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Abstract

The pelagic ecosystem is the ocean’s largest by volume and of major importance for food
provision and carbon cycling. The high fish species diversity common in the tropics presents a
major challenge for biomass estimation using fisheries acoustics, the traditional approach for
evaluating mid-water biomass. Converting echo intensities to biomass density requires
information on species identity and size, which are typically obtained by lethal means, and thus
unsuitable in the portion of the ocean that is ‘no take’. To improve conservation and ecosystem-
based management, we present a procedure for determining fish biomass density, using data on
species identity, relative abundance, and lengths obtained from stereo baited remote
underwater video systems (stereo-BRUVS) to inform the scaling of echosounder survey data (at
38 kHz). We apply the procedure in the British Indian Ocean Territory marine protected area,
using acoustic data from 3,025 km of survey transects and 546 BRUVS deployments recording
relative abundance and size of 12,335 individual fish. Using a Generalised Additive Model of
biomass density (GAM, adjR?= 0.61) we predict, on the basis of oceanographic conditions and
bathymetry, that the top 200 m pelagic ecosystem in the Chagos Archipelago, some 118,324 km?,
held 3.84 (2.66, 5.62, 95% Cl), 33.09 (23.41, 47.35) and 4.08 (3.1, 5.44) million tonnes of fish in
November 2012, January 2015, and February 2016 respectively. Our non-extractive procedure
yields ecologically-credible patterns in biomass across multiple temporal (hours and years) and
spatial (meters and kilometres) scales, and marks an improvement on the use of echo intensity
alone as a biomass proxy. High seasonal and interannual variability has implication for pelagic

fish monitoring.

Highlights (no jargon, max 85 characters per bulletpoint)
e Lethal sampling for measuring fish biomass is inappropriate in no-take marine protected
areas.
e We use baited cameras and echosounders to estimate fish biomass across an
archipelago.
e Biomass differences between years have implication for monitoring and understanding

ecosystem stressors.
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Introduction

Food security, wildlife-conservation, and resource management require robust data on the
abundance and biomass of species. In the marine realm, trawl and camera techniques for
assessing demersal (seabed) fish populations are well established (Murphy and Jenkins 2010).
Acoustic surveys using ship-mounted echosounders are often used as a component of fish
population assessment because of the capability they have for near-instantaneous observations
of almost the entire water-column (Simmonds and Maclennan 2005). Acoustic surveys are a kind
of ‘remote sensing’ though, and require ‘ground truth’ data on species composition and size
distribution to scale echo intensity data to fish abundance and/or biomass. For cases with a single
species of interest (e.g. North Sea herring, Antarctic krill, tuna), biomass density can be
determined accurately by combining acoustics with ground truth data from fishing, using for
example trawling or longlining (Bertrand and Josse 2000; Fernandes and others 2002; Cox and
others 2013). However, tools for monitoring highly-diverse, mixed species assemblages of fish
are less well developed and assessments under such circumstances lack practical solutions,
particularly in areas where fishing is prohibited or undesirable (Rosen and others 2013; Letessier
and others 2017) such as no-take marine protected areas (MPAs).

For acoustic surveys, the principle of linearity holds that acoustic intensity from echoes is directly
proportional to the numbers of fish insonified (Foote 1983). Acoustic target strength (TS, dBre 1
m?) is a measure of the proportion of incident sound energy backscattered by an individual at a
given frequency, and is a function of size, species, orientation and body density (Simmonds and
Maclennan 2005). However, there can be considerable uncertainty in TS-to-fish length
relationships when a diverse taxonomic assemblage of fish is present (Proud and others 2018).
This is the case for many tropical systems, and uncertainty increases as the spatial and temporal
scale of the survey increases, because the species number and size range typically increase, and
so variability in sound scattering characteristics can be large (Holmin and others 2012; Irigoien
and others 2014; Surette and others 2015). The need for high quality, independent data on
species identifications and length is therefore critical for acoustic estimation of tropical pelagic
fish assemblage biomass.

Baited remote underwater video systems (BRUVS) deliver data on fish species composition and
size, and can — we propose — inform scaling of acoustic survey data. BRUVS are non-extractive

and can be configured for use either on the seabed (Sherman and others 2018) or in the pelagic
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(Letessier and others 2013; Bouchet and Meeuwig 2015). They can be used in situations where
fishing is undesirable, prohibited (e.g. in no-take MPAs) or impossible (from vessels not able to
trawl). Stereo-BRUVS vyield fish species identity, relative abundance and length. However, the
volume sampled by BRUVS is unknown, and varies depending upon on factors such as current
velocity and fish swimming speed (Priede and Merrett 1996; Dunlop and others 2015). As a result,
abundance and biomass measures from BRUVS are reported in relative terms only.

There is considerable impetus to develop new ways of sampling fish non-destructively,
particularly for pelagic species. Many pelagic predatory fish such as tuna and sharks have
experienced substantial declines over the last 65 years (Juan-Jorda and others 2011, Pacoureau
and others 2021). Recent estimates suggest that 30% of the global ocean will have to be afforded
strict no-take status to achieve effective protection (Sala and others 2018). Although vast oceanic
regions are increasingly included within large no-take MPAs that may be large enough to cover
the migration range of many pelagic predators (Boerder and others 2019), the effectiveness of
such MPAs remains uncertain and is sometimes questioned (Sibert and others 2012; Dunne and
others 2014). Key to solving this debate is a notable absence of effective methods for generating
fishery-independent population time series (Letessier and others 2017).

In order to provide a quantitative method for generating biomass density of multispecies
assemblages and biomass in complex, multispecies systems, we draw here on the recent
advances in BRUVS technology (Letessier and others 2013; Bouchet and Meeuwig 2015) to
provide the fish species and size data required to convert acoustic backscattering intensity data
from echosounder surveys to fish biomass/abundance. Our observations were made inside the
British Indian Ocean Territory MPA, presently the Indian Ocean’s largest contiguous no-take area
(640,000 km?). The Indian Ocean remains one of the least regulated in terms of fishing (Hilborn
and others 2020), with management challenges including unsustainable longline and purse-seine
catches of yellowfin tuna (Rattle 2019), and high degrees of illegal fishing (Collins and others
2021a). BIOT contains diverse pelagic habitats over complex bathymetry (Sheppard and others
2012), many of which were targeted historically (Dunne and others 2014) prior to the formation
of the MPA in 2010 (Koldewey and others 2010), with resulting declines in many mobile predators
species (Ferretti and others 2018).

Our objectives here were 1) to develop a procedure to generate spatially resolved measures of
fish biomass density, using acoustic observations and target strength estimates derived from fish

species identification, relative abundance, and size data from BRUVS, and 2) to use geospatial
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modelling to estimate spatial and temporal variability in biomass, thereby estimating the total
pelagic fish biomass across the archipelago, as a benchmark against which future change can be
evaluated. Our results have relevance for interpreting ecosystem stressors, and for ecosystem-

based management more broadly.
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Material and Methods

The procedure for pelagic fish biomass density estimation presented here can be thought of as a
recasting of the classic coupled acoustic observation and fishing approach used in fish stock
assessment (acoustic-trawl surveys, Simmonds and Maclennan 2005), with the crucial difference
that the identifications, relative abundances, and lengths of fish are derived from BRUVS, thus
overcoming the need for extractive fishing. In the following description, we first give information
on the specific field sampling material, design, and activities in the Chagos Archipelago, followed
by a step-by-step description of the procedure to compute the biomass densities, which can be

applied to any coupled acoustic-BRUVS observations.

Survey design and sampling activity

All acoustic and BRUVS observations were conducted inside the BIOT MPA, during three
expeditions of approximately two to three weeks, in 2012 (22/11-08/12), 2015 (09/01-27/01),
and 2016 (05/02-24/02). The expeditions overlapped with the peak historical November —
February season for the purse-seine tuna fishery (Kaplan and others 2014), in order to get yearly
snap-shots of the entire assemblage at the time of peak fishing activity. Observations were made
between dawn and dusk (07:00 and 19:00 local time, Table 1) from the M/V Pacific Marlin. Our
survey design reflected the primary objective of developing a sampling procedure using BRUVS
and echosoundings, and the secondary and longer-term objective of capturing spatial and
interannual variability, in order to establish a robust baseline for monitoring. Our design was
therefore hierarchical, with paired acoustic and BRUVs sampling being clustered within six sites,
partially replicated in-between years, and nested within broader archipelago-wide acoustic
survey transects. The sites corresponded to habitats and features that were 1) broadly
characteristic of the Chagos Archipelago region as a whole, and 2) hypothesised to be of
relevance to pelagic ecology and fish distribution in general, such as seamounts (Yesson and
others 2020) and coral reefs banks (Letessier and others 2019). The sites included shallow reefs
(6 - 20 m seabed depth), shallow and deep seamounts (60 m and 1100 m summit depth), and
deep basins (3,560 m, Table 1), and were in proximity to six nominal study sites: the Egmont atoll
(Egm), the Sandes-Swart seamount (SaSw), the Marlin Mount (MaMo), on the Great Chagos Bank
(GCB), the Peros Banhos and Salomon Atolls (PBSa), and north-west of the Archipelago (NW,

Figure 1).
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Acoustic surveys were conducted within each site using pole-mounted 38 and 120 kHz calibrated
Simrad (Bergen, Norway) EK60 echosounders. While the BRUVS were deployed and centred on
the habitat or feature sampled, the acoustic survey followed an expanding square, aiming to
maximise the spatial and temporal overlap between the two sampling methods. Opportunistic
acoustic data collection using the pole mount also occurred whilst deploying and recovering the
BRUVS, and during other vessel activities. Data were collected opportunistically in all years, and
were included in the analysis. Paired sampling at each site were nested within a large-scale
acoustic transect across the Great Chagos Banks (in 2016), using 38, 120 and 200 kHz
echosounders, fitted on a towed body (Figure 1) that, for logistic reasons, required higher speed
passage (10 knots) than the pole mount could withstand (max 4 knots). The towed-body transect
intersected the Great Chagos Banks twice, on a north-to-south and an east-to-west passage, and
was designed to capture archipelago-wide patterns in fish biomass distribution.

The echosounders were calibrated using a standard sphere (Demer and others 2015) inside the
MPA. The pulse length and ping rate were set at 1.024 ms and 0.5 Hz respectively. Acoustic data
were processed using Echoview (v9, Myriax, Hobart, Australia) to remove background noise
(Watkins and Brierley 2002) , ship movement noise, dropped pings, noise spikes, seabed and
false-bottom echoes. The stereo-BRUVS were pre-calibrated using CAL software (SeaGIS PTY Ltd)
following the procedure of Harvey and Shortis (1998).

We deployed drifting mid-water stereo-BRUVS, using rigs identical to those of Bouchet and
Meeuwig (2015). Each were made up of a centre pole and a bait bar, with a bait canister
containing 1 kg of crushed sardines, viewed by two stereo GoPros (Letessier and others 2015)
each with a 4 degree inward convergent angle, located at c. 1.5 m from the cameras. Two strings
of 5 rigs were deployed as a set. The strings were typically set approximately 1.5 nautical miles
(nmi) apart, and left to drift freely for 2 hrs, approx. 1 nmi. The BRUVS were suspended at 10
meters depth, 200 m apart on each string, and were deployed across current. Each BRUVS was
assigned a georeferenced position, defined by the mid-point between the entry and exit point of
the deployment. Each site was typically sampled with between 5 and 8 string deployments over
two days, per year (Table 1). BRUVS have been widely used to generate standardised estimates
of fish species composition and size, and the strength and limitations are well established. The
use of bait favours detection of predators and scavengers, and BRUVS are generally thought to
capture a broader functional component of the assemblage, compared with fisheries sampling

techniques such as trawls (e.g Cappo and others, 2004). The depth at which the rigs were
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suspended (10 m), was a trade-off between the objective of surveying the mid-water fish
assemblage in the epi-pelagic, and constraints imposed by having to support standardised
sampling from different vessels of opportunity (e.g tenders, skiffs, dedicated research vessels

etc).

Procedure for estimating fish biomass

The procedure was conducted for data across the six sites and comprises the following steps that
are described in detail below: (1) processing of echosounder observations, including partitioning
the acoustic data into the biological class of interest (such as ‘large fish’ or ‘zooplankton’) and
removing noise; (2) generation of length and weight frequency-distributions using BRUVS data;
(3) estimation of mean TS for the biological class of interest, and (4) conversion of echo intensity
to biomass. In this instance, the biological class of interest was pelagic fish within 200m of the

surface.

(1) Echosounder data were subset to include only observations made below a minimum
sampling depth of 6 m (3 m pole depth plus c. 3 m acoustic near field; the towed body
settled at a depth of 1 m during 10 knot transects) and above a maximum sampling depth
of 800 m for seabed detections). Acoustic intensity of pelagic fish in the top 200 m was
computed as the nautical-area scattering coefficient (NASC, Simmonds and Maclennan
2005), a linear measure of acoustic intensity summed over a depth range (see Maclennan
and others 2002). The acoustic data were thresholded at-70 dB re 1 m™ to remove weaker
scatterers including zooplankton. Data recorded at 120 kHz were generally of lower

quality than at 38 kHz, and were not used in this analysis.

(2) Upon recovery and subsequent video analysis, fish species identification, relative
abundances, and length distributions were derived from the footage for each rig. Relative
abundance per species per site was estimated as the maximum number of individuals
observed at any one time during the 2 hr video recording for each rig (MaxNyig), and then
taking the maximum values of any single rig on the same string (MaxNstring). The use of
MaxN is considered a conservative measure of abundance (Bailey and others 2007), and
is robust to change through time and space in the case of mid-water BRUVS (Letessier and

others 2013). MaxN remains the most commonly used metrics for analysing BRUVS videos
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(3)

(4)

(Whitmarsh and others 2016) and there exists a wealth of knowledge concerning its
strength and limitations (Schobernd and others 2014; Sherman and others 2018; Currey-
Randall and others 2020). The use of MaxN ensures that an individual is only counted
once, preventing the issue that arises when attempting to count unique individuals, which
is difficult for most species (although possible for some, see Sherman and others 2018),
or that arises from taking counts at intermitted time-intervals, which would favour
species that linger at the bait. The use of MaxNsting as opposed to MaxN;ig effectively
avoids recounts of individual fish that may occur in-between rigs on the same string.

Fish fork lengths were recorded using EventMeasure software (SeaGIS 2008) at the time
of MaxN,g following standard stereo video measurement protocol
(http://www.seagis.com.au/event.html). When a length measurement could not be
made for a fish because, for example, it was out of range of the cameras or visually
occluded, it was assigned by taking the first available length estimate from the following
list of values: mean length of species for the site, mean length of species for archipelago,
common length from FishBase, mean length of genus, mean length of family. We opted
for this approach to ensure that all species were represented in the assemblage-wide
biomass calculation. Since the objective was to provide lengths needed to parameterise
conversion of acoustic intensity values into fish biomass, we opted to remove all lengths
from elasmobranchs, since these do not have swimbladders and are therefore weak
acoustic targets. In line with our objective to generate an assemblage-wide biomass
measure using a NASC value that contained contributions from all fish species, we chose
to convert the length to weights using a general conversion factor (equation [1]), taking
the average conversion as reported by FishBase (Froese and Pauly 2015) for the species

present, and scaled by MaxNsting abundance.

Weight = 0.012 L% [1]

Site-specific length distribution, of the entire species assemblage, were converted into
acoustic TS values (Maclennan and others 2002). In the absence of any known species-
specific conversion factors, length frequencies of all species were converted into TS, using

the Foote (1987) generic fish TS-length equation and associated standard error [2].
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TS; = 20logyoLs — 67.5 + 2.3 2]

where Lt (cm) is the total fork length of the fish. The TS distribution and weight
distributions were used to calculate mean echo energy per kg of fish (TSyg), at each site.

This acoustic conversion factor (Irigoien and others 2014) was estimated using equation

[3].

Okg = Ops/W [3]

where G;,; and W are the mean linear form of TS (backscattering cross-section; m?) and

mean weight (kg) respectively for each length distribution.

(5) Finally, the site-specific values of TSkg were used to convert NASC values into fish
biomass using equation [4].
NASC

h = — %1000 [4]

Opgx1,8522x4m

where b (g m?) is fish biomass density and '1,8522 x 41’ converts NASC to the area-

backscattering coefficient (echo energy per m?).

Predicting pelagic biomass throughout the Archipelago

To predict fish biomass across different seabed features and throughout the Chagos Archipelago,
we built statistical geospatial models to predict likely values in unsampled regions. Observations
from all sites were included within the same model to extract general trends across habitats;
although it may have been possible to build more accurate predictions at the level of the habitat
by using separate models for each site. In order to examine how our fish biomass density measure
compared with a traditional measure of acoustic intensity, we built models predicting both NASC
(m? nmi?) and fish biomass density (g m?), as a function of bathymetric and oceanographic
predictors (Table 2). On the grounds that pelagic biomass is expected to vary as a function of

oceanographic and bathymetric characteristics, reflecting open ocean processes (Bouchet and
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others, 2015; Irigoien and others, 2014) we expected the biomass density model to perform
better than the acoustic intensity model.

We used Generalised Additive Models (GAMs, Wood 2006), with a log link function and Gamma
error distribution and accounted for the inherent autocorrelation of acoustic intensity data using
a first-order autoregressive error structure (AR(1), Pinheiro and Bates 2000) fitted to each
transect. This approach is arguably a deviation from geostatistics, where kriging or the more
advanced class of log-Gaussian Cox processes can be applied (Teng and others 2017). Final
models derived from the full suite of candidate exploratory variables (Table 2) were selected
using stepwise forward selection based on the Akaike’s information criterion (AIC, Akaike 1973).
When predicting biomass in areas that were not surveyed (out-of-sample predictions), we only

made predictions when conditions fell within the range of the explanatory variables (Table 2).

11
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Result

Acoustic and BRUVS observations

A total of 3,025 km of acoustic survey transects were sampled within the archipelago, including
1,375 km covered by the pole-mounted system (in 2012, 2015 and 2016) and 1,650 km by the
towed body (2016). We observed a general two-layered vertical structuring in acoustic
backscatter, with one layer extending from the surface down to 200 m, and another from 300 m
to 600 m (Figure 2). These layers were present throughout the archipelago and have been
described in more detail elsewhere (Letessier and others 2016). Subsequent analysis focusses on
the epipelagic (0-200 m). Mean 38 kHz NASC per site, following thresholding, ranged between
171 (Marlin Mount) and 1,227 (Egmont) m? nmi? (Table 1, Figure 2). Assuming an assemblage of
fish of 20 cm length, this corresponds to a range of 55,776 to 400,414 individuals per km?.
Five-hundred and forty-six BRUVS deployments yielded a total count of 12,335 individual fish
(sumMaxNyig), representing 50 species and 27 families (Table 3), ranging in fork length between
1 and 356 cm (Figure 2). The greatest numbers of fish were observed off the Peros Banhos and
Salomon atolls (mean MaxNrig 36.8 +/-6.5), whereas the least numbers of fish were recorded on
the Great Chagos Banks (mean MaxNig 2.25 +/-0.8, Table 3). Mean and maximum fish length
varied in between sites, with the largest individuals occurring in association with seamounts
(Sandes-Swartz and Marlin Mount). On an archipelago-wide scale, the total fish assemblage was
dominated by small scads (Decapterus spp, sumMaxN:ig =7520), spectacled filefish (Cantherhines
fronticinctus, sumMaxNig = 981), and juvenile bigeye trevally (Caranx sexfasciatus, sumMaxNyig =

747, Table 3). The majority of species (n = 33) were of low overall abundance (sumMaxNig < 10).

Converting NASC to biomass

Acoustic intensity, captured with a sampling interval of 20 pings (80 m for the pole, 200 m for the
towed body), yielded a total of 10,025 individual NASC values for all three years/seasons
combined. Weak echoes (< -70 dB re 1 m™) attributed to zooplankton and excluded through
thresholding contributed only 4% of total NASC within the top 200 m. We opted to convert to
biomass only NASC values for which there were proximate BRUVS within a radial distance of the
site diameter, defined by the spread and centroid of the BRUVS cluster within a given site (Table
1, Figure 1). Data from outside the radial distance were excluded from further analyses. NASC

values within the radial distance of a BRUVS cluster centroid were all treated assuming the same

12



326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351

site-specific length/weight frequency distributions. This yielded a total of 7,201 individual
biomass density values out of a total of 10,025 NASC values. The remaining 2,824 NASC values

were not used further in this analysis.

Fish Biomass Predictions

The predictive capability of the acoustic intensity (NASC) GAM was low (adjR? = 0.36, Mean
Absolute Error =327.20 m? nmi?), compared with the biomass density model (adjR?=0.61, Mean
Absolute Error = 53.48 g m™, Table 4). Partial plots revealed biomass density increased in relation
to proximity-to-reef (0.22 — 2.23 95% Cl), sea-surface temperature (0.35 — 3.05 95% Cl), and
seabed depth (0.43 — 5.19 95% Cl) (Figure 3). Biomass density appeared bimodal in relation to
seabed depth, with elevated peaks in biomass occurring both at shallow (<500 m) and greater
(>3500 m) seabed depths. GAM residuals were evenly distributed across the range of biomass
density measurements (Figure 4).

Out-of-sample predictions were restricted to within 83 km from the reef and up to seabed depths
of 3,560 m, the maximum distance from reef and seabed depth surveyed. This yielded predictions
of fish biomass in unsampled areas within the MPA that had similar environmental characteristics
to those of the sampled areas (Yates and others 2018), which amounted to 118,324 km?, some
20% of the entire MPA. The top 200 m pelagic habitat (118,324 km?) held, as predicted by GAMs,
3.84 (2.66 - 5.62 95% Cl), 33.09 (23.41 - 47.35), and 4.08 (3.1 — 5.44) MT of fish, in 2012, 2015,
and 2016, respectively (Figure 3).

The uncertainty in prediction varied across the archipelago, reducing towards the reef, reaching
a minimum at 11.7 km from the reef edge (0.88 — 1.17 95% Cl), and increasing out towards the
open-ocean, reaching a maximum at 83 km (0.22 — 1.71 95% ClI, Figure 3). Less sampling activity
in sites with deeper seabed depths (Figure 1) meant that those predictions were associated with

greater uncertainty (Figure 3).

13
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Discussion

Recent assessment of global ocean sustainability has estimates that 21% and 28% no-take
protection are required to maximise ecosystem and food provisioning benefits (Sala and others
2021). We have proposed and demonstrated a non-extractive (non-destructive), fisheries-
independent procedure for generating pelagic fish biomass, suitable for use within such no-take
areas. Our approach relies upon the recording of echoes, which is dependent on the inherent
acoustic properties of mid-water animals, supplemented by optically derived information on
individual fish, and thus combines the spatial-extensive coverage capability of underway acoustic
surveys with the taxonomically resolved abundance and body size data from stereo-BRUVS.
Geospatial models derived from our biomass measurements show improved predictability
compared with acoustic intensity, thereby increasing the capacity to identify ecological patterns
and understand processes within the protected sectors of the global ocean, currently growing at
about 8% per year (Duarte and others 2020). As a consequence, our procedure greatly expands
the area that can be monitored quantitatively in a sustainably managed ocean.

As with all survey methods, ours has strengths and weaknesses, some of which could be
addressed with further sampling effort and research. Our sampling was by necessity limited to a
sampling window of only two to three weeks per year. In addition, for several reasons, the
portion of the fish assemblage sampled by the BRUVS overlap only in part with the portion
insonified by the echosounders, leading to the following potential biases and areas of
improvements:

Firstly, whereas the echosounder can sample continuously during vessel transit, BRUVS-based
sampling is discrete in that BRUVS must be deployed and recovered each time, and were here
limited to six different sites each of which represented different habitat types. The resolution
could be improved by more incremental BRUVS-sampling.

Secondly, while considerable work has been done to understand how BRUVS compare with other
fish sampling methods, active swimming toward the bait by mobile species means that BRUVS
have an elevated probability of detecting predators and scavengers species (Watson and others
2005; Harvey and others 2007) compared with diver-based surveys. For high-order groups such
as sharks BRUVS can therefore yield data comparable with scientific longline (Santana-Garcon
and others 2014) and we would, as a consequence, expect that BRUVS are particularly robust for

assessing change in populations of larger, predatory and often commercially important species,

14
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such as tuna (Thunnus sp). The near-absence of yellowfin tuna (Thunnus albacares, the main
target species of the historical fishery in BIOT, see Dunne and others, 2015) is therefore
conspicuous, and could - speculatively - be related to the historically low levels of the Indian
Ocean population (Rattle, 2019). However, for a given acoustic intensity, the propensity of BRUVS
to attract predators is likely to yield a mean assemblage size that is on average larger than that
of the assemblage insonified by the echosounder. As a consequence, we expect that — when
converting acoustic intensity into kg using TSy for the entire assemblage— our method could
potentially overestimate assemblage biomass density values.

Thirdly, as both our echosounder mounts (pole- or towed-body mounted) sampled at depth (>3
m for the pole mount) the near-surface portion of the fish assemblage is likely not insonified.
Surface aggregation is a major mechanism of trophic energy transfer in the tropics, whereby prey
fish are eaten by predators such as tunas, sharks, cetaceans and seabirds (Maxwell and Morgan
2013). In the future, there may be considerable value in applying acoustic methods that are able
to capture schools in the near-surface, for example, through horizontally facing echosounders,
or side-scan sonar.

Fourthly, the placement at which we opted to fix the BRUVS from the surface (10 m) is likely to
favour detection of species distributed toward the shallow end of the epipelagic. Although the
bait is likely to attract fish from deeper than 10 m due to plume diffusion, the catchment is
probably not going to extent to the full depth to which the acoustic intensity was computed (200
m), meaning that some species or demographic tranches will be missed. This may also include
species which are not attracted to the bait. In sites where this is the case, one would expect TS
values which are higher than expected from the abundances observed on the BRUVS It is notable
than on the Great Chagos Bank the BRUVS fish assemblage appeared impoverished in both
species richness and abundance (2.25 +/- 0.8 MaxNyig) whereas NASC values were comparatively
high (555.9 m? nmi? (482.9, 678.4)). With a shallow seabed of 50 meters, it is conceivable that
the elevated TS is primarily driven by an assemblage of primarily benthic or benthopelagic
composition, which the BRUVS would not have sampled equally. In the Chagos Archipelago,
observations of acoustic scatterers within the top 200 m suggests a vertical partitioning of the
assemblage. The nature of this partitioning, particularly how it relates to the shoaling of the
thermocline (Currie and others 2013), could form the focus of further study using BRUVS
deployed at variable depths within the epipelagic zone, which would also enable the

correspondence between the BRUVS deployment depth and acoustic intensity to be optimized.
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Fifthly, in the absence of published TS to length relationships for most species of fish, our
approach assumes that the TS to length relationship of the species assemblage can be
approximated by a generic function (Foote, 1987). Some pelagic species have very different swim
bladder morphology (Kloser and others 1997), and gas inclusion in fish and zooplankton can
contribute substantially to acoustic signal and TS (up to 95%, Foote 1980), so our procedure could
be improved by identifying TS to length relationships on the basis of fish anatomy. The analysis
could be further resolved by applying species-specific length to weight conversion, which are
available for most taxa (Froese and Pauly 2015).

Sixthly, we opted to remove sharks (n = 271) from our BRUVS records, and focussed instead on
the numerically dominant teleost component of the assemblage (> 99 %, sumMaxN;ig). We opted
for this solution on the basis that sharks are poor acoustic targets, due to their lack of swim-
bladders, and hence were unable to estimate shark biomass. A better solution to this limitation
may arise from recent developments in split-beam multifrequency echosounders, where sharks
are discriminated on the basis of their multifrequency spectrum (Korneliussen and others 2009).
This approach could, in BIOT, yield shark abundances when estimates from extractive means are
not possible (e.g Ferretti and others 2018).

We estimate that the archipelago ecosystems and surrounding oceanic habitat contained 33.09
(23.41, 47.35, 95% Cl) million tonnes of pelagic fish, in the year 2015, at the time of survey. This
is, to our knowledge, the first attempt at measuring pelagic fish biomass across the complex
seascape of an archipelago, making comparison with estimates derived by other means difficult.
Comparison is further complicated as most fisheries acoustic surveys tend to focus on
assemblages that are either species poor or that are dominated by few species, such as in highly
productive temperate or polar regions, or by deliberately targeting gear-restricted taxa (such as
longline tuna) with well-defined acoustic properties and vertical distribution (i.e Bertrand and
Josse 2000). Our estimates of individual biomass density spanned multiple orders of magnitude
(0 — 2,200 g.m™), the upper range of which are consistent with those reported by underwater
visual surveys, on the shallow reef of the Greater Chagos Bank (640 g. m2, MacNeil and others
2015), thereby lending confidence to our measurements. In addition, our decision to compute
acoustic intensity (NASC) across the 0-200 m depth band appeared coherence with the fish
assemblage observed on the BRUVS, since the bulk of the assemblage consisted of species living

within the shallow scattering layer (< 200 m).
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Consistent mean residual values across the range of predicted biomass levels gives credibility in
our spatial predictions, and can thus help interpret previous patterns in unidentified acoustic
intensity, as well as pinpointing knowledge gaps for future research. In the Chagos Archipelago,
increases in acoustic intensity near seamounts and atolls (Letessier and others 2016; Hosegood
and others 2019) translate here to an increase in fish biomass of 4.1 % (-0.65, 9.7, 95% Cl) for
every 50 m decrease in seabed depth. Our observations of greater faunal variability associated
with increased distance from reefs and at greater seabed depth is typical of marine fauna in BIOT
(Perez Correa and others 2020) and elsewhere (Letessier and others 2019).

We observed that sea surface temperature, and thus oceanographic conditions more broadly,
have a direct impact on pelagic fish biomass. Understanding pelagic biomass variability at
multiple temporal (yearly and seasonally) scales is vital for understanding the ecosystem
resilience of the BIOT MPA, and has relevance for its management. Our survey in January 2015
occurred immediately prior to the 2015-2016 mass coral bleaching event (Head and others 2019)
which is believed to have led to a subsequent decline in demersal fish biomass (Benkwitt and
others 2019). It would be tempting, in a similar vein, to attribute the declines in pelagic fish
biomass that occurred between 2015 and 2016 to bleaching, were it not that pelagic biomass
levels were already low in November 2012. Given the importance of pelagic subsidies in
sustaining impoverished coral reef (Morais and Bellwood 2019), this variability has likely severe
consequences for the rebound potential of the demersal fish biomass, especially considering the
impoverished state the reefs are expected to be in after two back-to-back bleaching events.

We are unable to disentangle intra- and inter-annual variability from our three survey snap-shots,
and can only speculate as to the cause of this 10-fold biomass change (increasing between Nov
2012 and Jan 2015, and decreasing between Jan 2015 and Feb 2016). Oceanographic conditions
in the central tropical Indian Ocean are modulated by dynamic processes at annual timescales by
the Indian Ocean Dipole (Masumoto and others 2008), at seasonal timescales by the monsoon
(Schott and McCreary 2001), and with monthly periodicity by the Madden Julian Oscillation
(Resplandy and others 2009; Webber and others 2012) and equatorial Kelvin waves (Feng and
Meyers 2003). The resulting forcing causes the periodic eastward extension of the Seychelles
Chagos Thermocline Ridge into BIOT, which decreases surface temperature and raises
thermocline depth (Hermes and Reason 2008; Duvel and others 2009), promoting productivity
and influencing distributions and abundance of higher level predators (Lan and others 2013).

These processes, captured by the Indian Ocean Dipole index (Masumoto and others 2008), have
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within BIOT been previously linked with interannual patterns in pelagic distribution of seabirds
(such as red boobies, Perez Correa and others, 2020), and are likely important in explaining the
10-fold interannual variability observed here. Furthermore, this suggests that a pelagic baseline
will need to be established across multiple years in order to understand the impact of ecosystem
stressors, to establish the effectiveness of MPA for pelagic species, and to guide MPA
management.

A non-compliant fishery remains active in BIOT and is thought to be highly seasonal throughout
the year, even though targeted reef sharks are themselves not seasonal (Collins and other
2021a). The seasonality of the fishers is thus more probably related to variability in pelagic fish,
and can thus more easily be anticipated (and thus intercepted by enforcement activity, Collins
and other 2021b) on the basis of pelagic and oceanographic processes. It is on this ground that
we propose that the open ocean ecosystems which includes areas previously targeted by the
historical fishing fleet (Dunn and others 2019) should be further prioritised by the BIOT
monitoring programme, in order to capture both seasonal and interannual variability.

Our procedure has yielded observations which help us interpret previous studies and are broadly
consistent with oceanographic processes. The method and results presented here are a first step
in generating a standardised time-series, and in determining the response of pelagic ecosystems
to different management regimes that increasingly includes no-take MPAs such as BIOT.
Critically, our estimation-related uncertainty is relatively small compared to inter-annual trends,
meaning that significant increases (or declines) in biomass can be spotted early. Although stereo
technology is increasingly used as an alternative to extractive methods (e.g for use in trawls with
open cod-ends, Garcia and others 2020) and in coupled fisheries-acoustics (Boldt and others
2018), this is to our knowledge the first attempt to parameterise echosounder observations using
baited videography. Our demonstration here was focussed on the mid-water and pelagic
ecosystem, the described procedure is equally applicable for communities living in association
with the seabed, or in deeper depth horizons, such as the mesopelagic (Irigoien and others 2014).
Given the recent establishment of BRUVS as a pelagic monitoring standard across the UK’s
Overseas Territories ‘Blue Belt’ of protected ocean (Meeuwig and others 2021), and the already
firmly intrenched status of fisheries acoustics as a staple of pelagic monitoring (Proud and others
2017), our procedure - whereby a harmonious merging of the two is achieved by collecting
acoustic data en-route with intermittent stereo-BRUVS at regular intervals - is a powerful tool

yielding both the scale and resolution required for basin-wide fish biomass surveys.
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Figure 1 Coupled acoustic (red lines) and mid-water baited remote underwater video systems
(open black circles) sampling activity within the British Indian Ocean Territory fisheries exclusion
zone (inset), in November 2012, January 2015 and February 2016 (bottom panels, in
chronological order, showing 500 m isobaths). Labels denote sampling sites, defined by BRUVS
clusters, at North Western Station (NW), Peros-Banhos and Salomon atolls (PBSa), Great Chagos
Banks (GCB), Marline Mount (MaMo), Egmont atoll (Egm), and Sandes Swart seamount (SaSw).
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536  Figure 2 Steps required for converting echo intensity to biomass using baited camera
537  measurements: A) Acoustic intensity distribution (left pane) and typical echogram (right pane; n
538  pings = 200; depth range = 800 m), computed as nautical-area scattering coefficient (NASC, m?
539  nmi?), averaged into 20 ping by 200 m depth cells. B) Fish fork length distribution (left pane),
540  derived from stereo baited remote underwater videos systems (illustrated by a typical frame,
541  right pane). C) Weight distributions calculated from weight-length relationship (right pane). D)
542 Fish biomass distribution (left pane), calculated by converting NASC observations to biomass
543 using acoustic conversion factor, TSkg (right pane).
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21



545

546
547
548
549
550
551
552

a |
L 1213 e pER LY iz ie Eb i AB =0 [ R 13
Diskance b Rest ik

Facto- charae in bomass

r = =
Ll | A= ME wE HEEFD Ll FAELL] ekl 4

Rlaan Mgethly 557 1770 Sanhec! Dapkn (g
ZULZ midciay 2Ll

3 :
B i ) 205 L] &2 T H = o
Faicki 2 o
Fizh ginesss densiy (g m~™

Figure 3 Estimating pelagic fish biomass density in the Chagos Archipelago. Generalised Additive
Model partial plots (top two panel rows), predictions of pelagic fish biomass density (for the year
2015, at midday, bottom left panel), and confidence interval (95% ClI, bottom right panel) across
the Chagos Archipelago. Centroids of BRUVS cluster sites are marked by black spots. Mean fish
biomass density is 279.68 (197.87, 400.15) g m™, yielding 33.09 (23.41, 47.35) million tonnes of
fish for the year 2015.
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554  Figure 4 Smooth functions (black line) showing mean Pearson residuals from the fish biomass
555  density GAM predictions, colour coded for site.
556
557 Tables
558 Table 1 Sampling sites and summary statistics of acoustic and stereo-BRUVS observations of
559  pelagic fish abundance (Mean MaxNrig)
Site Lat Lon Year Mean NASC (m? nmi?) Survey  Sitearea Number Mean Number
sampled [lower quartile, upper tracks (radial of BRUVS MaxNrig (s.e) of BRUVS
quartile] (km) distance  deployme deploym
, km) nts ents
Sandes-Swart -7.1 72.1 2012, 527.3(113.9, 791) 463 7.6 134 9.4 (1.8) 134
Seamount 2015,
(Sasw) 2016
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Perhos Banhos  -5.4 72.2 2012, 364.9 (76.1, 315.6) 512 41.2 246 36.8 (6.5) 246
and Salmon 2015,
atoll (PBSa) 2016
Northwest -5.7 71.4 2016 187 (124.8, 202.3) 112 7.4 10 4(0.7) 10
station (NWst)
Great Chagos -6.3 72.2 2016 555.9 (482.9, 678.4) 29 4.5 20 2.25(0.8) 20
Banks (GCB)
Egmont (Egm) -6.6 71.3 2015 1227.4(250.4,1988.3) 168 10.3 56 18.3 (6.4) 56
Marlin Mount -6.4 73.3 2015 171.1(92.7, 164.9) 238 9.9 80 11.2 (2.7) 80
(MaMo)

560
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561  Table 2 Predictors of pelagic fish biomass and sources.
Predictor Resolution Range Source Reference and
and unit rational
Seabed 80m 5-3,560 Echosounder and GEBCO (Boersch-Supan
depth (m) (www.gebco.net) and others 2017)
Distanceto NA 0-83 Millennium Coral Reef Mapping (Letessier and
reef (km) Project others 2016)
(http://imars.marine.usf.edu/millenni
um-coral).
Chla(mgm™ 4 km, 0-0.25 https://oceancolor.gsfc.nasa.gov/data (Proud and
3) Monthly /aqua/ others 2017)
means
SST (°) 4 km, 28.76-29.91 https://oceancolor.gsfc.nasa.gov/data (Boersch-Supan
Monthly /aqua/ and others 2017)
means
SST s.d. (°) 0.3-0.8 https://oceancolor.gsfc.nasa.gov/data (Boersch-Supan
/aqua/ and others 2017)
Hours NA 8 am-7pm (Brierley 2014)
Year NA 2012, 2015, (Curnick and
2016 others 2020)
562
563  Table 3 Fish families and species and their abundance (MaxNrig), as recorded by mid-water
564  BRUVS, in the British Indian Ocean Territory at each site: North Western Station (NW), Peros-
565  Banhos and Salomon atolls (PBSa), Great Chagos Banks (GCB), Marlin Mount (MaMo), Egmont
566  atoll (Egm), and Sandes-Swart seamount (SaSw).

Egm GCB MaMo NW PBSa SaSw sumMaxNrig
Acanthuridae 1 1
Naso sp 1 1
Apogonidae 1
Ostorhinchus holotaenia 1 1
Balistidae 3 4 10
Abalistes stellatus 2
Canthidermis maculata 3 4 8
Belonidae 1 1
Ablennes hians 1 1
Blenniidae 13 1 1 22 15 52
Aspidontus dussumieri 12 1 1 14 14 42
Aspidontus taeniatus 1 4 1 6
Plagiotremus tapeinosoma 4 4
Carangidae 873 31 445 23 7360 621 9353
Carangidae sp 22 4 26
Caranx sexfasciatus 43 8 3 18 658 17 747
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Decapterus macarellus 751 3 754

Decapterus sp 822 23 438 5 5909 323 7520
Elagatis bipinnulata 8 16 272 296
Naucrates ductor 4 1 2 7
Scomberoides sp 3 3
Carcharhinidae 1 1 28 238 268
Carcharhinidae sp 1 1 2
Carcharhinus albimarginatus 151 151
Carcharhinus amblyrhynchos 3 30 33
Carcharhinus falciformis 1 23 56 80
Carcharhinus longimanus 1 1
Galeocerdo cuvier 1 1
Chaetodontidae 1 1
Heniochus sp 1 1
Clupeidae 32 32
Clupeidae sp 32 32
Coryphaenidae 2 17 1 18 4 42
Coryphaena hippurus 2 17 1 18 4 42
Echeneidae 8 1 4 3 16
Echeneis naucrates 1 2
Remora albescens 1 1
Remora remora 8 1 2 13
Fistulariidae 12 1 2 12 35
Fistularia commersonii 7 1 2 12 30
Fistularia petimba 5
Istiophoridae 9
Istiompax indica 6
Istiophorus platypterus 2
Makaira nigricans 1 1
Lamnidae 2
Isurus oxyrinchus 2
Lobotidae 2 2
Lobotes surinamensis 2 2
Lutjanidae 2 30 32
Lutjanus bengalensis 2 30 32
Molidae 1 1
Mola mola 1 1
Monacanthidae 32 1 1 11 974 6 1025
Aluterus monoceros 1 1
Aluterus scriptus 41 1 42
Cantherhines fronticinctus 32 1 11 932 5 981
Pseudalutarius nasicornis 1 1
Mullidae 29 1 195 225
Parupeneus barberinus 2 2
Parupeneus macronemus 29 1 193 223
Myliobatidae 1 1
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Mobula japanica
Nomeidae
Psenes cyanophrys
Pomacentridae
Pomacentrus caeruleus
Priacanthidae
Priacanthus blochii
Rhincodontidae
Rhincodon typus
Scombridae
Acanthocybium solandri
Euthynnus affinis
Scombridae sp
Thunnus albacares
Thunnus obesus
Thunnus orientalis
Thunnus tonggol
Sphyraenidae

Sphyraena barracuda

26
26

1027

45

418
418

895

40

121
121

R R NN OO

272

179

87

9058

96
96

261
18
41

196

1270

662
662

R =R NN OO

540
28
222

87
196

N N W =,

12335

Sphyraena jello
Sphyraena sp
Sphyrnidae
Sphyrna lewini
Grand Total
567
568
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569
570

571
572

Table 4 Description of final Generalised Additive Mixed Models for acoustic intensity (NASC) and

fish biomass density.

Fish NASC (m? nmi)

Fish biomass (g m?)

Parametric terms (s.e.)

Smooth terms (F)

Model evaluation

Model predictions (95% Cl)
Areal mean (hour =12)

Total (hour = 12)

Intercept
Hour

Year
SST
distreef
seabed

AR(1) correlation
coefficient (95% Cl)
AlC

adjR?
cor
MAE
n

2012
2015
2016
2012
2015
2016

8.08*** (0.15)
-0.15*** (0.01)

1.97*** (184.98)
1.97*** (14.53)
1.93*** (44.10)
1.96*** (10.11)

0.77 (0.75, 0.78)

26037
0.36
0.6
327.20
10,025

79.69 (55.87,114.42) m? nmi?
731 (527.07,1021.94) m? nmi™?
540.52 (431.15, 682.24) m? nmi?
0.22e6 (0.15e6, 0.31e6) m?

2e6 (1.45e6, 2.81e6) m?

1.48¢6 (1.18e6, 1.87e6) m?

5.58%** (0.15)
-0.11*** (0.01)

2.00%** (294.82)
1.97*** (32.93)
1.97*** (34.30)
1.97*%** (20.72)

0.77 (0.75,0.78)

16199
0.61
0.78

53.48
7,201

32.45 (22.46, 47.53) g m2
279.68 (197.87, 400.15) g m2
34.52 (26.16, 46) g m2

3.84 (2.66, 5.62) Mt

33.09 (23.41, 47.35) Mt

4.08 (3.1, 5.44) Mt
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