  Cowan,  P.D.,  Helmus,  M.R.,  Cornwell,  W.K.,  Morlon,  H.,  Ackerly,  D.D.,
Blomberg, S.P., and Webb, C.O. (2010). Picante: R tools for integrating phylogenies and ecology.
Bioinforma. Oxf. Engl. 26, 1463–1464. https://doi.org/10.1093/bioinformatics/btq166.

10. Marcon, E., and Hérault, B. (2015). Decomposing phylodiversity. Methods Ecol. Evol.  6, 333–
339. https://doi.org/10.1111/2041-210X.12323.

11. Schiettekatte, N., Barneche, D.,  Villéger, S.,  Allgeier,  J.,  Burkepile, D., Brandl, S.,  Casey, J.,
Mercière, A.,  Munsterman, K., Morat,  F.,  et  al.  (2020). Nutrient limitation, bioenergetics and
stoichiometry:  A new model  to predict  elemental  fluxes mediated by fishes.  Funct.  Ecol.  34.
https://doi.org/10.1111/1365-2435.13618.

12. Ghilardi, M., Salter, M.A., Parravicini, V., Ferse, S.C.A., Rixen, T., Wild, C., Birkicht, M., Perry,
C.T., Berry, A., Wilson, R.W., et al. (2023). Temperature, species identity and morphological
traits predict carbonate excretion and mineralogy in tropical reef fishes. Nat. Commun. 14, 985.
https://doi.org/10.1038/s41467-023-36617-7.

13. Ghilardi, M. (2023). A multilevel assessment of the drivers of fish contribution to the inorganic
carbon cycle on coral reefs. https://doi.org/10.26092/elib/2648.

14. Carpentier,  C.,  Barabás,  G.,  Jürg  Werner  Spaak,  Jürg  Werner  Spaak,  Spaak,  J.W.,  and  De
Laender, F. (2021). Reinterpreting the relationship between number of species and number of

845



Page 20 of 56

links  connects  community  structure  and  stability.  Nat.  Ecol.  Evol.  5,  1102–1109.
https://doi.org/10.1038/s41559-021-01468-2.

15. Danet, A., Mouchet, M., Bonnaffé, W., Thébault, E., and Fontaine, C. (2021). Species richness
and  food-web  structure  jointly  drive  community  biomass  and  its  temporal  stability  in  fish
communities. Ecol. Lett. 24, 2364–2377. https://doi.org/10.1111/ele.13857.

16. Morais, R.A., and Bellwood, D.R. (2018). Global drivers of reef fish growth. Fish Fish. 19, 874–
889. https://doi.org/10.1111/faf.12297.

17. Morais, R., and Bellwood, D. (2020). Principles for estimating fish productivity on coral reefs.
Coral Reefs 39. https://doi.org/10.1007/s00338-020-01969-9.

18. Seguin,  R.,  Mouillot,  D.,  Cinner,  J.,  Stuart-Smith,  R.,  Maire,  E.,  Graham,  N.,  McLean,  M.,
Vigliola, L., and Loiseau, N. (2022). Towards a productivity-based management of tropical reefs
in the Anthropocene. Consid. Nat. Portf. J. https://doi.org/10.21203/rs.3.rs-1392481/v1.

19. Maire, E., Graham, N.A.J., MacNeil, M.A., Lam, V.W.Y., Robinson, J.P.W., Cheung, W.W.L.,
and Hicks, C.C. (2021). Micronutrient supply from global marine fisheries under climate change
and overfishing. Curr. Biol. 31, 4132-4138.e3. https://doi.org/10.1016/j.cub.2021.06.067.

20. Langlois, J., Guilhaumon, F., Baletaud, F., Casajus, N., Braga, C.D.A., Fleuré, V., Kulbicki, M.,
Loiseau, N., Mouillot, D., Renoult, J.P., et al. (2022). The aesthetic value of reef fishes is globally
mismatched  to  their  conservation  priorities.  PLOS  Biol.  20,  e3001640.
https://doi.org/10.1371/journal.pbio.3001640.

21. Tribot,  A.-S.,  Deter,  J.,  Claverie,  T.,  Guillhaumon, F.,  Villéger,  S.,  and Mouquet,  N.  (2019).
Species diversity and composition drive the aesthetic value of coral reef fish assemblages. Biol.
Lett. 15, 20190703. https://doi.org/10.1098/rsbl.2019.0703.

22. McLean, M., and Casajus, N. (2024). mcleamj/aesthetic_value: v1.0.0. Version v1.0.0 (Zenodo).
https://doi.org/10.5281/zenodo.11551781 https://doi.org/10.5281/zenodo.11551781.

23. Mouquet, N., Langlois, J., Casajus, N., Auber, A., Flandrin, U., Guilhaumon, F., Loiseau, N.,
McLean, M., Aurore, R., Stuart‐Smith, R., et al. (2024). Low human interest for the most at-risk
reef fishes worldwide. Sci. Adv. 10, eadj9510. https://doi.org/10.1126/sciadv.adj9510.

24. Kark,  S.,  Mukerji,  T.,  Safriel,  U.N.,  Noy-Meir,  I.,  Nissani,  R.,  and Darvasi,  A.  (2002).  Peak
Morphological Diversity in an Ecotone Unveiled in the Chukar Partridge by a Novel Estimator in
a Dependent Sample (EDS). J. Anim. Ecol. 71, 1015–1029.

25. Jouval, F., Adjeroud, M., Latreille, A.C., Bigot, L., Bureau, S., Chabanet, P., Durville, P., Elise,
S., Obura, D., Parravicini, V., et al. (2023). Using a multi-criteria decision-matrix framework to
assess the recovery potential of coral reefs in the South Western Indian Ocean. Ecol. Indic. 147,
109952. https://doi.org/10.1016/j.ecolind.2023.109952.

26. De Muro (2012). Composite Indices of Development and Poverty: An Application to MDGs.
https://www.researchgate.net/publication/227113176_Composite_Indices_of_Development_and_
Poverty_An_Application_to_MDGs.

27. Vidoli, F., and Fusco, E. (2023). Compind: Composite Indicators Functions. Version 2.9.


	Table 1: Nature contributions used in this study. We divided the 29 fish-based contributions into two categories: Nature contribution for Nature (NN) and for People (NP). All metrics were calculated at the reef fish community level using data from standardized reef fish surveys. We assumed that the values of each contribution scale positively with its benefit to people or nature. Contributions identified by (*) have been log-transformed to limit the effect of asymmetric and high-magnitude distributions (see table S1 for calculation details and data sources).

