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Abstract

1. Biodiversity inventories and monitoring techniques for marine fishes often over-
look small (<5 cm), bottom-associated (‘cryptobenthic’) fishes, and few stand-
ardized, comparative assessments of cryptobenthic fish communities exist. We
sought to develop a standardized, quantitative survey method for cryptobenthic
fishes that permits their sampling across a variety of habitats and conditions.

2. Fish-specific autonomous reef monitoring structures (FARMS) are designed to
sample cryptobenthic fishes using a suite of accessible and affordable materials.
To generate a variety of microhabitats, FARMS consist of three layers of stacked
PVC pipes in three different sizes, as well as a bottom and top level of loose
PVC-pipe fragments in a mesh basket. We deployed FARMS across a variety of
habitats, including coral reefs, seagrass beds, oyster reefs, mangroves, and soft-
bottom habitats across six locations (Hawai'i, Texas, Panama, Saudi Arabia, Brazil,
and Curacao).

3. From shallow estuaries to coral reefs beyond 100m depth, FARMS attracted dis-
tinct communities of native cryptobenthic fishes with strong site or habitat speci-
ficity. Comparing the FARMS to communities sampled with alternative methods
(enclosed clove-oil stations on coral reefs in Panama and oyster sampling units on
oyster reefs in Texas) suggests that FARMS yield a subset of cryptobenthic fish
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species that are representative of those present on local coral and oyster reefs.
While FARMS yield fewer individuals per sample, they are efficient sampling de-

vices relative to the sampled area.

. We demonstrate that FARMS represent a useful tool for standardized collections

of cryptobenthic fishes. While natural substrata are bound to yield more mature
communities with a larger number of individuals and wider range of specialist spe-
cies, the potential to deploy and retrieve FARMS in turbid environments, beyond
regular SCUBA depth, and where fish collections using anaesthetics or ichthyo-
cides are forbidden suggests that they are a valuable complementary technique
to survey fishes in aquatic ecosystems. Deploying FARMS in locations and habi-

tats where cryptobenthic fish communities have not been studied in detail may

KEYWORDS

1 | INTRODUCTION

From the poles to tropical coral reefs and from shallow tidepools
to the deepest trenches, ray-finned fishes (Actinopterygii) occupy
nearly all marine habitats. To persist in these habitats, they have
evolved a remarkable diversity of life history traits, ranging from
tiny, bottom-dwelling gobies (e.g. the midget dwarf-goby Trimmatom
nanus) to giants that roam the open ocean (e.g. the giant oarfish
Regalecus glesne). This diversity begets large differences in detect-
ability, which are further compounded by the surrounding habitat.
Medium-sized, mobile fishes that populate the clear waters of shal-
low, tropical coral reefs are easily detected and enumerated by snor-
kelers or SCUBA divers (Edgar & Stuart-Smith, 2014). Conversely,
fishes at the extreme ends of the size spectrum in turbid or aph-
otic environments are much more challenging to survey (Thomsen
et al., 2016).

Fish communities are most commonly studied using data ob-
tained from underwater visual surveys (UVCs) or fishery-dependent
surveys that target only commercially valuable species (Murphy &
Jenkins, 2010). Since both techniques are biased towards medium
to large-bodied species, small-bodied, bottom-dwelling (i.e. ‘cryp-
tobenthic’) fish species are rarely considered (Brandl et al., 2018;
Depczynski & Bellwood, 2003). Cryptobenthic fishes populate most
nearshore habitats worldwide, including rocky and coral reefs, man-
groves, soft-bottom habitats or dock pilings (Brandl et al., 2018),
sometimes accounting for more than 90% of fish individuals in a
given system (Galland et al., 2017). They combine life history traits
that not only make them difficult to survey but also affect their dis-
persal, population connectivity, speciation patterns, environmental
tolerances or preferences, and functional roles (Brandl et al., 2019;
Depczynski & Bellwood, 2004, 2006; Tornabene et al., 2015).
Specifically, due to small body size, low batch fecundity, benthic

yield many valuable specimens of unknown or poorly known species.

artificial habitat, biodiversity, biogeography, coral reef fishes, fish trap, fisheries-independent
sampling, taxonomic inventory

spawning, parental care, short life cycles and high mortality, cryp-
tobenthic fishes exhibit limited dispersal compared to larger fishes,
which may lead to high population structure at relatively small spatial
scales (D'Aloia et al., 2015; Farnsworth et al., 2010; Mila et al., 2017;
Riginos & Victor, 2001; Volk et al., 2021) and, in some cases, rapid
speciation within or across regional scales (Taylor & Hellberg, 2005;
Tornabene et al., 2015; Wagner et al., 2019). Thus, it is probable that
there are hundreds of species of cryptobenthic fishes that have yet
to be described (Brandl et al., 2018), and the dynamics that govern
cryptobenthic fish community assembly and functioning are poorly
understood. To date, taxonomic inventories based on in situ surveys
of these fishes are lacking in most locations (Brandl et al., 2018), and
little comparative work across locations or bioregions has been per-
formed (Ahmadia et al., 2018; Gonzélez-Cabello & Bellwood, 2009).

Cryptobenthic fishes on coral reefs are efficiently collected by
dousing a small section of habitat with fish anaesthetics or ichthyo-
cides (Ackerman & Bellwood, 2000, 2002; Allen et al., 1992; Brandl
et al., 2018; Smith-Vaniz et al., 2006). This technique yields excel-
lent locally representative communities but requires the visual de-
tection and collection of anaesthetised specimens, relatively calm
conditions, approximately 60 min of bottom time, and permission
to use anaesthetics or ichthyocides, such as rotenone, quinaldine or
clove oil. Unless modified (such as for use on dock-pilings; Brandl
et al., 2017), these limitations prevent the application of this tech-
nique in less accessible, turbid, deep, turbulent or governmentally
restricted habitats. In such habitats, cryptobenthic fishes can be
sampled through a variety of artificial structures (Ammann, 2004;
Arney et al., 2017; Freedman et al., 2020), including by filling a hol-
low mesh basket or crate with biogenic material present in a given
habitat (such as oyster shells or coral reef rubble) and retrieving the
structure after a given immersion time (Reustle & Smee, 2020; Valles
et al., 2006). Similarly, at depths beyond regular SCUBA diving limits,
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cryptobenthic fishes are sampled through roving collections via ei-
ther closed-circuit rebreather diving (Pinheiro et al., 2019) or piloted
submersibles that are fitted with equipment that can administer
anaesthetics and catch anaesthetised fishes (Baldwin et al., 2018).
While both of these techniques have yielded precious insights into
the biodiversity of cryptobenthic fishes at depth, neither is well
suited for efficient, standardized, quantitative collections of entire
communities.

Autonomous reef monitoring structures (ARMS) have been used
to establish standardized biodiversity inventories across the world's
coastal oceans (Brainard et al., 2009; Leray & Knowlton, 2015). These
structures are designed to be inexpensive, replicable, easy to de-
ploy and sample, and produced from accessible materials. They have
been shown to capture a broad suite of marine organisms across the
tree of life using a combination of traditional (e.g. morphological) and
modern (e.g. molecular) taxonomic techniques (Casey et al., 2021).
Although cryptobenthic fishes frequently find their way into ARMS,
the microhabitats provided by these structures are generally more
favourable for mobile and sessile invertebrates, which limits the di-
versity of captured fishes. Here, we introduce fish-specific autono-
mous reef monitoring structures (FARMS) as a counterpart to ARMS

for cryptobenthic fishes.

2 | MATERIALS AND METHODS

FARMS follow the design of ARMS, providing multiple levels of
stacked PVC plates, interspersed by PVC structures that provide
habitat for cryptobenthic fishes of various sizes and with varying mi-
crohabitat preferences. Specifically, a FARMS consists of five levels
(Figure 1): flat PVC-coated wire mesh baskets filled with small pieces
of loose PVC pipe (approximately 15 1-inch length pieces of 1 inch
diameter pipe) on the bottom and top levels, and three levels with
large (3-inch diameter), medium (1.5-inch diameter) and small (1/2-
inch diameter) PVC pipes. Half of the PVC pipes are plugged on one
end with cut-to-size PVC disks to create closed caves and open tun-
nels of each size. The levels are held in place by flat PVC sheets that
are fastened using vertical threaded rods, nuts and bolts. Horizontal
pipes are attached to the flat PVC sheets using short screws. The
entire unit is mounted on a % inch PVC baseplate using the threaded
rods, and the entire assembly can be attached to the substrate using
stakes, bolts or thick threaded rods via four corner holes (as well
as cylindrical weights, if necessary). If all materials are purchased in
custom sizes for easy assembly, the cost per unit is approximately
US$200. However, based on material costs alone, a unit can be fab-
ricated for less than US$60. Costs can be further reduced by using
regular hardware mesh instead of PVC-coated mesh for the PVC-
rubble baskets. While this will decrease the longevity of the unit, it
may suffice for shorter-term applications. A video documenting the
assembly process is provided in the Supporting Information.

To prevent escape during retrieval, a milk-crate or similar sized
container lined with fine mesh and fitted with a rubber rim can
be placed over the FARMS and strapped to the baseplate using

bungee cords (Figure 1c). The rubber rim creates a tight seal against
the baseplate, while the inside mesh lining prevents fishes from es-
caping through the openings in the milk-crate. The unit can then be
inverted for transportation and brought to the surface. Alternatively,
the collection can be performed using a simple net, weighted around
the perimeter, and draped around the unit, or using throw-traps that
engulf the entire unit. Depending on the depth and environmen-
tal conditions, the retrieval can be performed while freediving, on
SCUBA, or using a piloted submersible. Once retrieved, FARMS are
best stored in a bin full of seawater to transport the units to a labo-
ratory or processed immediately on the boat (especially if units are
re-deployed).

We constructed, deployed and retrieved FARMS across six lo-
cations (Panama, Texas, Hawai'i, Saudi Arabia, Brazil and Curacao;
Figure 2, Supporting Information) and various habitat types, depths
and durations in the course of independent case studies. In Bocas
del Toro, Panama, FARMS were deployed on coral reefs in the di-
rect vicinity of reef outcrops that were sampled using anaesthetic
stations (Ackerman & Bellwood, 2002; Brandl et al., 2018), and
in Texas, FARMS were deployed along with oyster sampling units
(OSUs; Reustle & Smee, 2020), allowing us to compare the efficiency
of FARMS in sampling cryptobenthic fishes to other methods. The
remaining deployments were performed to assess the ability of
FARMS to sample a broad suite of species across different sites or
habitats, but without direct comparisons to established methods. In
Hawai'i, FARMS were deployed on coral reefs in triplicates across
Kane'ohe Bay; in Saudi Arabia, FARMS were also deployed on coral
reefs in triplicates but across a lagoon to offshore gradient; and in
Brazil, FARMS were deployed across three habitat types. Finally,
we also deployed three FARMS on deep reefs in Curagao in 60, 146
and 223 m depth using a piloted submersible, where minor modifica-
tions enabled deployment and retrieval using hydraulic arms of the
Curasub submersible (Table 1). All collections in the present study
were performed under the following research permits and ethics au-
thorizations: KAUST Institutional Animal Care and Use Committee
(IACUC#19IACUCO4) (Saudi Arabia), SISBIO #77423-1 and IAT
#05.22 (Brazil), STRI IACUC approval 2016-0101-2019 and #SE/AP-
2-16 (Panama), NMNH IACUC approval 2018-03 (Hawai'i), Hawai'i
Department of Land & Natural Resources Special Activity Permit
2019-70 and Site Plan Approval OA-18-57.

2.1 | Comparative deployments

In February 2016, we deployed nine early prototype FARMS,
which did not include the PVC rubble baskets and were assembled
using PVC glue, on reefs in the Almirante Bay in Bocas del Toro,
Panama. FARMS were deployed adjacent to reef outcrops that
were sampled using anaesthetic stations in 2016, as described in
(Brandl et al., 2017). FARMS were left in place for one year, and six
units were retrieved in March 2017 (three units were lost). To re-
trieve FARMS, a weighted, fine-mesh net was placed over the unit,
fully engulfing the FARMS and its baseplate. While firmly holding
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FIGURE 1 Blueprint for FARMS construction and photos of FARMS deployment, retrieval, and processing from Kane'ohe Bay, Hawai'i.
(a) Sketch of components and assembly of a FARMS (all measurements in inches due to US-suppliers). (b) FARMS deployed for 5months
in Kane'ohe Bay. (c) Retrieval of FARMS using a milk-crate lined with fine mesh. (d) Processing of a FARMS on a large wet table. Photos by

Diane Pitassy.

the net around the baseplate, the unit was inverted and the net
was pulled tight around the bottom of the baseplate. The unit was
then brought to the surface, placed in a bin full of seawater, and
all fishes were removed from the FARMS, net and bin. For the an-
aesthetic stations (performed in 2016 as per Brandl et al., 2017),
we followed the standard procedure of covering a small section
of the reef with a fine-mesh net and an impermeable tarp, after
which 2 L of clove-oil: ethanol solution (1:5) were injected into
the sampling area. After a short period, the tarp was removed and
all anaesthetised fishes were collected while gently folding back
the net (Ackerman & Bellwood, 2002; Brandl et al., 2018). For
both FARMS and anaesthetic stations, fishes were placed in an
ice-water slurry, brought to the laboratory, identified, measured
and photographed. While the exact sampling area for both FARMS

and the sampled reef outcrops is difficult to determine (due to the
interior, three-dimensional structure), the estimated outer surface
area of FARMS was 0.465 m?, while the estimated mean outer sur-
face area of sampled reef outcrops was 3.410 m?2.

In Texas, thirteen FARMS were deployed among three coastal
lagoons on the Gulf coast in early March of 2019. Nine of these
were set in shallow water (~1-2 m depth) and deployed alongside
an oyster sampling unit (OSU; or ‘biobox’; Reustle & Smee, 2020).
0SUs were 0.25m® and constructed from a wooden frame with
a 1cm? mesh bottom holding a volume of sterilized oyster shell
equal to five gallons, while the estimated volume for each FARMS
was 0.03m? (one cubic foot). Deployments sites were charac-
terized by high cover of the seagrass Halodule wrightii (Laguna
Madre), rocky rubble colonized by intertidal oysters (Oso Bay)
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Panama

Saudi Arabia

Hawai'i Brazil

Curagao

FIGURE 2 Map of the six study locations where FARMS were deployed between 2016 and 2021. Photos provided by Jace Tunnell
(Texas), Jordan Casey (Panama), Morgan Bennett-Smith (Saudi Arabia), Gabriel Marchi (Brazil), Lynne Parenti (Hawai'i) and Barry Brown

(Curacao).

TABLE 1 Information for FARMS

deployments across the five locations. Location

N = total number of deployed and Hawai'i

retrieved units; Depth = depth of Gaugh Al

deployments; Habitats = primary habitat T

of deployments; Duration = duration of exas

deployments. Additional information is

found in the Supporting Information. Brazil
Panama
Curagao

and a subtidal oyster reef (Aransas Bay). Four additional FARMS
were deployed in deeper (up to ~3 m) sites co-located with water
quality data stations maintained by the Mission Aransas National
Estuarine Research Reserve (MANERR) in Aransas Bay. FARMS
and OSUs were left for 3months (retrieved in early to mid-June of
2019). FARMS were retrieved as described above but without the
use of SCUBA. OSUs were collected by deploying a square throw
trap over the unit and lifting the box out of the trap and placing it
in a plastic basin for sorting. The trap was then continuously swept
with a custom 1 mm mesh sweep net the same width as the trap
until three consecutive sweeps yielded zero fish. At the surface,
all fishes were removed from the FARMS, OSUs, netting and the
bins. Fishes were placed in an ice-water slurry, brought to the lab-
oratory, identified, counted and measured, and unique specimens
were photographed.

30(30)
33(27)
13(13)

14 (14)

Depth Habitats Duration

5-18m Coral reef, soft-bottom 6months

1-25m Coral reef, seagrass 4months

1-5m Oyster reefs, seagrass, 3months
soft-bottom

1-3m Mangroves, rocky 1-2months
shore, docks

3-8m Coral reef 12 months

60-223m Deep reef 12 months

2.2 | Non-comparative deployments

In Hawai'i, Saudi Arabia, and Brazil, FARMS were not deployed
alongside other collection methods but across different sites and
habitats to test whether FARMS harbour site-specific communi-
ties throughout a location or reflect a broad, homogenous pool
of potential recruits that settle on the FARMS. In Kane'ohe Bay,
30units were deployed in triplicates between 5 m and 18 m depth,
and spanned different conditions from inshore, turbid environ-
ments to exposed, coral dominated patches (one triplicate set
was buried in sediment and excluded from this study). In Saudi
Arabia, 33 FARMS were deployed on coral reefs and 27 were
collected (six units were lost) across an inshore to offshore (and
depth) gradient. Sites ranged between depths of 1 to ~6 m for all
inshore sites, and at 10 and 25 m on mid-shore and offshore reefs.
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In Brazil, 14 FARMS were deployed in the shallow subtidal zone
across three habitats at the outermost sector of the Paranagua
Estuarine Complex (PEC): mangroves (Perequé tidal creek; N = 3),
rocky shores (Cobras Island; N = 6) and artificial dock structures
(DNOS artificial channel; N = 5).

2.3 | Statistical analyses

For deployments in Panama, we compared the community compo-
sition between FARMS and adjacent anaesthetic stations using an
nMDS on the Raup-Crick dissimilarity matrix of species' presence
or absence in a sample. We opted for binary data structure based
on presence/absence due to the large differences in sampled area
between FARMS and anaesthetic stations. We also compared the
relative abundance and species richness of FARMS and anaesthetic
stations (based on estimated outer surface area) using Bayesian
models with a log-normal distribution, and tested whether the num-
ber of individuals and species in the FARMS and reef outgroups
correlated across the six deployments. For the latter analyses, we
ran Bayesian linear models using the log-transformed values from
FARMS deployments as the response variable and the values from
reef based collections as the explanatory variable.

For the Texas deployments, we compared the community struc-
ture and composition between FARMS and simultaneously deployed
oyster sampling units (OSUs) across the sites. For community com-
position, we performed an nMDS on the Bray-Curtis dissimilarity
matrix. To compare abundances, we performed a Bayesian model
with a negative binomial error structure and log-link function, while
we compared species richness using a Poisson error structure. Since
both OSUs and FARMS represent discrete sampling units and their
inner sampling volumes are difficult to compare, we did not stan-
dardize obtained estimates by sampling volume.

We also examined location-specific patterns in cryptobenthic
fish communities obtained from the FARMS and, where available,
comparative sampling techniques, using multivariate examinations
of community composition best suited for the data. Furthermore,
where appropriate, we performed univariate comparisons of the
abundance and species richness (either among sites or sampling
techniques). A more detailed overview of these analyses is pro-
vided in the Supporting Information. All data analyses and visu-
alizations were performed in R (R Core Team, 2021) using the
packages vecan (Oksanen et al., 2022), Brms (Biirkner, 2017), TIDYBAYES
(Kay, 2018), MoDELR (Wickham, 2020), sk (Pebesma, 2018) and FISHUAL-
1ze (Schiettekatte et al., 2019).

3 | RESULTS

Overall, 102 FARMS were deployed across the six locations, of
which 93 were collected. Regional (y) diversity across all FARMS was
highest in Saudi Arabia (23 species), followed by Hawai'i (8), Panama
and Texas (7 each), and Brazil (5). The three FARMS on deep reefs

in Curacao contained five species at 60m, two species at 146 m and
no fishes in the deepest FARMS (223 m), likely due to the limited
deployment duration.

In Panama, species sampled in the FARMS represented a small
subset of the reef outcrop community based on presence/absence
(Figure 3). While a much larger number of individuals (97.2 individu-
als per sample +17.2 SD) and species (11.3 species per sample +2.42
SD) was sampled from the reef outcrops compared to individual
FARMS (10.5+5.1 and 3.5+1.4, respectively) in absolute terms,
estimates of fish density and species density relative to the esti-
mated sampled surface area revealed high efficiency of FARMS in
obtaining a diversity of species (Figure 3). Indeed, species density
(i.e. species per m?) was lower on reef outcrops compared to FARMS
(mean posterior estimate: FARMS = 7.1 [5.25 lower credible inter-
val, 9.70 upper credible interval], reef outcrops = 3.30 [2.44, 4.43]),
while there was no clear difference in fish density (individuals per
m?). Finally, there was no correlation in the number of individuals
obtained from FARMS and reef outcrops, but there was a positive
correlation between species richness estimates (posterior parame-
ter estimate: 0.38 [0.12, 0.64]; Figure 3).

In Texas, compositional differences among sites were evident
using both FARMS and OSUs (Figure 4), but the two techniques
differed in their community composition (as indicated by non-
overlapping polygons in multivariate space, despite almost complete
overlap on the first axis). Species with the largest influence on the
separation between OSUs and FARMS in the second dimension in-
clude Anchoa mitchilli, Lagodon rhomboides, and Bairdiella chrysoura,
which are generally classified as epibenthic species rather than cryp-
tobenthics. While there was no difference in the abundance of cryp-
tobenthic fish species between the two methods, OSUs yielded a
larger number of species than did FARMS (mean posterior estimates:
OSUs = 7.1 [5.6, 9.0]; FARMS = 2.9 [2.0, 4.0]).

Finally, in Hawai'i, Saudi Arabia, and Brazil, FARMS units showed
clear differences in species richness, abundance, and community
composition between sites, shelf positions, and habitats, respec-
tively (Supporting Information Figures S1-S3). In Curacao, only the
two shallower FARMS yielded fish, while no fish were caught on the
deepest FARMS (223 m). The FARMS at 146 m depth yielded the sec-
ond known specimen of Psilotris laurae (Figure 5), a species described
based on a single specimen from Bonaire (Tornabene et al., 2016).
The dominant species obtained from the FARMS in each location
(except Curacao) are summarized in Table 2.

4 | DISCUSSION

The artificial nature of FARMS generally raises concerns about
their ability to capture diverse communities that are typical of
the surrounding habitat. Indeed, several of our deployments were
dominated by a single, generalist species, such as Asterropteryx semi-
punctata in Hawai'i, Gobiosoma bosc in Texas, Coryphopterus persona-
tus in Panama, and Bathygobius soporator in Brazil. Yet, it is possible
that the numerical dominance of select species simply reflects local
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draws from Bayesian models, while diamonds represent the raw data (jittered horizontally). Black lines in the violins mark the 2.5%, 50% and
97.5% quantiles. (d and e) show correlations between abundance and species richness estimates across sites, with lines reflecting 500 fitted
draws from the posterior, while points represent raw values.

abundances regardless of artificial versus natural substrate. This is habitats. In both cases, the most abundant species were compara-
supported by the two locations where we simultaneously sampled ble among sampling methods, and in Panama, the numerical domi-
natural (reef outcrops in Panama) and seminatural (OSUs in Texas) nance of C. personatus was weaker on FARMS than on reef outcrops.
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FIGURE 4 Cryptobenthic fish communities from FARMS and OSUs deployed in South Texas. (a) nMDS ordination, where different
sampling methods are delineated by colours and polygons. Species are overlaid from the origin of the ordination and sites are denoted by
symbols. (b and c) method-specific differences in the abundance per sample and species richness per sample. Violin plots reflect posterior
distributions based on 500 draws from Bayesian models, while symbols represent the raw data (jittered horizontally). Black lines in the

violins mark the 2.5%, 50% and 97.5% quantiles.

Nevertheless, it is important to consider that FARMS cannot fully
mirror the surrounding environment, especially in habitats with no
solid structures (such as pure sand or seagrass habitats). In these
habitats, FARMS may sample errant recruits to hard-bottom struc-
tures rather than species typical for these environments.

The comparisons of cryptobenthic communities obtained from
FARMS and OSUs in Texas and FARMS and reef outcrops in Panama
permit a careful evaluation of the potential for FARMS to sample
cryptobenthic fishes. In Panama, anaesthetic stations encompassed
amuch larger surface area than FARMS, so the markedly higher num-
ber of individuals from reef outcrops is, at least in part, attributable
to the sampled area. This may also increase the diversity of species
sampled due to the relationship between the number of individu-
als and species likely to occur in a sample (Gotelli & Colwell, 2001),
ultimately leading to the fully nested position of FARMS within the
polygon encompassed by the anaesthetic stations. However, when
standardizing samples based on the estimated surface area sampled,
FARMS yielded a higher number of species per m?, suggesting that
they are an efficient technique to sample local diversity. In addi-
tion, the correlation between the number of species obtained from
FARMS and reef outcrops across sites in Almirante Bay suggests that
FARMS are sensitive to fine-scale differences in the surrounding

habitat that may drive differences in fish communities across the
bay (Nguyen et al., 2020). In this context, the refined prototype of
FARMS that was deployed in later case studies (which features a
larger variety of microhabitats) may have further increased the ef-
ficiency of FARMS in sampling a diversity of cryptobenthic fish spe-
cies in Panama. Nevertheless, simply by obtaining a larger number
of individuals and covering a larger area, anaesthetic stations likely
provide a more thorough reflection of the local community than do
FARMS and may therefore remain the preferred method on shallow
coral reefs.

For oyster reefs in Texas, no clear differences in abundance
were apparent between OSUs and FARMS, but OSUs yielded more
species. These differences were largely driven by epibenthic/epipe-
lagic species such as yellow perch (Bairdiella chrysoura) and pin-
fish (Lagodon rhomboides). There is an intuitive incentive for filling
sampling units with natural, locally abundant substrates (such as
oyster shells or coral rubble), as these units closely resemble the
surrounding habitat (Reustle & Smee, 2020; Takada et al., 2016;
Valles et al.,, 2006). However, this precludes the standardization
of materials across studies. Our results suggest that FARMS ade-
quately captured the core species of the cryptobenthic community,
which supports existing evidence that artificial structures can offer
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FIGURE 5 Retrieval of a FARMS unit on the slope of Curacao
using the Curasub submersible and its hydraulic arm, and the
second-known specimen of Psilotris laurae, collected in the FARMS
deployed at 146 m. Top and middle photos by C. Baldwin, bottom
by Barry Brown.

useful snapshots of cryptic fauna in marine environments (Ransome
et al., 2017; Wolfe & Mumby, 2020). Furthermore, both FARMS and
OSUs successfully resolved site-specific differences in community
composition, suggesting that neither of the two sampling techniques
is superior.

The ability of FARMS to reflect gradients in composition and
diversity was further supported by the FARMS deployments
in Hawai'i, Saudi Arabia, and Brazil. Similar to ARMS (Brainard
et al., 2009; Casey et al., 2021; Plaisance et al., 2021), FARMS
showed relatively low variability when units were deployed
within a few meters of each other but captured differences in
communities across sites. This suggests that the units adequately
mimic a broad variety of microhabitat requirements for species
that are present at a given site. For example, FARMS in the Red

TABLE 2 Dominant species obtained from FARMS and
complementary sampling methods across the five locations in
which more than three FARMS were deployed.

Relative
Location Species abundance
Hawai'i Asterropteryx semipunctata 55.5%
Priolepis farcimen 15.2%
Bathygobius sp. 10.5%
Saudi Arabia Eviota guttata 34.2%
Pseudanthias squamipinnis 13.2%
Pleurosicya mossambica 7.8%
Brazil Bathygobius soporator 88.0%
Hypleurochilus fissicornis 4.4%
Hippocampus reidi 3.3%
Dormitator maculatus 3.3%
Texas: FARMS Gobiosoma bosc 42.7%
Gobiosoma robustum 34.1%
Gobiesox strumosus 15.4%
Texas: OSUs Gobiosoma robustum 32.4%
Gobiosoma bosc 16.0%
Eucinostomus sp. 15.7%
Panama: FARMS Coryphopterus personatus 61.9%
Phaeoptyx sp. 22.2%
Coryphopterus eidolon 6.4%
Panama: outcrops Coryphopterus personatus 71.8%
Coryphopterus eidolon 4.0%
Phaeoptyx sp. 3.6%

Sea harboured multiple species of Trimma, whereas FARMS in
Hawai'i were colonized by Priolepis farcimen. Trimma and Priolepis
gobies are known to favour caves and crevices (Depczynski &
Bellwood, 2004), suggesting that the horizontal PVC-pipes of
the FARMS adequately imitate these microhabitats on coral
reefs. Similarly, deployments in Hawai'i and the Red Sea yielded
Pleurosicya larsonae and P. mossambica, respectively. Pleurosicya is
associated with hard corals, soft corals and sponges (Depczynski &
Bellwood, 2004; Herler, 2007; Troyer et al., 2018), often showing
species-specific preferences (Herler, 2007). Of note, P. larsonae
had only been reported from a single habitat in Oahu and is con-
sidered to be extremely cryptic (Greenfield & Randall, 2004),
further emphasizing that FARMS can capture elusive, highly spe-
cialized species. Finally, deployments in Brazil yielded several
individuals of Hippocampus reidi, which strengthens existing evi-
dence that seahorses readily colonize artificial substrata (Simpson
et al., 2019), despite strong species-specific habitat preferences
(Zhang & Vincent, 2018). Whether the microhabitats that cryp-
tobenthic fishes settle on are provided by the FARMS structures
themselves or sessile epifauna and algae that accumulate on the
PVC structures remains to be determined. In this context, exces-
sive overgrowth may also hinder colonization as sessile organisms
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may overgrow and block access to available refuges. Experiments
that examine cryptobenthic fish communities on FARMS that are
sampled repeatedly and either cleared of all epifauna (treatment)
or left undisturbed (control) may shed light on the importance of
fouling communities on the FARMS.

Although our results suggests that FARMS can be a useful,
standardized sampling approach to determine patterns of diver-
sity and community composition, it is necessary also to consider
the overall regional inventories obtained from the deployments.
For FARMS deployed in Hawai'i, we only obtained eight species,
most of which had previously been collected during roving collec-
tions (Parenti et al., 2020). Thus, the y-diversity obtained from 26
FARMS falls well short of the 192 species collected in Kane'ohe
Bay using small rotenone stations (Greenfield, 2003). Of the 19
goby species reported by Greenfield (2003), FARMS captured just
over a quarter (26.3%), although the temporal effort employed by
Greenfield (2003) is likely to have substantially outweighed our
FARMS deployment. In the Red Sea, y-diversity was the highest
among the locations in this study (23 species), but a regional in-
ventory of cryptobenthic fishes obtained from rotenone stations
in the southern and central Red Sea (238 species) vastly exceeded
this number (Coker et al., 2018). While this inventory extends be-
yond the geographic area covered by FARMS and again involved
higher temporal effort than the FARMS deployment and retrieval,
it appears that collections using ichthyocide or anaesthetic
stations—where feasible—are a more efficient strategy to produce
thorough taxonomic inventories of cryptobenthic fishes. This may
be partially ameliorated through longer FARMS deployment pe-
riods to obtain a more mature community. The FARMS that were
deployed for the longest period (one year in Panama) exhibited
the highest species richness across the five shallow case studies,
suggesting that longer deployment times may yield more mature,
diverse communities of cryptobenthics. We suggest a minimum
submergence time of 6 months, ideally leaving the units for one
year.

Overall, FARMS are a simple, standardized, broadly accessible
and cost-effective technique on a per unit basis to obtain locally
representative cryptobenthic fish assemblages based on live spec-
imens, especially in habitats where SCUBA-based anaesthetic or
ichthyocide stations are impossible or permits to destructively sam-
ple fishes are unobtainable. This includes highly turbid, deep, inac-
cessible, or governmentally restricted habitats, which are some of
the least explored habitats. The utility of FARMS for these habitats
is highlighted by the deployment of only three FARMS in Curacao,
and the capture of a specimen of Psilotris laurae in the FARMS de-
ployed at 146 m. Despite extensive roving submersible-based col-
lections performed across the slope of Curacao between 2011 and
2022, no other specimens of P. laurae had been observed or col-
lected (Baldwin et al., 2018; Tornabene et al., 2016). This suggests
that deploying FARMS in undersampled habitats such as deep reefs
may yield a additional taxonomic records that help us gain a better
understanding of cryptobenthic fish diversity and distribution pat-
terns, while also yielding critically important specimens and tissue

samples that can support emerging molecular survey methods (de
Santana et al., 2021; Gold et al., 2021).

AUTHOR CONTRIBUTIONS

Simon J. Brandl conceived the project, executed fieldwork
in Panama, analysed the data and wrote the first draft. Lee A.
Weigt, Jordan M. Casey, J. Emmett Duffy and Carole C. Baldwin
contributed to the design of the FARMS units. Lynne R. Parenti,
Lee A. Weigt, Diane E. Pitassy and Mary Hagedorn led the data
collection in Hawai'i. Darren J. Coker and Michael L. Berumen
led the data collection in Saudi Arabia. Christopher J. Patrick and
Edward J. Buskey led the data collection in Texas. Matheus H.
Luchese, Maikon Di Domenico and Marcelo Soeth led the data
collection in Brazil. Carole C. Baldwin led the data collection in
Curacao. Jordan M. Casey and Zachary M. Topor contributed to
data collection in Panama. All co-authors contributed to editing
the manuscript.

ACKNOWLEDGEMENTS

The authors thank STRI Research Station in Bocas del Toro,
Substation Curacao, the KAUST Coastal and Marine Resources
Core Lab, the Laboratory of Fish Ecology of the Center for Marine
Studies; and the Hagedorn Laboratory and Hawai'i Institute of
Marine Biology, especially Jason Jones, the Marine Safety Officer.
The authors also thank Claire Lager, Nikolas Zuchowicz, E. Michael
Henley, Leon Weaver, Tina Ramoy, Division Aquatics Resources
of Alien Invasive Species Team Hawai'l; Alexander Kattan, Lucia
Pombo Ayora, Barbara Maichak de Carvalho, Lilyane de Oliveira
Santos Fontoura, Victoria Jenkins, Seanahlisa Crenshaw; and the
students of TAMUCC's BIOL4409. This research was supported by
a MarineGEO postdoctoral research fellowship (SJB), the Herbert
R. and Evelyn Axelrod Endowment in Systematic Ichthyology and
the Leonard P. Schultz Fund in the Division of Fishes, National
Museum of Natural History (CCB and LRP), KAUST baseline funding
(MLB), a National Academy of Science Engineering and Medicine
Early Career Gulf Research Fellowship (CJP), the Mission-Aransas
National Estuarine Research Reserve (EJB), a Master's scholarship
from the Coordination for the Improvement of Higher Education
(CAPES) (MHL). This is contribution 126 from the Smithsonian
Institution's MarineGEO and Tennenbaum Marine Observatories
Network.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflict of interest.

PEER REVIEW

The peer review history for this article is available at https://
www.webofscience.com/api/gateway/wos/peer-revie
w/10.1111/2041-210X.14085.

DATA AVAILABILITY STATEMENT
Data are available via the Dryad Digital Repository Brandl
et al. (2023) (https://doi.org/10.5061/dryad.cjsxksnb0); download


https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/2041-210X.14085
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/2041-210X.14085
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/2041-210X.14085
https://doi.org/10.5061/dryad.cjsxksnb0

BRANDL ET AL.

Methods in Ecology and Evolution 11

via https://datadryad.org/stash/share/K42kakhxxEdscXPzE59Ami3a
8M3E7E3rd9s980CQ_ZA4.

ORCID

Simon J. Brandl "= https://orcid.org/0000-0002-6649-2496

Jordan M. Casey "= https://orcid.org/0000-0002-2434-7207

REFERENCES

Ackerman, J. L., & Bellwood, D. (2002). Comparative efficiency of clove
oil and rotenone for sampling tropical reef fish assemblages. Journal
of Fish Biology, 60(4), 893-901.

Ackerman, J. L., & Bellwood, D. R. (2000). Reef fish assemblages: A
re-evaluation using enclosed rotenone stations. Marine Ecology-
Progress Series, 206, 227-237.

Ahmadia, G. N., Tornabene, L., Smith, D. J., & Pezold, F. L. (2018). The rel-
ative importance of regional, local, and evolutionary factors struc-
turing cryptobenthic coral-reef assemblages. Coral Reefs, 37(1),
279-293.

Allen, L. G., Bouvier, L. S., & Jensen, R. E. (1992). Abundance, diversity,
and seasonality of cryptic fishes and their contribution to a tem-
perate reef fish assemblage off Santa Catalina Island, California.
Bulletin of the Southern California Academy of Sciences, 91(2),
55-69.

Ammann, A. J. (2004). SMURFs: Standard monitoring units for the re-
cruitment of temperate reef fishes. Journal of Experimental Marine
Biology and Ecology, 299(2), 135-154.

Arney, R. N., Froehlich, C. Y., & Kline, R. J. (2017). Recruitment patterns
of juvenile fish at an artificial reef area in the Gulf of Mexico. Marine
and Coastal Fisheries, 9(1), 79-92.

Baldwin, C., Tornabene, L., & Robertson, D. (2018). Below the meso-
photic. Scientific Reports, 8(1), 4920.

Brainard, R., Moffitt, R., Timmers, M., Paulay, G., Plaisance, L.,
Knowlton, N., Caley, J., Fohrer, F., Charette, A., & Meyer, C. (2009).
Autonomous reef monitoring structures (ARMS): A tool for monitor-
ing indices of biodiversity in the Pacific Islands. 11th Pacific Science
Inter-Congress.

Brandl, S. J., Casey, J. M., Knowlton, N., & Duffy, J. E. (2017). Marine dock
pilings foster diverse, native cryptobenthic fish assemblages across
bioregions. Ecology and Evolution, 7(17), 7069-7079.

Brandl, S. J., Goatley, C. H., Bellwood, D. R., & Tornabene, L. (2018). The
hidden half: Ecology and evolution of cryptobenthic fishes on coral
reefs. Biological Reviews, 93(4), 1846-1873.

Brandl, S. J., Tornabene, L., Goatley, C. H., Casey, J. M., Morais, R. A.,
Coté, I. M., Baldwin, C. C., Parravicini, V., Schiettekatte, N. M., &
Bellwood, D. R. (2019). Demographic dynamics of the smallest
marine vertebrates fuel coral reef ecosystem functioning. Science,
364(6446), 1189-1192.

Brandl, S. J., Weigt, L. A., Pitassy, D. E., Coker, D. J., Patrick, C. J.,
Luchese, M. H., Berumen, M. L., Buskey, E. J., Casey, J. M., Di
Domenico, M., Soeth, M., Topor, Z. M., Duffy, J. E., Baldwin, C.
C., Hagedorn, M., Parenti, L. R., & Brandl, S. J. (2023). Data from:
Using standardized fish-specific autonomous reef monitoring
structures (FARMS) to quantify cryptobenthic fish communi-
ties. Dryad Digital Repository. https://doi.org/10.5061/dryad.
cjsxksnbO

Buirkner, P.-C. (2017). Brms: An R package for Bayesian multilevel models
using Stan. Journal of Statistical Software, 80(1), 1-28.

Casey, J. M., Ransome, E., Collins, A. G., Mahardini, A., Kurniasih, E.
M., Sembiring, A., Schiettekatte, N. M., Cahyani, N. K. D., Wahyu
Anggoro, A., & Moore, M. (2021). DNA metabarcoding marker
choice skews perception of marine eukaryotic biodiversity.
Environmental DNA, 3(6), 1229-1246.

Coker, D. J., DiBattista, J. D., Sinclair-Taylor, T. H., & Berumen, M. L.
(2018). Spatial patterns of cryptobenthic coral-reef fishes in the
Red Sea. Coral Reefs, 37, 1-7.

D'Aloia, C. C., Bogdanowicz, S. M., Francis, R. K., Majoris, J. E.,
Harrison, R. G., & Buston, P. M. (2015). Patterns, causes, and
consequences of marine larval dispersal. Proceedings of the
National Academy of Sciences of the United States of America,
112(45), 13940-13945.

de Santana, C. D., Parenti, L. R., Dillman, C. B., Coddington, J. A,,
Bastos, D. A., Baldwin, C. C., Zuanon, J., Torrente-Vilara, G.,
Covain, R., & Menezes, N. A. (2021). The critical role of natural
history museums in advancing eDNA for biodiversity studies: A
case study with Amazonian fishes. Scientific Reports, 11(1), 18159.

Depczynski, M., & Bellwood, D. (2004). Microhabitat utilisation patterns
in cryptobenthic coral reef fish communities. Marine Biology, 145(3),
455-463.

Depczynski, M., & Bellwood, D. R. (2003). The role of cryptobenthic reef
fishes in coral reef trophodynamics. Marine Ecology Progress Series,
256,183-191.

Depczynski, M., & Bellwood, D. R. (2006). Extremes, plasticity, and in-
variance in vertebrate life history traits: Insights from coral reef
fishes. Ecology, 87(12), 3119-3127.

Edgar, G. J., & Stuart-Smith, R. D. (2014). Systematic global assessment
of reef fish communities by the reef life survey program. Scientific
Data, 1, 140007.

Farnsworth, C. A., Bellwood, D. R., & Van Herwerden, L. (2010). Genetic
structure across the GBR: Evidence from short-lived gobies. Marine
Biology, 157(5), 945-953.

Freedman, R., Brown, J., Caldow, C., & Caselle, J. (2020). Marine pro-
tected areas do not prevent marine heatwave-induced fish com-
munity structure changes in a temperate transition zone. Scientific
Reports, 10(1), 21081.

Galland, G. R., Erisman, B., Aburto-Oropeza, O., & Hastings, P. A. (2017).
Contribution of cryptobenthic fishes to estimating community dy-
namics of sub-tropical reefs. Marine Ecology Progress Series, 584,
175-184.

Gold, Z., Curd, E. E., Goodwin, K. D., Choi, E. S., Frable, B. W., Thompson,
A.R.,Walker, H. J., Jr., Burton, R. S., Kacev, D., & Martz, L. D. (2021).
Improving metabarcoding taxonomic assignment: A case study of
fishes in a large marine ecosystem. Molecular Ecology Resources,
21(7), 2546-2564.

Gonzélez-Cabello, A., & Bellwood, D. R. (2009). Local ecological im-
pacts of regional biodiversity on reef fish assemblages. Journal of
Biogeography, 36(6), 1129-1137.

Gotelli, N. J., & Colwell, R. K.(2001). Quantifying biodiversity: Procedures
and pitfalls in the measurement and comparison of species rich-
ness. Ecology Letters, 4(4), 379-391.

Greenfield, D. W. (2003). A survey of the small reef fishes of Kane'ohe
Bay, O'ahu, Hawaiian Islands. Pacific Science, 57(1), 45-76.

Greenfield, D. W., & Randall, J. E. (2004). The marine gobies of the
Hawaiian islands. Proceedings of the California Academy of Sciences,
55(26), 498.

Herler, J. (2007). Microhabitats and ecomorphology of coral-and coral
rock-associated gobiid fish (Teleostei: Gobiidae) in the northern
Red Sea. Marine Ecology, 28(1), 82-94.

Kay, M. (2018). Tidybayes: Tidy data and geoms for Bayesian models. R
package version, 1(3).

Leray, M., & Knowlton, N. (2015). DNA barcoding and metabarcoding of
standardized samples reveal patterns of marine benthic diversity.
Proceedings of the National Academy of Sciences of the United States
of America, 112(7), 2076-2081.

Mila, B., Van Tassell, J. L., Calderén, J. A., Ruber, L., & Zardoya, R. (2017).
Cryptic lineage divergence in marine environments: Genetic differ-
entiation at multiple spatial and temporal scales in the widespread


https://datadryad.org/stash/share/K42kakhxxEdscXPzE59Ami3a8M3E7E3rd9s98oCQ_Z4
https://datadryad.org/stash/share/K42kakhxxEdscXPzE59Ami3a8M3E7E3rd9s98oCQ_Z4
https://orcid.org/0000-0002-6649-2496
https://orcid.org/0000-0002-6649-2496
https://orcid.org/0000-0002-2434-7207
https://orcid.org/0000-0002-2434-7207
https://doi.org/10.5061/dryad.cjsxksnb0
https://doi.org/10.5061/dryad.cjsxksnb0

12 Methods in Ecology and Evolution

BRANDL ET AL.

intertidal goby Gobiosoma bosc. Ecology and Evolution, 7(14),
5514-5523.

Murphy, H. M., & Jenkins, G. P. (2010). Observational methods used in
marine spatial monitoring of fishes and associated habitats: A re-
view. Marine and Freshwater Research, 61(2), 236-252.

Nguyen, B. N., Shen, E. W., Seemann, J., Correa, A., O'Donnell, J. L.,
Altieri, A. H., Knowlton, N., Crandall, K. A., Egan, S. P., & McMillan,
W. 0. (2020). Environmental DNA survey captures patterns of fish
and invertebrate diversity across a tropical seascape. Scientific
Reports, 10(1), 6729.

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P,
McGlinn, D., Minchin, P., O'Hara, R., Simpson, G., & Solymos,
P. (2022). Vegan: Community ecology package. R package version
2.5-7.2020.

Parenti, L. R., Pitassy, D. E., Jaafar, Z., Vinnikov, K., Redmond, N. E., &
Cole, K. S. (2020). Fishes collected during the 2017 MarineGEO
assessment of Kane'ohe Bay, O'ahu, Hawai'i. Journal of the Marine
Biological Association of the United Kingdom, 100(4), 607-637.

Pebesma, E. J. (2018). Simple features for R: Standardized support for
spatial vector data. The R Journnal, 10(1), 439.

Pinheiro, H. T., Shepherd, B., Castillo, C., Abesamis, R. A., Copus, J.
M., Pyle, R. L., Greene, B. D., Coleman, R. R., Whitton, R. K., &
Thillainath, E. (2019). Deep reef fishes in the world's epicenter of
marine biodiversity. Coral Reefs, 38(5), 985-995.

Plaisance, L., Matterson, K., Fabricius, K., Drovetski, S., Meyer, C., &
Knowlton, N. (2021). Effects of low pH on the coral reef cryptic
invertebrate communities near CO, vents in Papua New Guinea.
PLoS ONE, 16(12), e0258725.

R Core Team. (2021). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. https://www.R-proje
ct.org/

Ransome, E., Geller, J. B., Timmers, M., Leray, M., Mahardini, A.,
Sembiring, A., Collins, A. G., & Meyer, C. P. (2017). The importance
of standardization for biodiversity comparisons: A case study using
autonomous reef monitoring structures (ARMS) and metabarcod-
ing to measure cryptic diversity on Mo'orea coral reefs, French
Polynesia. PloS ONE, 12(4), e0175066.

Reustle, J. W., & Smee, D. L. (2020). Turbidity and salinity influence
trophic cascades on oyster reefs through modification of sensory
performance and facilitation of different predator types. Marine
Ecology Progress Series, 639, 127-136.

Riginos, C., & Victor, B. C. (2001). Larval spatial distributions and other
early life-history characteristics predict genetic differentiation in
eastern Pacific blennioid fishes. Proceedings of the Royal Society of
London B: Biological Sciences, 268(1479), 1931-1936.

Schiettekatte, N. M., Brandl, S. J., & Casey, J. M. (2019). fishualize: Color
palettes based on fish species (0.1.0). https://CRAN.R-project.org/
package=fishualize

Simpson, M., Morris, R. L., Harasti, D., & Coleman, R. A. (2019). The
endangered White's seahorse Hippocampus whitei chooses
artificial over natural habitats. Journal of Fish Biology, 95(2),
555-561.

Smith-Vaniz, W. F,, Jelks, H. L., & Rocha, L. A. (2006). Relevance of cryp-
tic fishes in biodiversity assessments: A case study at Buck Island
Reef National Monument, St. Croix. Bulletin of Marine Science, 79(1),
17-48.

Takada, Y., Abe, O., Hashimoto, K., & Shibuno, T. (2016). Colonization
of coral rubble by motile cryptic animals: Differences between
contiguous versus raised substrates from the bottom. Journal of
Experimental Marine Biology and Ecology, 475, 62-72.

Taylor, M. S., & Hellberg, M. E. (2005). Marine radiations at small geo-
graphic scales: Speciation in neotropical reef gobies (Elacatinus).
Evolution, 59(2), 374-385.

Thomsen, P. F., Mgller, P. R., Sigsgaard, E. E., Knudsen, S. W., Jgrgensen,
O. A., & Willerslev, E. (2016). Environmental DNA from seawater

samples correlate with trawl catches of subarctic, Deepwater Fishes.
PLoS ONE, 11(11), e0165252.

Tornabene, L., Valdez, S., Erdmann, M., & Pezold, F. (2015). Support
for a ‘Center of Origin’ in the coral triangle: Cryptic diversity, re-
cent speciation, and local endemism in a diverse lineage of reef
fishes (Gobiidae: Eviota). Molecular Phylogenetics and Evolution, 82,
200-210.

Tornabene, L., Van Tassell, J. L., Gilmore, R. G., Robertson, D. R., Young,
F., & Baldwin, C. C. (2016). Molecular phylogeny, analysis of char-
acter evolution, and submersible collections enable a new classifi-
cation of a diverse group of gobies (Teleostei: Gobiidae: Nes sub-
group), including nine new species and four new genera. Zoological
Journal of the Linnean Society, 177(4), 764-812.

Troyer, E. M., Coker, D. J., & Berumen, M. L. (2018). Comparison of cryp-
tobenthic reef fish communities among microhabitats in the Red
Sea. PeerJ, 6, e5014.

Valles, H., Kramer, D. L., & Hunte, W. (2006). A standard unit for monitor-
ing recruitment of fishes to coral reef rubble. Journal of Experimental
Marine Biology and Ecology, 336(2), 171-183.

Volk, D. R., Konvalina, J. D., Floeter, S. R., Ferreira, C. E., & Hoffman,
E. A. (2021). Going against the flow: Barriers to gene flow impact
patterns of connectivity in cryptic coral reef gobies throughout the
western Atlantic. Journal of Biogeography, 48(2), 427-439.

Wagner, M., Bracun, S., Skofitsch, G., Kovaci¢, M., Zogaris, S., Iglésias,
S. P, Sefc, K. M., & Koblmiiller, S. (2019). Diversification in gravel
beaches: A radiation of interstitial clingfish (Gouania, Gobiesocidae)
in the Mediterranean Sea. Molecular Phylogenetics and Evolution,
139, 106525.

Wickham, H. (2020). Modelr: Modelling functions that work with the
pipe. R package version 0.1.8.

Wolfe, K., & Mumby, P. J. (2020). RUbble biodiversity samplers: 3D-
printed coral models to standardize biodiversity censuses. Methods
in Ecology and Evolution, 11(11), 1395-1400.

Zhang, X., & Vincent, A. C. (2018). Predicting distributions, habitat pref-
erences and associated conservation implications for a genus of rare
fishes, seahorses (Hippocampus spp.). Diversity and Distributions,
24(7), 1005-1017.

SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Figure S1. Cryptobenthic fish communities from FARMS deployed
in Kane'ohe Bay, Oahu, Hawai'i. (a) nMDS ordination, where sites
are delineated by colors and polygons. Species are overlaid from
the origin of the ordination. (b and c) site-specific differences in
abundance and species richness. Violin plots reflect posterior
distributions based on 500 draws from Bayesian models, while
dots represent the raw data (jittered horizontally). Black lines in the
violins mark the 2.5%, 50%, and 97.5% quantiles.

Figure S2. Cryptobenthic fish communities from FARMS deployed
on coral reefs in the Red Sea, Thuwal, Saudi Arabia. (a) nMDS
ordination, where different shelf positions are delineated by colors
and polygons. Species are overlaid from the origin of the ordination.
(b and c) site-specific differences in abundance and species richness.
Violin plots reflect posterior distributions based on 500 draws
from Bayesian models, while dots represent the raw data (jittered
horizontally). Black lines in the violins mark the 2.5%, 50%, and
97.5% quantiles. Note that the four FARMS without fishes were
omitted from the ordination.
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Figure S3. Cryptobenthic fish communities obtained from FARMS
deployed in the Paranagud Estuarine Complex (PEC) in Brazil.
(a) PCoA ordination, where different habitats are delineated by
greyscales and polygons. Species are overlaid as loadings from
the origin of the ordination. (b and c) site-specific differences in
abundance and species richness. Violin plots reflect posterior
distributions based on 500 draws from Bayesian models,
while dots represent the raw data (jittered horizontally). Black
lines in the violins mark the 2.5%, 50%, and 97.5% quantiles of
the distributions.Supplemental Video S1. (FarmsAssembly_
TimelLapse.m4v) Time-lapse video showing the complete assembly
of a FARMS unit.
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