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SUMMARY

The distribution of biomass among trophic levels provides a theoretical basis for
understanding energy flow and the hierarchical structure of animal communities. In the
absence of energy subsidies [1], bottom heavy trophic pyramids are expected to
predominate, based on energy transfer efficiency [2] and empirical evidence from
multiple ecosystems [3]. However, the predicted pyramid of biomass distribution among
trophic levels may be disrupted through trophic replacement by alternative organisms
in the ecosystem, trophic cascades, and humans preferentially impacting specific trophic
levels [4-6]. Using empirical data spanning >250 coral reefs, we show how trophic
pyramid shape varies given human-mediated gradients along two orders of magnitude
in reef fish biomass. Mean trophic level of the assemblage increased modestly with
decreasing biomass, contrary to predictions of fishing down the food web [7]. The mean
trophic level pattern is explained by trophic replacement of herbivorous fish by sea
urchins at low biomass and the accumulation of slow growing, large bodied,
herbivorous fish at high biomass. Further, at high biomass, particularly where fishers
are not selectively removing higher trophic level individuals, a concave trophic
distribution emerges. The concave trophic distribution implies a more direct link
between lower and upper trophic levels, which may confer greater energy efficiency.
This trophic distribution emerges when community biomass exceeds ~650 kg/ha,
suggesting that fisheries for upper trophic level species will only be supported under

lightly fished scenarios.
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RESULTS AND DISCUSSION

We investigate trophic pyramid structures across a large gradient of coral reef fish biomass.
While differences in habitat condition can influence reef fish biomass, previous studies,
including some using large portions of the data we present here, have demonstrated that
humans are the dominant drivers of biomass [8, 9]. Our data span 253 coral reef sites across
nine countries or jurisdictions in the Indian Ocean, from heavily fished reefs in Kenya to
unfished reefs in the remote Chagos Archipelago. Across this gradient of two orders of
magnitude in reef fish biomass, we: 1) examine the relationship to mean trophic level of the
fish assemblages; 2) assess changes in trophic pyramid structure; 3) explore biomass-
dependent trophic replacement of fish by herbivorous sea urchins; and 4) characterize the

energetic impact of fishing based on biomass storage across trophic positions.

We found a weak negative relationship between total log-biomass and mean trophic level of
the fish assemblage (slope -0.057, confidence intervals -0.085 to -0.030), such that mean
trophic level was highest where fishing pressure was greatest (Figure 1). Our findings
contradict the ‘fishing down the food web’ paradigm, which predicts that mean trophic levels
of fish assemblages will decline with biomass as fishing pressure increases [7], supporting
critiques of this effect by others [e.g. 10]. Conversely, our patterns support recent findings by
Hatton et al. [3], suggesting trophic structures should become increasingly bottom heavy as
biomass increases. Although our relationship was statistically significant, there was
substantial variation in mean trophic level along the biomass continuum, suggesting that

trophic organization is influenced by many variables.

Upper trophic level fish biomass declined with reducing total biomass. However, overall
mean trophic level increased toward lower biomass levels due to increasing proportions of
mid trophic position individuals, while at higher biomass levels there were greater
proportions of lower trophic position individuals [3] (Figure 2). On a log scale, absolute
trophic structure appears as an undifferentiated stack at high biomass levels (Figure S1),
similar to expectations outlined by Trebilco et al. [2]. However, this obscures a concave
shape at high biomass, which is most apparent from the relative trophic structure (Figure 2).
Trophic-level biomass ratios of absolute community biomass highlight these concave
patterns, with less biomass at intermediate trophic positions (TP 2.5-3.5) than those above
(TP 3.5-4) or below (TP 2-2.5) (Table S1). This pattern is indicative of community-wide
trophic cascades [11], or related processes leading to biomass accumulation at the top and
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bottom of the pyramid. This is the first large-scale demonstration of such community level
biomass distributions for coral reef fishes, supporting some smaller scale studies of strong
multi-level community structuring [12, 13], including examples of concave trophic
distributions (Midway atoll Hawaii) [14].

Sharks, falling in the upper trophic position (TP 4-4.5), are poached in even the large
unfished area in our analyses [15]. Further, although transient or nocturnal families excluded
from the analyses accounted for only 7% of the total biomass recorded in the large unfished
area, these fish predominantly (70%) fell in the top two trophic positions (TP 3.5-4.5).
Therefore, the biomass of upper trophic positions in the pyramid is under-represented, and
would be greater in the absence of poaching, or where sampling could consistently capture all
families. This may partly explain the differences between our results and those showing
inverse biomass pyramids in remote Pacific atolls with no shark poaching [16]. Nevertheless,
the substantial accumulation of biomass at the bottom of the pyramid on lightly fished Indian

Ocean reefs would make an inverted structure unlikely.

Under optimal foraging, reef predators are expected to encounter a greater density and variety
of fish prey at high biomass levels [17, 18]. This should provide a competitive advantage to
piscivores (e.g. many species with TPs >3.5) relative to generalist carnivores as biomass
increases, leading to a peak in top predators at the highest biomass levels [19]. In turn, mid
trophic level generalists often have smaller body size that renders them vulnerable to
predation, and their relative biomass is expected to decline as total and upper trophic level
biomass increases [13, 20]. This relative increase in higher trophic positions at the expense of
middle trophic positions is expected to contribute to the concave pattern we observe at high
biomass. Accumulation of upper trophic level biomass is likely also subsidised by feeding on
non-reef energy pathways such as pulses of oceanic productivity in the form of small pelagic
fish [21, 22]. Further, species with more efficient consumption rates and slow life histories
characterize mature communities that promote the accumulation of biomass [23, 24]. Unlike
temperate marine food webs [25], many of the lower trophic level fish in coral reefs are large
bodied species of parrotfish, surgeonfish, and rabbitfish that are not commonly consumed by
mid-tier species as adults. The large base of the trophic pyramids is therefore expected to be
maintained, even at high biomass, by consumption of highly productive algae and detritus

among large bodied herbivores and detritivores [26].
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The energetic consequences of concave trophic pyramids imply that top-level piscivores,
which can represent fish of varying body size, draw energy from multiple levels of the
pyramid, including primary consumers. This interpretation is supported by dietary studies
that show top trophic position fish on coral reefs typically have diverse fish prey drawn from
all trophic levels, including the bottom of the pyramid [27]. Indeed, transfer of energy to top
predators via multiple pathways, or multichannel feeding [11, 28, 29], is supported by
energy-balanced ecosystem models of coral reefs [30]. This means reef pyramids are not
simply linear food chains, but have a high potential for energy to pass directly from lower to
upper trophic levels. As such, primary production can be channelled to upper trophic levels,

minimising loss of energy by metabolism at intermediate tiers.

A key consequence of large body size among many coral reef herbivores and detritivores is
that they are frequent targets for fisheries, leading to declines in biomass under heavy fishing
[31], as seen at low total biomass in our data. Here, an alternative energy pathway emerges,
with the trophic replacement of herbivorous fish (TP 2-2.5) by herbivorous sea urchins within
the reef community (p<0.001; Figure 3). This leads to a higher proportion of smaller-bodied
mid-level fishes (TP 3-3.5; p<0.001) that are often invertebrate feeders (e.g. species of wrasse
and triggerfish) able to feed directly or scavenge on juvenile sea urchins [32]. These fish
species are less targeted in conventional or artisanal fisheries and may be under weaker
predation pressure when total biomass is low [6]. Sea urchins are thus providing both a
trophic replacement in terms of energetics, and a functional replacement in terms of some

herbivore functions.

Given the pervasiveness of fishing, differentiating natural underlying variability versus
human impacts due to fishing is challenging [33]. Therefore, we separated unfished versus
fished pyramid structures by directly comparing remote unfished reefs to fished seascapes
across a comparable biomass gradient (6.5-8.5 log total biomass). In unfished locations
greater biomass accumulated in the upper trophic levels, while mid trophic levels dominated
in fished locations (Figure 4). Therefore, while the concave pyramid structure still emerges in
fished seascapes with greater biomass in upper trophic levels compared to 1.0 trophic level

below (Figure S2), fishing dampens the accumulation of biomass in upper trophic levels.

A key assumption of trophic pyramid analyses is that community members share a common
and explicitly defined resource base [2]. Here, we examined fish communities belonging to

individual coral reefs - defined as continuous associations of hard corals that are separated
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from neighbouring reefs by a channel [34] - with transects assumed to be representative
samples from within each reef. Species known to move among reefs, such as large non-reef
associated sharks and other pelagic fish, were excluded because they frequently source
energy from beyond reefs. This definition aims to bound energy input for each trophic
pyramid to a discrete unit, although energy subsidies from non-reef environments, including
from pelagic pathways, are likely to occur [21, 22]. Our sampling design also assumed that
the within-reef home ranges of individual community members are sufficiently random that

our sampling methods would not favour particular trophic groups.

Our findings illustrate the effects of fishing on energy flux and the high feeding flexibility
within these highly diverse coral reef food webs. At the lower end of the biomass gradient,
where heavy fishing pressure has reduced biomass of all trophic levels, sea urchins provide a
trophic replacement and a step from primary production to mid trophic position organisms.
At the other end of the biomass gradient, trophic structure is concave and upper trophic level
fish are likely to increasingly feed on fish from the bottom of the pyramid. This pathway
infers a more direct link from primary production to upper trophic levels and reduced
metabolic losses at intermediate trophic levels. It is also possible, however, that fast turnover
species at mid trophic positions are supporting upper trophic levels; high predation pressure

can lead to composition shifts toward species with faster life history traits [23, 35].

Coral reef fisheries management utilizing an energetics perspective will benefit from our
findings. Upper trophic position species, such as groupers, are economically valuable [36],
but are easily overfished, leaving fisheries dependent on lower value species [37]. Once total
log biomass exceeds 6.5 (665 kg/ha) along our gradient, coral reef trophic pyramids become
concave and support biomass in upper trophic positions (Figure 2). Therefore, ensuring total
biomass remains above this level should help maintain piscivore fisheries on coral reefs. For
example, the valuable coral trout fisheries on the Great Barrier Reef, Australia, exist in an
otherwise lightly fished system with high overall biomass [19, 38]. Multispecies maximum
sustainable yield (Bmwmsy) estimates for the Indian Ocean have been proposed at 300-600
kg/ha of fishable biomass, which suggests that upper trophic position fish will be diminished
by the time yields are maximized [20, 39]. While fishing at these Bmwmsy targets will likely
maintain several key ecosystem processes and produce a diverse capture [19, 39], fisheries
aimed at upper trophic positions will need to set a higher target, >665 kg/ha. Our results

inform ecosystem-based decision making for reef fisheries based on energy transfer through
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multiple trophic levels, filling an important gap in our understanding of fisheries targets on

coral reefs.

EXPERIMENTAL PROCEDURES
Field surveys and trophic categorisation

Coral reef fish biomass estimates were based on underwater visual surveys from 253
individual reefs across 9 countries or jurisdictions in the Indian Ocean, spanning
approximately 35° latitude and 52° longitude. Reefs were surveyed in the Chagos
archipelago, the Comoros, Kenya, Madagascar, Mayotte, Mozambique, the Maldives,
Seychelles, and Tanzania. Data were collected from 2005 to 2013, resulting in a database of
342 reef/time combinations. Of these data points, 209 are from reefs that allow fishing, 109
are from unfished reefs in marine reserves surrounded by fished seascapes, and 24 are on
unfished reefs in large remote unfished wilderness [20, 40]. Sea urchin biomass data was
collected from 97 of these sites. Details of survey methods and fish families included in the
analyses can be found in the Supplemental Experimental Procedures.

Data handling and analysis

Mean trophic level was calculated as a biomass-weighted community average, based on the
composition and biomass distribution of the fish community at each reef. Families were
assigned to trophic level categories based on the average trophic level of the species found in
each family in the Indian Ocean region. The analyses needed to be performed at the family
level as this is the taxonomic resolution at which the data were collected at many sites.
However, it should be borne in mind that some families have substantial variation in trophic
level among their constituent species, for example the Labridae. Therefore, we examined the
relationship between mean trophic level calculated at the family level versus the species level
for the 89 samples where we had species level information (covering three countries). This
showed very comparable information, with a tight correlation, closely fit to a 1:1 line, with an
R? of 0.96 (Figure S3A).

To assess the change in mean trophic level (MTL, ;) of coral reef fish communities across
the biomass gradient (Figure 1), we developed a Bayesian hierarchical linear model that

accounted for both sites nested within countries, and repeat observations through time:
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MTLc,s,t“’N(ﬁc,s + B1logBi0maSS, o't)

IBC,S~N(IBC’ O's)
Be, B1~N(0,100)
o, 0,~U(0,100)

Where c is country, s is site, and t is time. Assumptions of the model were assessed by
examining the residuals for goodness of fit and plotting the estimated model against the data.
The country level random effect enables the model to average over variation associated with
differing disturbance histories or coral cover. Because method (and thus observer) is collinear
with country (Figure S4), to test for any influence of method on our results, we re-ran the
model with method used in place of country. This provided a worse fit (>50 units based on
DIC values), indicating that there is no evidence for method having a strong influence on our
findings.

To visualise the changes in the relative (Figure 2) and log (Figure S1) biomass of trophic
positions across the biomass gradient, we fit first order polynomial trend lines to the data, and
constructed trophic pyramid shapes (based on 0.5 trophic position categories) for 1.0 log total
biomass bins across the gradient. To examine changes in pyramid shape across the biomass
gradient, we adapted the predator:prey mass ratio, to calculate a trophic-level biomass ratio as
the community biomass at trophic position n, divided by the biomass at trophic position n-1
[2]. We examined the relationship between family versus species level categorisation of
trophic positions for the 89 samples where species level information was available.
Correlations had R? values ranging from 0.45-0.98, with the best fits to the 1:1 line at lower
trophic positions (Figure S3B-F), indicating there would be some subtle differences among
upper trophic positions if run at a species level.

Relationships between the biomass of specific trophic positions of the fish community and
sea urchin biomass were assessed using generalised linear models with a quasipoisson
distribution due to over dispersion. All fits, except TP 2.5-3 were significant, with the

strongest relationships and steepest slopes for TP 3-3.5 and 2-2.5 (Figure 3).

We plotted the difference in each trophic position in the pyramid (Figure 4) and pyramid
structure (Figure S2) between fished (n=50) and unfished (n=17) reefs for the log biomass
range 6.5-8.5, representing the range that the concave trophic distribution was observed.

Unfished reefs were from the large unfished wilderness areas of the Chagos archipelago,
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where local human impacts are minimal [40]. We compared the differences between relative

biomass at each trophic position using a Bayesian hierarchical multinomial (softmax) model.

SUPPLEMENTAL INFORMATION

Supplemental Information includes supplemental experimental procedures, four figures, and

one table, and can be found with this article online.
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Figure 1. Change in mean trophic level of coral reef fish assemblages across a large biomass
gradient

The credible (dark grey) and predictive (light grey) intervals are shown around the linear fit. See also
Figure S3 which shows the influence of calculating mean trophic level based on family versus species
level information, and Figure S4 which shows how biomass by survey method (and observer) are
related to countries.

Figure 2. Change in relative trophic structure of coral reef fish communities across a biomass
gradient

The proportion of each trophic position category is modelled. Mean trophic pyramid shape is
depicted based on the relative difference in biomass among trophic positions for 1.0 log total
biomass units along the biomass gradient. See also Figure S1 which shows the absolute (log) trophic
structure, Table S1 which contains the trophic-level biomass ratios, and Figure S3 which compares
species versus family level calculation of each trophic position.

Figure 3. Relationships between the biomass of different trophic positions of the fish community
and biomass of sea urchins

Sea urchin biomass increases at low fish biomass, and particularly with low biomass of trophic
positions 2-2.5 and 3-3.5. Data represent 97 sites where sea urchins were surveyed. Trophic pyramid
graphics indicate trophic position represented in each panel.

(A) TP 2-2.5, slope = -0.44.

(B) TP 2.5-3, slope =-0.23.

(C) TP 3-3.5, slope =-0.61.

(D) TP 3.5-4, slope = -0.34.

(E) TP 4-4.5, slope = -0.39.

Figure 4. Disparity in trophic pyramid structure between fished and unfished seascapes

Difference in relative biomass distribution (6.5-8.5 log biomass) between fished and unfished
locations for each trophic position. Bayesian multinomial model 95% uncertainty intervals did not
overlap zero for all trophic positions relative to a 2-2.5 TP baseline, suggesting substantial
differences in trophic structure between fished and unfished reefs. See also Figure S2 which displays
the biomass distribution among trophic positions separately for fished and unfished locations.
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