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Unravelling food web dynamics across biological communities is a central
goal of ecology. In size-structured ecosystems, the shape of trophic
pyramids is often inferred from their size spectra—the distribution of
biomass across body-mass classes. Size-spectrum analysis has become
a popular tool to study ecosystem functioning in aquatic ecosystems,
including coral reefs. However, the key assumption behind size spectra,
that body size directly and positively correlates with trophic position, has
rarely been evaluated in these systems. Here, we test this assumption
by quantifying body mass, population densities and estimating trophic
position from stable isotopes for 325 fish species across four Indo-
Pacific locations. Consistent with prior studies, we found a positive
relationship between biomass and body mass. However, weak and
variable relationships between body mass and trophic position led to
higher biomass in primary consumers than in predators, as expected
in traditional bottom-heavy or diamond-shaped trophic structures. Our
findings thus challenge previous reports of coral reef fish biomass
prevalence in higher trophic levels (e.g. inverted biomass pyramids),
supporting earlier suggestions that simple size-spectrum models do not
adequately represent the trophic structure of reef fish communities.

1. Background
Biomass distribution across trophic positions (TPs) is an emergent property
of energy transfer in natural ecosystems [1]. It is often depicted as a pyra-
mid in which primary producers comprise the most biomass at the pyramid
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base, while apex predators comprise the least biomass at the top (figure 1A). This pattern emerges from the fact that energy
and nutrient transfers across adjacent TPs are inefficient, with an estimated 10% of the energy in one TP being transferred to
the next, on average [1–3]. This pattern is assumed to exist across all ecosystems and has been observed from terrestrial [4] to
aquatic realms [2,5–8].

In many ecosystems, biomass is negatively correlated with individual body size, creating a consistent size spectrum of
abundance, biomass and energy [7,9–12]. These size spectra particularly arise in aquatic ecosystems because aquatic organisms
are generally gape constrained and only able to feed on smaller-sized prey. Therefore, in aquatic communities, TP is assumed
to be dictated largely by body size. This introduces the expectation that trophic and body size pyramids should have a similar
shape and explains why—unlike terrestrial ecosystems—body mass is often used as a proxy for TP (figure 1C) [6,8].

Marine communities are energetically open to external subsidies, which may promote fluid shapes of perceived trophic
pyramids, with the emergence of different community structures. The classical, bottom-heavy pyramids arise in ecosystems
that strongly depend on local primary production or slightly fished systems [6]. Inverted, top-heavy pyramids can emerge in
unexploited systems that rely on substantial external subsidies, such as through small-bodied consumers in kelp forests [7]
and predator aggregations on coral reefs [13–15]. By contrast, when secondary consumers are more abundant than expected
from a typical pyramid shape but top predators are not, pyramids are spatially subsidized [16,17] and have a ‘middle-heavy’
shape [18]. However, in marine ecosystems, accurately determining the shape and dynamics of trophic structures is challenging
because empirically defining the TP of species requires collecting an often prohibitive number of samples for the analysis of gut
contents or stable isotopes [15,19]. Therefore, TP is usually expressed assuming a positive relationship with body size or, at best,
using species-specific estimates of TP that do not account for spatial and intraspecific variability, especially for coral reef fishes
[5,6,12,20].

Coral reef ecosystems are distinct in that they host herbivores (i.e. primary consumers) across an exceptionally broad
body-size spectrum, ranging from the smallest marine herbivorous vertebrate (the goby Koumansetta rainfordi with approx. 5.6
cm maximum total length or approx. 2 g body mass [21]) to the bumphead parrotfish (approx. 25 000 g average body mass,
[22]). By contrast, many predators are relatively small-bodied, with a mean size of approximately 5 cm total length [15,23].
These and other examples suggest that the emergence of inverted biomass pyramids could also reflect food webs that are
only partially size-structured, and where body mass does not consistently reflect TP [12,24]. Stable isotope analysis has been
used to infer the relationship between body mass and TP, as well as to estimate community-wide predator-to-prey mass ratios,
which can influence the shape of the biomass pyramid [6,10,12]. Yet, this approach has seen limited application to coral reef
size-spectrum analysis [12,25,26], leaving the relationship between body size and TP in this system largely untested.

Here, we analyse the relationship between body mass and TP in coral reef fish communities to assess the hypothesis that
these systems lack size structuring (figure 1D). To test this, we leverage a large dataset of nitrogen stable isotope signatures
(δ15N), including 4781 individuals across 325 coral reef fish species from four locations in the Pacific Ocean (New Caledonia
and Society, Gambier and Tuamotu archipelagos in French Polynesia; figure 2), combined with underwater visual surveys (UVS)
conducted in the same locations. In particular, we investigate four questions: (i) how is fish biomass distributed across body
mass classes on coral reefs? (ii) How is fish biomass distributed across TP classes on coral reefs? (iii) Is reef fish body mass
positively related to TP? (iv) How are coral reef fish trophic pyramids shaped?

2. Results
Our results are based on a comprehensive dataset where data on fish abundance, body mass and δ15N signatures were obtained
from 70 sampling sites across four locations in the Pacific (New Caledonia, Society, Tuamotu and Gambier archipelagos; figure
2). Values of body mass and abundance were obtained from 348 surveyed transects, while δ15N signatures were obtained from
a variable number of collected individuals from each location (table 1). To integrate stable isotope data with UVS data, we first
modelled the relationship between individual δ15N values, individual body size and species identity for each location using
Bayesian modelling. Then, we predicted δ15N values for each individual recorded in the UVS dataset, which allowed us to
capture ontogenetic shifts in δ15N values. Predicted individual δ15N values obtained from this analysis were then converted into
TP following Hussey et al. [27] and Robinson & Baum [12]. In each location, we separated herbivores from carnivores, and we
applied the two models described in Robinson & Baum [12], using baselines from the lowest individual δ15N value in each
category and for each location. This method allowed us to retrieve individual values of TP, used in our main analyses. Further
analyses aimed at exploring the structure of fish trophic pyramids were conducted using Bayesian hierarchical models, with
biomass aggregated at the transect scale by log10 body mass classes or 0.5 binned TP classes, and with sampling sites and years
included as random effects (see §5 for further details).

(a) How is fish biomass distributed across body mass classes on coral reefs?
We first examined the structure of reef fish communities by exploring the distribution of fish biomass across the individual
body mass gradient. In particular, we explored the relationship between log10 biomass and log10 body mass classes within
transects. We found that the probability for a positive relationship was P(effect >0) = 1 for all our locations (figure 3A and
electronic supplementary material, table S1), indicating a generalized tendency for larger fishes to contribute to community
biomass more than smaller fishes. All our models had good to moderate explanatory power, with the highest and lowest R2 in
the Tuamotu archipelago and in New Caledonia, respectively (R2 = 0.62 and 0.34; electronic supplementary material, table S1).
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(b) How is fish biomass distributed across trophic position classes on coral reefs?
We then assessed the shape of the trophic pyramid based on log10 biomass and TP (using TP classes with a bin width of
0.5). Contrary to the expectation, we found a non-positive relationship between log10 biomass and TP classes for three out of
four locations (figure 3B and electronic supplementary material, table S1). Only in the Tuamotu did the relationship suggest a
positive trend, with P(effectTuamotu >0) = 0.92. However, the explanatory power of these models was considerably lower than
those exploring biomass distribution across body mass classes (e.g. between R2

Gambier = 0.01 and R2
Society = 0.07; electronic

supplementary material, table S1).
We further explored whether this pattern may have emerged from the method through which we converted δ15N values

into TP. More precisely, we assessed the relationship between log10 biomass and raw δ15N classes with a bin width of 1‰ as a
sensitivity analysis. The results were largely consistent with those obtained using TP classes, including the trend in the Tuamotu
where the probability of a positive relationship between biomass and δ15N classes P(effectTuamotu >0) was 0.90. However, again,
the explanatory power of this set of models was extremely low, with a maximum R2 = 0.03 found in the Tuamotu and Gambier
archipelagos (electronic supplementary material, figure S1 and table S2).

Figure 1. (A) Theoretical relationship between TP and biomass/abundance in a bottom-heavy pyramid. (B) Theoretical relationship between TP and biomass/
abundance in an inverted, top-heavy pyramid. (C) Commonly assumed positive relationship between TP and individual body mass. (D) Hypothesized mismatch
between body mass-based pyramid (top) and TP-based pyramid (bottom) when the relationship between TP and body mass would not be positive (i.e. body mass
would not be a reliable proxy of TP). (E) Example of a large-bodied herbivore, Scarus quoyi (average body size = 30 cm), and (F) a small-bodied predator, Cirrhitichthys
falco (average body size = 6 cm). (G) Theoretical trophic pyramid structures with different biomass ratios between two consecutive TPs. Images: Cinzia Osele Bismarck
(E) and James Lee (F).

Figure 2. The four study locations: (1) Nouméa, New Caledonia; (2) Mo’orea, Society Islands; (3) Mururoa, Tuamotu Islands; and (4) Mangareva, Gambier Islands.
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(c) Is coral reef fish body mass positively related to trophic position?
Because community structure differed when assessed by log10 body mass versus TP classes, we further examined the link
between individual body mass and TP through Bayesian hierarchical models, treating species as a random effect. We found
support for a positive relationship between body mass and TP, with the highest probability of a positive relationship of 0.99
found in New Caledonia and the Society archipelago (figure 3C and electronic supplementary material, table S1). However,
the explanatory power of this relationship was extremely low, with the highest value observed in New Caledonia and in the
Tuamotu archipelago (R² = 0.02), indicating that variation in TP is overwhelmingly not due to variation in body mass. As a
result, body mass cannot be considered a reliable proxy for TP. Again, using raw δ15N values instead of TP yielded similar
results (electronic supplementary material, figure S1 and table S2).

(d) How are coral reef fish trophic pyramids shaped?
Across locations, the relationship between the biomass ratio of two consecutive TP classes and the midpoint of the upper class
was flat to negative (figure 4). Indeed, across all locations, we found evidence against a positive relationship (P(effectTuamotu >0)
= 0.22 to P(effectSociety >0) = 0.01; electronic supplementary material, table S1). This is characteristic of pyramids with a higher
biomass at the intermediate trophic levels than at the low and high trophic levels (i.e. diamond-shaped trophic structure; figure
1G). Results were consistent using δ15N classes instead of TP classes (electronic supplementary material, figure S1 and table S2).

3. Discussion
By combining UVS and stable isotope analyses, we assessed the extent to which coral reef fish communities are size-structured
and whether size spectra can effectively capture ecosystem trophodynamics. We found strong positive relationships between
body mass and biomass across four Indo-Pacific locations, consistent with literature reports of inverted biomass pyramids
[6,28]. However, we also observed a negative relationship between biomass and TP classes, with TP only weakly associated
with body mass. Finally, we showed that the biomass distribution across TP was not linear for reef fishes in our study; rather,
biomass pyramids generally exhibited a diamond structure with most biomass accumulated at intermediate trophic levels.
Although several models had low explanatory power, which suggests that other factors determine the trophodynamics of
fish assemblages, our results clearly show a consistent lack of positive relationship between body size and TP for coral reef
fish communities, offering a clearer picture of their trophodynamics in both relatively unexploited (Gambier and Tuamotu
archipelagos) and heavily fished reef systems (Society Archipelago and New Caledonia).

Table 1. Summary of the three datasets (UVSs, isotopic signatures and the unification of both) used for the mixed effects models.

database location year number of sites number of transects number of species number of individuals

UVSs New Caledonia 2010 5 16 169 3379

2012 6 17 106 1095

Society 2016 13 78 95 1943

2018 13 78 98 1830

2019 13 77 102 2018

Tuamotu 2006 24 28 148 3296

Gambier 2010 27 54 170 2900

isotopes New Caledonia 2010 39 143 1283

Society 2016 — 48 394

2018 47 120 518

2019 31 142 466

Tuamotu 2006 17 215 2096

Gambier 2010 29 148 613

assembled dataset New Caledonia 2010 5 16 54 2908

2012 6 17 30 711

Society 2016 13 77 66 1524

2018 13 78 71 1550

2019 13 78 69 1314

Tuamotu 2006 24 28 106 3666

Gambier 2010 27 54 97 5057
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In unfished conditions, reef fish biomass is sometimes hypothesized to accumulate at higher trophic levels—leading to
supposedly ‘inverted’ (or top-heavy) biomass pyramids [6]. In line with this hypothesis, our results illustrate how such inverted
biomass pyramids might emerge [29,30]. This pattern has traditionally been associated with predator-dominated, isolated and
uninhabited ecosystems, which are often contrasted with overfished and ‘trophic downgraded’ systems [6,20,31,32]. While
inverted pyramid structures are possible and occur in simplified or restricted components of food webs (such as planktonic
or insect–bromeliad food webs [20]), they remain unlikely in natural, complex ecosystems such as coral reefs, given the
requirements of specific combinations of predator and prey body size ratios, ontogenetic stage of prey and energy transfer
efficiency [3,33].

Figure 3. The relationships between biomass and body mass class or TP across the four locations. (A) Transect-level relationships between biomass and body mass
classes. (B) Transect-level relationships between biomass and TP classes. For this analysis, the classes of TP (i.e. trophic groups) are defined with a steady step of 0.5. (C)
Individual-level relationship between TP and log-transformed body mass. Points represent transects (A and B) or individuals, coloured according to the known trophic
guilds (C), while solid lines and ribbons are model predictions and represent the median and credible interval, respectively. Insets illustrate the posterior distribution of
the slopes, where the grey area represents the posterior density and vertical, dashed lines represent zero (i.e. no relationship).

Figure 4. Relationships between the transect-level biomass ratio between two consecutive TP classes and the midpoint of the highest of the two consecutive TP
classes across the four locations. Points represent individual transects, while solid lines and ribbons are model predictions and represent the median and credible
interval, respectively. Red horizontal lines mark 1 on the y-axis, referring to the hypotheses enounced in figure 1G. Insets illustrate the posterior distribution of the
slopes, where the grey area represents the posterior density and vertical, dashed lines represent zero (i.e. no relationship).
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When using TP rather than body mass, we observed the opposite trend, a negative relationship between reef fish biomass
and TP classes, despite low explanatory power in the models. On coral reefs, inverted biomass pyramids are typically reported
based on observed large proportions of top predators in comparison to organisms at lower TP [31,32]. This observation can
be explained by sampling bias [34,35] or failing to account for cross-ecosystem food web connections (i.e. spatial subsidies)
[13,29,36]. Top predators on coral reefs (e.g. reef sharks, jacks and trevallies) move across non-reef ecosystems (e.g. pelagic
waters, mangroves and seagrass beds) and thus feed across multiple trophic pyramids and levels [36,37]. This ‘active subsidi-
zing’ behaviour explains how some predators seemingly escape the constraints of decreasing biomass transfer efficiency, but it
may also inflate the perceived top-level biomass within any single food web [6,35,38]. Our study only focuses on ray-finned fish
species to remove the biases associated with sharks, which might not be gape-limited. Both mobile predators, such as trevallies
and snappers, and subsidies from prey movements (e.g. planktonic inputs [16]) can also skew local biomass pyramids [19,28].
The most parsimonious interpretation of our findings is that body mass and TP are decoupled in reef fishes. This is driven, at
least in part, by low TP-feeding fishes that have large body sizes [33].

On coral reefs, species that occur at low TP can often outgrow species that occur at high TP. For instance, parrotfishes
are low-TP consumers that predominantly feed on algae and cyanobacteria [14,32] (figure 1E); yet, the steephead parrotfish,
Chlorurus microrhinos, can reach 70 cm in length and 5 kg in weight [39–41]. On the other hand, several families of piscivorous
predators rarely exceed 30 cm (e.g. Synodontidae [42], Cirrhitidae [43]; figure 1F), and most cryptobenthic predators grow no
more than a few centimetres in length [23]. Such mismatches between TP and body mass may help explain why some coral
reef food webs appear to exhibit inverted trophic pyramids when solely based on body mass [20,33]. Predation on coral reefs
is largely driven by small-bodied predators, including cryptopredators under 15 cm in length, which account for up to 90%
of predation events [23]. Their dominance is supported by the high productivity and turnover of cryptobenthic fishes, which
provide a constant, abundant prey base despite their small size [44]. These dynamics allow small predators to play a major
trophic role, decoupling body size from predation pressure. In contrast, the prevalence of large-bodied herbivores likely reflects
the extensive, fast evolutionary diversification of nominally herbivorous fishes (mostly parrotfishes and surgeonfishes), as well
as the potential role of detritus in facilitating their growth [45].

We revealed a negative relationship between biomass ratios and TP classes in almost all studied locations. This pattern
illustrates biomass pyramids where the biomass of the primary consumers is equal to or superior to the biomass in the previous
layers of the pyramid, whereas the biomass of the secondary consumers at the top of the pyramid is inferior to the biomass of
the primary consumers (i.e. diamond-shaped trophic structure; figure 1G). Although literature that supports diamond-shaped
trophic pyramid structure is scarce, this type of pyramid highlights generalist predators that feed across TP [33,46], engaging
in dietary flexibility, omnivory, intra-guild predation [47] and cannibalism [48]. Finally, diamond-shaped pyramids can, to some
extent, also be the consequence of intense human harvesting of large herbivorous and predatory fishes. Regardless of the
mechanism, this showcases that traditional trophic pyramids may be too simple to characterize the full complexity of coral
reef fish communities. Although our study considered only fish consumers, excluding producers and invertebrate consumers,
accounting for these lower trophic levels would likely further support the view that inverted biomass pyramids are uncommon
on coral reefs [26,49].

Our findings are also relevant to coral reef energetics. For example, the fact that many predators are small-bodied and
consume small prey [23], including detritivorous cryptobenthic fishes, points to the prominence of nutrient cycling in shaping
the food chain [50]. Moreover, the diamond-shaped structure of some systems suggests a strong reliance on invertebrates,
sourced from the benthos or pelagic zone, supporting evidence that reef trophic structure is frequently subsidized by pelagic
sources [6,17,51,52]. Finally, bottom-heavy pyramids support a more classic interpretation of Lindeman’s pyramid [1], indicating
that some systems might be fuelled by benthic primary productivity. Therefore, our results reveal a wide diversity of energy
acquisition and transfer across reef ecosystems.

Our study has several limitations. First, due to the lack of site-specific isotopic baselines (e.g. algae or pelagic organic
matter), TP was estimated relative to the lowest δ¹⁵N values among herbivores and carnivores in each community. Although
additional baselines might have improved our TP estimates [19], our approach was necessary given the heterogeneous, large
dataset, which lacked consistent baseline data. Another limitation is the explanatory power of some of our models. Exploring
the relationships between biomass and TP, TP and body mass, or TP and biomass ratios, for example, generated R2 values
that were lower than the values obtained with body mass classes. The low R2 may be due to the existence of different and
variable energetic pathways that fuel coral reef ecosystems. This complexity makes reefs remarkably different from more closed
or simpler ecosystems, whereby the size spectra capture the trophic structure of the ecosystem. Finally, our exclusion of non-fish
taxa, especially primary producers and invertebrate consumers, likely leads to an underestimate of the slopes of size spectra
[53], although the expected effect of such is dampening of the strong detected body mass–biomass relationships.

4. Conclusion
Our study reveals that coral reef fish food webs are diamond-shaped when TP is empirically estimated through stable isotopes.
We suspect that some earlier observations of inverted biomass pyramids may have emerged as artefacts from treating body
mass as a surrogate for TP. We hypothesize that the presence of large herbivores and small top predators drives this mismatch
between body mass and TP. Our results support recent calls to re-evaluate the assumption that unharvested coral reefs
are dominated by top predators and non-top-heavy biomass pyramids emerge predominantly in response to anthropogenic
impacts. Therefore, caution must be exercised when evaluating size structures across coral reef food chains. When assumptions
are made based on body mass, size structure may lead to biased interpretations of ecosystem functioning.
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5. Methods
(a) Data collection

(i) Fish surveys

We compiled fish community data from UVSs conducted across four tropical archipelagos, including New Caledonia and the
Society, Gambier and Tuamotu Islands in French Polynesia (figure 2). In the Society Islands, data were collected across eight
marine protected areas (MPAs) in Moorea, where UVSs have been conducted annually since 2004 by the Centre de Recherche
Insulaire et Observatoire de l’Environnement (CRIOBE) under the Service National d’Observation CORAIL programme (SNO
CORAIL). We selected UVS data from 2016, 2018 and 2019 to match the years when stable isotope analyses were conducted.
In each MPA, three UVS replicates are performed at each of three reef zones: fringing reef, barrier reef and outer slope. For
consistency across archipelagos, we only selected lagoon areas from this survey (i.e. fringing and inner barrier reef). A UVS
consists of a 25 × 2 m belt transect where divers record the species, size and abundance of all fishes. In the Gambier and
Tuamotu archipelagos of French Polynesia, data collection followed a different but consistent method, with all UVSs in the
lagoon. UVSs consisted of 50 × 10 m belt transects along which two divers recorded the species, size and abundance of all
fishes. In the Gambier Archipelago, data were collected in 2010 across 20 lagoon sites across all the islands, while in the
Tuamotu Islands, four lagoon sites were surveyed around Mururoa Island in 2006. In New Caledonia, 37 sites were surveyed
between 2006 and 2019. From these, we selected data from 2010 and 2012 to match the years when stable isotope analyses were
conducted. This selection included six sites and 17 transects. Among the four archipelagos sampled, the Gambier Archipelago
and Mururoa Island were the least harvested sites, while the Society Archipelago and New Caledonia included the most
human-impacted sites (e.g. Moorea and Noumea). We calculated standing biomass across locations by summing biomass across
all transects and dividing it by the total area surveyed, thus accounting for differences in belt transect dimensions. Fish lengths
were converted to body mass using length–weight coefficients from FishBase [54]. Large predators tend to be overestimated in
non-instantaneous counts due to their fast-swimming speeds [35], while small, cryptic fishes are often overlooked by observers
[44,55]. Thus, we removed sharks and rays, as well as fish species with body mass estimates of less than 1 g, from the datasets.

(ii) Fish collections and stable isotope analyses

In each archipelago, in the same years when UVSs were conducted, a subset of the surveyed fish species was collected for stable
isotope analysis. Collection details for each sampling period are detailed in table 1.

In Moorea, large fishes were collected using spearguns, and small cryptobenthic fishes were collected with a 4 : 1 ethanol
to clove oil solution. Across the other archipelagos, fishes were collected with anaesthetic [56]. After collections, dorsal white
muscle was sampled to assess the isotopic signature of each individual. Samples were stored in 2 ml tubes at −20°C. Sample
vials were covered with parafilm and then freeze-dried for a minimum duration of 24 h. Dried samples were then ground
with metal balls in a Tissue Lyser (Qiagen). For samples from the Society Archipelago, encapsulation and mass spectrometry to
assess δ15N was performed at Cornell Stable Isotope Laboratory (COIL). For samples from the Gambier and Tuamotu Islands,
analyses were performed at the University of Santa Monica. For the samples from New Caledonia, analyses were performed at
the University of Newcastle and the Scottish Crop Research Institute [57].

(b) Data preparation
For each individual fish recorded in the UVS data, we predicted a location and individual-specific δ15N based on body size to
account for ontogenetic shifts in δ15N values. In each location, for species with more than six δ15N observations (n = 121 species
out of 260 species), δ15N was predicted using species-specific δ15N–length relationships obtained by fitting a Bayesian linear
regression with the brms R package [58], with δ15N as the response variable and a species and log2 total length interaction as
the predictor. For the remaining species (n = 139 species out of 260 species), δ15N was predicted using δ15N–length relationships
modelled at the level of trophic guilds.

We relied on TP values rather than raw δ15N for our statistical analyses, as estimated in Hussey et al. [27] and more recently
in Robinson & Baum [12]. Indeed, the fractionation of δ15N across trophic levels is nonlinear [59], and tools have been developed
to approximate reliable estimates of TP values from δ15N. We therefore followed the method found in Robinson & Baum [12]
that estimates the TPs of carnivores and herbivores separately as the fractionation can strongly vary between these guilds
[12,19,27,59]. This method uses two different modelling approaches, baselines and fractionation values for carnivores and
herbivores (as also recommended in [19]): the TP calculation for carnivores relies on a scaled method (i.e. allows the fractionation
value to depend on the δ15N limit reached as TP increases) developed in [27]. The value of the δ15N limit was retrieved from
[27] (δ15Nlim = 0.27). On the other hand, the TP estimation for herbivores was calculated through an additive method, where
fractionation is a set value, calculated in [12] (fractionationherbivores = 4.778‰). Following these methods, we used the predicted
individual δ15N values computed from the UVS dataset to run the models. For both herbivores and carnivores, at least one
baseline was required to estimate TP values for the rest of the community. Hence, following Robinson & Baum [12], as baselines,
we used the δ15N value of the individual that has the lowest δ15N value of its community for each guild (herbivore versus
carnivore) and location. For example, to estimate the TP values of carnivores with the scaled method, we used the δ15N value of
the planktivore with the lowest δ15N value in the fish community as the single baseline in the model. Similarly, to estimate the
TP values of herbivores with the additive approach, we used the δ15N value of the herbivore with the lowest δ15N value across
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the herbivore community as the single baseline. Estimations of TP and the selection of baselines were performed separately for
each location. To ensure our results were not strictly dependent on the method used to estimate TP, we kept δ15N values for
sensitivity analyses.

(c) Statistical analyses
Statistical analyses were performed based on the following questions: (i) how is fish biomass distributed across body mass
classes on coral reefs? (ii) How is fish biomass distributed across TP classes on coral reefs? (iii) Is coral reef fish body mass
positively related to TP? (iv) How are coral reef fish biomass pyramids shaped?

(i) How is fish biomass distributed across body mass classes on coral reefs?

To investigate the relationship between biomass and body mass, we first binned fish biomass for each transect according to
logarithmic (log10) body mass classes as described by [10]. We obtained a single value of log-transformed biomass for each body
mass class and each transect. Then, for each archipelago, we fitted a Bayesian linear mixed effects model with log-transformed
biomass (i.e. the proportion of total transect biomass present in each size class) as the response variable and body mass classes
as the explanatory variable. The site was included as a random effect on both the intercept and slope, and year was included
as a random effect on the intercept when sampling was performed over multiple years (i.e. in the Society Islands and New
Caledonia).

(ii) How is fish biomass distributed across trophic position classes on coral reefs?

To investigate the relationship between biomass and TP, we first binned fish biomass into TP classes and δ15N classes for
sensitivity analysis. Currently, no consensus exists on the best constant width for δ15N classes [27,59]. Thus, we used a bin width
of 1‰ for δ15N and 0.5 for TP. Then, for each archipelago, we fitted a Bayesian mixed effects model with biomass as the response
variable and TP classes as the explanatory variable. As in the previous set of models, site and year were included as random
effects. We fitted separate models for each location to account for potential differences in TP and baselines.

(iii) Is coral reef fish body mass positively related to trophic position?

To assess the assumed positive relationship between body mass and TP, we fitted a Bayesian mixed effects model with the
individual log10 body mass as the explanatory variable and the individual TP as the response variable from the fish isotope
dataset. Here, species was included as a random effect on the intercept and slope. To assess the sensitivity of results to the
method used to estimate TP, we repeated the analysis using δ15N as a response variable.

(iv) How are coral reef fish trophic pyramids shaped?

To identify the shape of the biomass pyramids, we computed the biomass ratio between two consecutive classes of TP (or δ15N
for sensitivity analysis) and used the log-transformed biomass ratio (log10) as the response variable in separate Bayesian mixed
effects models for each location. We used the midpoint of the upper TP class as the explanatory variable and included site as a
random effect on the intercept and slope, and year as a random effect on the intercept.

(v) Model fitting and evaluation

All analyses were performed using the package brms [58] in R [60]. All model sets were implemented by running four independ-
ent Markov chain Monte Carlo (MCMC) with 6000 steps per chain, retaining the last 3000 draws of each chain. Default, weakly
informative priors were employed for all model parameters with a student distribution on the intercept and a flat distribution
on the slopes. For each model, we examined all posterior predictive distributions and trace plots to assess convergence, and
R-hat statistics were inspected for each parameter of each model. If the four MCMC have converged, then the R-hat value
should not exceed 1. All indicators were deemed satisfactory and are presented in the electronic supplementary material, tables
S1 and S2. To evaluate the effects in our models, we used the posterior probability of a positive effect (i.e. proportion of the
posterior distribution above zero) of the explanatory variable on the response variable, which would be expected for an inverted
trophic pyramid. Effects with a posterior probability over 0.975 or under 0.025 (i.e. equivalent to a 0.95 probability of a negative
effect) were deemed significant. In addition to posterior probabilities, the relevance of an effect was estimated by looking at
the model R2 [61], calculated with the bayes_R2 function in the rstantools package [62]. For each model, the R2 calculation was
conditioned on the fixed effects only. An R2 close to 1 would indicate a high explanatory power of the model, while a R2 close to
0 indicates a weak explanatory power.
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