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Divergent responses of pelagic and benthic fish
body-size structure to remoteness and protection
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Animal body-size variation influences multiple processes in marine ecosystems, but habitat heterogeneity has
prevented a comprehensive assessment of size across pelagic (midwater) and benthic (seabed) systems
along anthropic gradients. In this work, we derive fish size indicators from 17,411 stereo baited-video
deployments to test for differences between pelagic and benthic responses to remoteness from human
pressures and effectiveness of marine protected areas (MPAs). From records of 823,849 individual fish, we
report divergent responses between systems, with pelagic size structure more profoundly eroded near
human markets than benthic size structure, signifying greater vulnerability of pelagic systems to human
pressure. Effective protection of benthic size structure can be achieved through MPAs placed near markets,
thereby contributing to benthic habitat restoration and the recovery of associated fishes. By contrast,
recovery of the world’s largest and most endangered fishes in pelagic systems requires the creation of highly

protected areas in remote locations, including on the High Seas, where protection efforts lag.

ody size is a universal biological prop-

erty that influences ecological processes

at the individual, population, and eco-

system levels (7). Measuring size spectra

(size frequencies plotted on a log-log
scale) is therefore a useful framework through
which to understand and predict overexploi-
tation (2), nutrient cycling (3), and produc-
tivity (4). Moreover, understanding how body
sizes are distributed in the oceans has ram-
ifications for conservation and fisheries sci-
ence and is highly relevant to several of the
United Nations (UN) Sustainable Develop-
ment Goals. In particular, effective biodiversity
conservation (5) and 30% protection coverage
by 2030 (“30 by 30” goal) (6) require under-
standing of how successful marine protected
areas (MPAs) are likely to be in different socio-
environmental contexts (7). Within a given
pelagic or benthic system, size spectra typi-
cally show consistent alternations between
overrepresented and underrepresented sizes,
resulting in regular peaks and troughs (8, 9).
When slopes of size spectra are shallow and
peaks are prominent, the spread between peaks
is generally considered to reflect predator-prey
relationships, with each peak representing a
different trophic group that is preyed upon by

the next, for example, plankton, planktivorous
fishes, and piscivorous fishes (10, 11). However,
assessing such size-structured variation across
marine habitats and regulations is particularly
challenging because dedicated survey method-
ologies with different size selectivity are used in
pelagic and benthic systems. For instance, where-
as pelagic fishes are conventionally sampled
through longlines and midwater trawls or
acoustic techniques (12, 13), benthic fishes
are mainly surveyed by underwater visual
census (I4) or with bottom trawls and other
habitat-specific gears (15), which makes inter-
system comparisons difficult.

Stereo baited remote underwater video
stations (BRUVS) represent a unifying, non-
destructive, and fisheries independent meth-
od that can estimate relative abundance and
body size across virtually any marine system
(16). In this work, we conducted a widespread
size-based assessment of marine pelagic and
benthic nekton fishes (>1 g), spanning six orders
of magnitude in body size, from zooplankton
size classes (~3 to 4 cm) to large oceanic pre-
dators (~1000 kg; Fig. 1). We combined records
from multiple surveys inside and outside MPAs,
resulting in 6701 BRUVS deployed in pelagic
systems and 10,710 BRUVS deployed in ben-
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10,710 hours of footage, respectively, across ...
Atlantic, Indian, and Pacific Oceans. This data-
base yielded length measurements for indi-
vidual fish, which were converted to weights
using taxa-specific allometric conversion pa-
rameters (17, 18) (Fig. 2 and fig. S1).

To better understand how MPAs may effec-
tively protect fish size structure in the context
of the “30 by 30” goal, we tested two com-
peting and mutually exclusive hypotheses re-
garding the influence of human pressures on
fish size structure in pelagic and benthic sys-
tems. First, we hypothesized a greater human
footprint in pelagic systems compared with
benthic systems because the larger body size
and longer life of many oceanic species ren-
ders them more vulnerable to fisheries (19).
Therefore, we expect that pelagic fish size
structure is more sensitive to protection
status and human pressures than benthic
fish size structure. As an alternative hypothesis,
the migratory capacity of many large pelagic
species and the widespread activities of high-
sea fishing fleets (20) result in a comparatively
low human footprint and low MPA effective-
ness in pelagic systems in contrast to benthic
systems, where local human pressure has acted
longer (2I) and where fish size structure would
therefore be more affected and sedentary spe-
cies would benefit more from MPAs (22).

Body-size structure across systems

Our surveys, conducted from January 2006 to
May 2020, recorded a total 823,849 individual
fish (pelagic: 106,424, benthic: 717,425; Fig. 2),
representing 139 families and 1460 species of
fishes and sharks (211 pelagic, 1376 benthic,
and 127 species recorded in both systems) and
weighing a combined 744 metric tons (pelagic:
325 tons; benthic: 418 tons). Our dataset lacked
representation from the North Pacific, and re-
presentation in the central Pacific and in most
of the Atlantic was limited to pelagic systems
only. Size-frequency distributions were gener-
ated by aggregating sizes within six broad
brackets of absolute latitude (Fig. 3), which
revealed distinct patterns within each system
that were robust to an unbalanced survey de-
sign (I7). Benthic median sizes were generally
larger than pelagic medians (range of medians:
pelagic 4 to 134 g, benthic 27 to 120 g) owing
to the greater representation of smaller size
classes (<30 g). Upper size classes were better
represented in pelagic size distributions than
in benthic size distributions (range of 95th
percentiles, pelagic 0.4 to 83.3 kg, benthic 1.3 to
2.9 kg; Fig. 3A). Size spectra slopes, a measure
of the proportion of large to small individuals
(17), were contrasted between systems by re-
gressing normalized size-frequency distributions
on the log;y-log;o scale (Fig. 3B). Slope values
were consistently steeper (more negative) in ben-
thic systems than in pelagic systems (table S1),
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reflecting the greater absolute and relative num-
ber of large individuals in pelagic systems (17).

Both the spread between peaks and size-
spectra slope values were distinct between
pelagic and benthic systems across biogeo-
graphical scales, which suggests that each
system supports distinct food webs and en-
ergy pathways (23). The presence of promi-
nent peaks in pelagic systems is consistent
with previous reports (10) and suggests that
each peak reflects a trophic group that is
preyed upon by the next, with shallower slopes
reflecting carnivorous feeding (77). In benthic
systems, peaks were less clearly defined and
slopes steeper, consistent with greater levels
of herbivorous feeding (17) likely stemming
from greater dependence on seabed algae
compared with in the midwater (24). Greater
prevalence of carnivory in pelagic systems im-
plies that the proportion of production retained
between trophic levels is higher (25) as a re-
sult of more-direct energy transfer in these
systems than in benthic systems. Overrepre-
sentation of intermediate size classes (30 to
500 g) in benthic systems is consistent with
complex habitat structure in coastal ecosys-
tems such as kelp forests and coral reefs (26)
that provide size-selective refugia (27). Ele-
vated benthic productivity within these size
classes is further promoted through system
connectivity and benthic-pelagic coupling (28),
whereby passively drifting plankton are con-
sumed by planktivorous and piscivorous fishes
near the seabed (29). Conversely, pelagic pro-
ductivity and energetic needs in upper trophic
levels are promoted by more-direct energy trans-
fer (11) and are facilitated by greater home ranges
such that individuals in upper trophic levels can
forage from the top of multiple benthic food
webs (30) or from more productive geographical
regions such as those in temperate latitudes (31).
Mobile strategies in upper trophic levels typical-
ly involve pelagic foraging incursions or are as-
sociated with fully pelagic lifestyles (32), which
results in a greater prevalence of upper trophic
levels in pelagic systems.

Human footprint on size structure

We tested our hypotheses concerning the dif-
ference in relative sensitivity of pelagic and
benthic size structure by extracting three size
indicators (33) from frequency-size distributions
of nekton fishes aggregated by survey date (17)
(fig. S2); the typical body sizes (log;o, kg) of
relatively small individuals and of relatively
large individuals, as represented by the values
at the first and second modal frequency peaks;
and the exponent b of the size spectra slope (34).
These three indicators capture the main dimen-
sions of size structure within each system, at
the scale of the survey day, with the size of
relatively small and large individuals repre-
senting relatively lower and higher trophic
levels, respectively (10), and the size spectra
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Fig. 1. Body-size variability in pelagic and benthic systems, recorded by stereo BRUVS. Pelagic
systems are shown on the left and benthic systems on the right. (A) Great white shark (Carcharodon carcharias).
(B) Grey reef shark (Carcharhinus amblyrhynchos). (C) Yellowfin tuna (Thunnus albacares). (D) Horse-eye jack
(Caranx latus). (E) Juvenile jack (Carangidae sp). (F) Tiger shark (Galeocerdo cuvier). (G) Two-spot red snapper
(Lutjanus bohar). (H) Spiny dogfish (Squalus acanthias). (1) Goldband fusilier (Caesio chrysozona). (J) Creole
wrasse (Clepticus parrae). [Credits: Photos were taken by the authors].

slope theoretically reflecting the steepness of
the trophic pyramid (25). We then built ex-
planatory generalized least-square (GLS) mod-
els (35) to test the two competing hypotheses
by identifying how human pressure and pro-
tection status affected pelagic and benthic fish
size indicators. In addition to controlling for
spatiotemporal autocorrelation and socioen-
vironmental conditions that are known to in-
fluence the effectiveness of spatial protection
status (36) (fig. S3 and table S2), our mod-
els considered interactions between systems
(pelagic or benthic) and protection status, as
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represented by three different categories of
spatial protection (37) (not protected, partially
protected, or highly protected) (17), and hu-
man pressure, as represented by travel time to
human markets (38) (log;, minutes).

GLS models of relatively small and relatively
large fishes achieved moderate explanatory
power [R? adjusted for nonsignificant explan-
atory variables (adjR?), small individuals: 0.257,
large individuals: 0.343], revealing an effect of
market proximity and protection status, which
was consistent in direction but specific in mag-
nitude to each system (P < 0.05; Fig. 4A, figs. S4

2 of 7

20¢ ‘6 Areniged uo gSN| SENOAI] 1o B10°30U 108" MamMm//Sdny LO.) pOpEO|UMOQ



RESEARCH | RESEARCH ARTICLE

60° N

45° N

30° N

15°N

15° 8

30°S

45°S-

160° W 120° W

60°W 0

60° E

120° E 160° E

@ Pelagic BRUVS (n=6,701) ® Benthic BRUVS (n=10,710)
O | O | O \O \O\O

100 200 300 400 500

Body size (kg)

Species identified on BRUVS (n = 1,460)

v

Fig. 2. Body sizes of pelagic and benthic fishes identified on BRUVS. (A) Survey effort of BRUVS, showing the outlines of the world's Economic Exclusive Zones
in gray contours (some of which are contested). Each circle represents a single expedition, with the circle diameter being proportional to the number of BRUVS

deployed. Circles are jittered to minimize overplotting. (B) Pelagic and benthic fish body sizes (kg, n = 823,849) categorized by species identity (n = 1460) and rank-
ordered by median species body size. (C) Marginal density distribution plots of body sizes.

and S5, and tables S3 and S4). In both systems,
individuals were larger if highly protected and
remote from markets, consistent with our
present understanding re-garding how vul-
nerability and exploitation vary with protec-
tion and accessibility (36). However, relatively
small and large individuals in pelagic systems

Letessier et al., Science 383, 976-982 (2024)

were both consistently more sensitive to protec-
tion status and to market remoteness, with a cu-
mulative impact of protection status and market
remoteness. In benthic systems, relatively small
individuals were less sensitive to protection than
large individuals, in keeping with expectations
on how vulnerability to exploitation varies with
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differences in life history (74, 19). Moreover, the
effect of protection status saturated with remote-
ness, with remoteness having increasingly less
relative impact under higher protection.

GLS models of size spectra (adjR>, size-
spectra slope: 0.273; Fig. 4B, fig. S6, and
table S5) showed divergent effects in each
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Fig. 3. Pelagic size spectra A
are shallower than those of
their benthic counterparts
across biogeographical
scales. (A) Frequency density
distribution of fish body sizes
aggregated into six absolute
latitude brackets (0 to 10, 10 to
15,15 t0 20, 20 to 23, 23 to
33, 33 to 65) of equal numbers
of body sizes (n = 137,308),
with vertical line and number
showing median and 95th
percentile values, respectively.
(B) Abundance size spectra,
normalized by dividing the
frequency counts by the

width of the bin, with lines
representing fit of linear
regressions (pelagic slope
mean: -1.38, range: -1.47 to
-1.29; benthic mean: -1.58,
range: -1.63 to -1.54).
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system, with size spectra slopes in pelagic
systems showing a pronounced and rapid
steepening with market proximity under high
protection and marginal effects of protection
status and market proximity after that. By con-
trast, slopes in benthic systems were margin-
ally affected, becoming less negative (shallower)
near markets, independently of protection sta-
tus. Without protection, steepening of pelagic
slopes and shallowing of benthic slopes re-
sulted in converging size structure between
systems with considerable overlap in slope
values near markets in unprotected locations.
A sensitivity analysis testing the model robust-
ness to the unbalanced survey reported similar
effects of market proximity, with minor dif-
ferences between models rerun with 10% of
randomly dropped data points (17). Greater
differences were observed between model
reruns with ocean-specific data dropped. Not-
ably, the results that showed that pelagic
systems were highly responsive to highly pro-
tected remote areas were conditional on the

Letessier et al., Science 383, 976-982 (2024)
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inclusion of the Indian Ocean data (fig. S9).
Our main findings concerning the direction of
both remoteness and protection in pelagic and
benthic systems remained largely unchanged
from those derived using the full dataset.

Taken together, our models support our first
hypothesis, that pelagic fish size structures are
more vulnerable to human pressure than their
benthic counterparts. That both relatively small
and relatively large individuals in pelagic sys-
tems were consistently affected near markets
means that greater sensitivity in pelagic sys-
tems cannot be attributed solely to the greater
occurrence of larger (and therefore more vul-
nerable) individuals. In benthic systems, the
magnitude of protection effect declined with
market distance, in contrast to a cumulative
effect with market distance in pelagic systems.
This contrasting result means that high pro-
tection status can, even near markets, mitigate
human pressures in benthic systems, whereas
effective protection in pelagic systems requires
market remoteness.
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Our results suggest that size-structure resi-
lience to human pressure is lower in pelagic
systems than in benthic systems. In theory,
size spectra slopes are expected to steepen
with increasing human exploitation as a con-
sequence of predator depletion, leading to a
commensurate decline in mean trophic level
(39). However, reports of human pressure re-
sponses in benthic systems are conflicting, with
both a steepening size spectra slope (39) and
a modest increase in mean trophic level re-
ported (14, 40). This apparent conflict may
stem from difficulties in establishing appro-
priate baselines in “pristine” benthic systems,
which show wide-ranging size spectra slope
values (39) (i.e, —1.95 to —1.13) and both inverse
and concave trophic pyramids (14, 30). Our
observations of only a marginal effect on ben-
thic slopes are, in any case, consistent with
reports of a comparatively modest impact of
human pressure on mean trophic level, which
has been corroborated from across a wide
range of benthic systems and arguably by a

4 of 7

202 ‘62 Afenioed U0 SN I SHNDAIG 2 510°90Us 105 MAMM/STNY W04 POpPRojUMOC



RESEARCH | RESEARCH ARTICLE

A
Pelagic = = Large fishes
1000 Benthic ==+ Small fishes
100 | RS
)
X -
= o
o) e ke
N =
2] i
5 10 =1
o -
m
1
0.1
B
o 0.6
=)
©
>
g 08
(o)
»
o
2 -1.0
0.
»n \
8
n 1.2

1.5

20 25 3.0 35 4.0

\
/

WO TITY §F T O AT T

1.5 2.0 25 3.0 3.5 4.0

Travel Time to Market(logo, minutes)

— B

1.5 20 25 3.0 3.5 4.0

Fig. 4. Human influences on fish body-size structure in pelagic and benthic systems. Marginal plots of the influence of increased travel time to market (logio, min)
on fish size indicators under different levels of protection status (not protected, partly protected, and highly protected). (A) Mean body size of relatively small and relatively
large fishes (logyo, kg). (B) Slopes of fish size spectra. Lines indicate predictions from GLS models, and shaded areas indicate 95% confidence intervals.

greater range of survey methods, including
underwater visual censuses, scientific trawl
surveys, and stock assessments (14, 40). Our
confidence that human pressure results in
only marginally shallower benthic size spectra
as a reflection of a comparatively minor change
in relative proportion of larger size classes is
strengthened by the observed consistency of
this shallowing across protection status but is

Letessier et al., Science 383, 976-982 (2024)

in contrast with expectation from “fishing down
the food web” and other predictions from size-
structured biodiversity loss (41).

Our results add to a body of evidence that
suggests that benthic systems are relatively
resilient compared with their pelagic counter-
parts. The emergence of benthic resilience is
not fully understood, and any proposed mech-
anism in support is speculative. However, one

1 March 2024

possible explanation may be related to the
emergence of alternative energy pathways when
heavy exploitation triggers trophic cascades
(42). Prey releases are generally predicted to
occur as a consequence of trophic cascades
under predator depletion (43). However, in
benthic systems such as coral reefs, prey re-
leases can be counteracted through size-based
redundancy and feeding flexibility, which exist
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as a result of high species richness (4). For ex-
ample, increases in the relative proportion of
trigger fish and wrasse are observed to coun-
teract prey release of sea urchin, after deple-
tion in high trophic levels (14), which results
in greater food web flexibility and resilience.
Benthic habitat complexity, which offers ref-
ugia for fish of intermediate sizes (30 to 500 g),
may act further to moderate top-down control
(4). Conversely, pelagic systems are associated
with lower species richness and carnivorous
feeding strategies with larger movement scales
(19) across a wider range of body sizes, which
results in low size-based redundancy. Trophic
replacements have been reported in a pelagic
food web (44): In the Benguela upwelling, a
benthic species (the bearded goby Sufflogobius
bibarbatus) was discovered to thrive after the
depletion of sardines (Sardinops sagax) as a result
of distinctive foraging behavior and physiolog-
ical adaptations to anoxia. This replacement,
which involved the emergence of a previously
unknown benthic-pelagic association in re-
sponse to external pressure, suggests that lack
of resilience in pelagic food webs is associated
with low size-based redundancy and limited
alternative energy pathways.

Disentangling ecological processes from hu-
man pressures is notoriously complicated by
the correlated and often confounding nature
of human activities. In this work, potentially
confounding differences in exploitation histor-
ies and fisheries practices exists between
pelagic and benthic ecosystems. Benthic trawl
fisheries were some of the first to be developed
after industrialization (45), whereas pelagic
fisheries developed comparatively later (21),
under rising profit requirements (46). As such,
a loss of baseline and a preselection of par-
ticular sizes likely occurred before our surveys
(47). However, potentially confounding histor-
ies in each system is unlikely to explain the
distinction in size-structured characteristics
or the divergent responses to human pressure.
This is because human pressure near markets
resulted in pelagic and benthic systems that
are more similar in size structure than their
remote and more pristine counterparts, with
greater overlap in size spectra slope values
and convergent size structure. If the effect of
market distance on size spectra or the general
distinction between pelagic and benthic sys-
tems were confounded by historical size pre-
selection, we would expect to see remote pelagic
and benthic systems with greater overlap in
size spectra value than those near market, as a
reflection of more pristine and therefore less
distinct states in those remote locations, in
contrast to our results. Moreover, that histo-
rical baselines in pelagic and benthic systems
are likely more characteristic and dissimilar to
each other than they are in their present state
is consistent with hypothesized preselection
from historical habitat loss (45, 48): Under

Letessier et al., Science 383, 976-982 (2024)

habitat degradation scenarios, benthic size
spectra are in fact expected to adopt charac-
teristics more reminiscent of those of pelagic
systems, with more pronounced peaks and
greater spread (4), which reflects loss in size-
structured refugia at intermediate sizes.

Policy implications

International policy, including the Kunming-
Montreal Global Biodiversity Framework (GBF)
COP15 declaration of 30% of the ocean to be
protected by 2030 (6), requires that extensive
areas of the oceans are set aside for protection
in order to enhance biodiversity, ecosystem
function, and ecological integrity and connec-
tivity. To meet multiple GBF targets and address
several of the UN Sustainable Development
Goals, our analysis addressed two questions that
are critical to the implementation of MPAs, re-
lated to ecological indicators and MPA place-
ment, and one question concerning sustainable
fisheries practices more broadly.

1) Particular characteristics of pelagic sys-
tems result in size structure that is highly
sensitive to human pressure and render size
indicators a powerful guide for priority place-
ments of spatial protection, monitoring, and
ecosystem-based management. In benthic sys-
tems, size indicators are comparatively less sen-
sitive, so decisions should be informed through
other indicators such as biomass (7) or func-
tional diversity (49).

2) Pelagic vulnerability across multiple size
classes reinforces the need for protection to
provide refugia and rebuild depleted popula-
tions. A reversal of ongoing marine megafauna
loss (19) is possible but requires intervention
efforts that include implementation of highly
protected MPAs in remote locations, including
on the High Seas, consistent with the new
High Seas Treaty (50). Homogenization of
pelagic and benthic size structures signals
the extent of already-experienced human im-
pacts on benthic systems. For benthic systems,
we confirm that protection would offer greater
relative benefits in accessible locations (7),
which should also be prioritized in order to
rebuild coastal habitats and ecosystems.

3) Human impact across pelagic size classes
indicates that it is not just the large predators
that are vulnerable but also smaller-sized spe-
cies, which underpin major fisheries, such as
the anchoveta and sardines (12). Whether for
single species or “balanced harvesting” strate-
gies that target the entire size spectra, pelagic
fisheries remain attractive to the commercial
industry (12, 19). However, top-down control
and low body-size redundancy are character-
istics that render pelagic ecosystems inherently
dynamic and vulnerable to overexploitation.
We therefore caution against further expan-
sion in pelagic fisheries, many of which are
already overexploited or fully exploited, par-
ticularly as long as pelagic megafauna and the
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top-down control they exert remain threat-
ened (19).

Conclusions

Our size-based assessment has enriched our
understanding of ongoing marine biodiver-
sity loss, revealing divergent impacts across
pelagic and benthic communities, which may,
as a result, converge toward a common inter-
mediate and artificial size structure. Many pro-
cesses that are important for maintaining
productivity across trophic levels are sup-
ported by size-structured association within
coupled benthic-pelagic systems. Convergence
of pelagic and benthic communities toward an
artificial size structure should be of concern if
this results in a decoupling of pelagic and
benthic ecosystem components, thereby dis-
rupting fundamental processes that underpin
functionality. Alternatively, it is plausible that
these processes are buffered by the emergence
of previously unknown benthic-pelagic associ-
ations, thereby ensuring resilience under size-
structured biodiversity loss. To help address
the uncertainty concerning the functional con-
sequence of size structure erosion, we recom-
mend that future research efforts explore the
link between size structure, ecosystem func-
tioning, and connectivity, particularly in the
context of coupled benthic-pelagic systems.
Such knowledge would also have application
within biodiversity conservation and ecosys-
tem restoration.
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