Exploring the Efficacy of Baited Remote Underwater Video Systems When Assessing Fish
Biodiversity, Composition, and Abundance in Coral Reefs

By: Sarah DeAnne Von Hoene
Department of Ecology and Evolutionary Biology
University of Colorado Boulder

Defense Date: November 4th, 2019

Thesis Advisor:
Dr. Pieter T.J. Johnson
Department of Ecology and Evolutionary Biology

Defense Committee:
Dr. Pieter T.J. Johnson, Department of Ecology and Evolutionary Biology
Dr. Barbara Demmig-Adams, Department of Ecology and Evolutionary Biology
Dr. Eric B. Burger, Program for Writing and Rhetoric

Table of Contents
Abstract ......................................................................................................................................... 3
Introduction .................................................................................................................................. 4
Materials and Methods .............................................................................................................. 10
I.

BRUV design and construction ................................................................................. 10

II.

Study location ............................................................................................................ 12

III.

BRUV deployments ................................................................................................... 13

IV.

Processing of video footage by student teams ........................................................... 14

V.

Statistical analysis ...................................................................................................... 15

Results ......................................................................................................................................... 19
I.

Species richness .......................................................................................................... 19

II.

Species abundance ..................................................................................................... 20

III.

Species composition ................................................................................................... 20

IV.

Comparison between student groups (with author data) ............................................ 21

Discussion .................................................................................................................................... 23
I.

Quantifying fish richness, abundance, and composition
in the Cozumel reefs ................................................................................................. 24

II.

Comparison of recorded species richness, cumulative abundance,
and inter-rater reliability between observer teams .................................................... 25

III.

Guidelines for future studies involving BRUVs and citizen scientists ....................... 29

Conclusion .................................................................................................................................. 33
Acknowledgements .................................................................................................................... 34
Figures ......................................................................................................................................... 35
References ................................................................................................................................... 46

2

Abstract
Coral reefs play a critical role in supporting marine fish biodiversity, yet increasing
anthropogenic and natural disturbances threaten their diversity. Baited Remote Underwater
Video systems (BRUVs) are becoming a non-invasive, time-efficient underwater tool for
assessing reef community structure, fish biodiversity, and species-specific behaviors. To explore
the efficacy of BRUV deployments, particularly when surveying reefs to collect species richness
and abundance data, I conducted 12 BRUV deployments across seven coral reef sites in
Cozumel, Mexico. Two separate student pairs processed the video footage from each
deployment (five pairs of students in total), followed by a consensus analysis performed by the
author. This study design allowed for an in-depth analysis of inter-rater reliability and potential
factors that increase observation variation between analysts, such as species misidentification,
miscounting fish abundance, or excessively recounting individuals. I compared my findings to
existing literature in order to determine the most prominent strengths and limitations of BRUVs
and propose ideal deployment methods for optimal results. In total, the BRUVs detected 63 fish
species from 26 families and captured an average of 68.2% of estimated species richness. Based
on comparisons between student teams and author data, inter-rater agreement of species
composition within sites averaged 60.1%. Proposed improvements for optimal BRUV
deployment include marking transects within the BRUV’s field of view and reducing fish
identification requirements to family or genera rather than species. Taken together, results of
this research emphasize the utility of BRUVs for assessing fish biodiversity in coral reefs, while
highlighting limitations that should be considered in future study designs. These proposed
improvements may reduce error in future BRUV studies and help make BRUVs a viable,
accurate technique to be implemented by citizen scientists.
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Introduction
Oceans cover 70% of the Earth, with powerful influences on climate via heat
transportation from the equator to the poles, and resource provisioning for many living
organisms (Chahine 1992). For instance, primary production within oceans is responsible for
over half of the world’s oxygen production and absorbs approximately 25% of all carbon dioxide
released into the Earth’s atmosphere (NOAA 2017). Of all marine ecosystems, coral reefs are
the most biologically diverse, constituting only 0.1% of the ocean floor while supporting 32 of
the 34 known animal phyla (IUCN 2013) and more species per unit area than any other marine
ecosystem (NOAA 2017). The structural complexity of coral reefs also makes them one of the
most productive ecosystems in the world, with a gross primary production twice as high as
terrestrial rainforest ecosystems (Mulhall 2008). In addition to their importance for marine
organisms (Diax et al. 2001, Hoegh-Guldberg and Bruno 2010), coral reefs provide a number of
ecosystem goods and services to humans, including storm protection, nutrient cycling, food
production, and recreational services (Cesar et al. 2000, NOAA 2018). Marine ecosystem
services have a conservative global annual average value of approximately 36 billion U.S.
dollars (Spalding et al. 2017), while coral reef services specifically are estimated to be worth
over 3.4 billion U.S. dollars annually (NOAA 2019). As one of the most species-rich and
productive ecosystems on the planet, coral reefs also play a vital role in maintaining global
biological diversity and creating a diversity of ecological services within reef ecosystems
(Álvarez-Filip et al. 2011).
Corals are habitat-forming species capable of supporting a multitude of other marine
organisms (Moberg and Folke 1999). Hard corals are the primary reef builders, consisting of
large calcium-carbonate skeletons produced by the accumulation of soft-bodied organisms
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known as coral polyps. As coral polyps attach to rocky substrate on the sea floor and bud into
thousands, their limestone skeletons join together to create coral colonies, which become
massive reefs over time. The accumulation of limestone (i.e. calcification) creates a complex,
multi-dimensional habitat that is an essential framework for reefs and their inhabitants (Moberg
and Folke 1999). Coral reefs have long been an optimal example of a structurally complex
ecosystem, which has been linked to their high species richness (Davis et al. 2017, Gratwicke
and Speight 2005). When a reef ecosystem is more structurally complex (i.e. possesses more
shelter and physical niches, higher rugosity), it is able to support a more diverse and dense
population (Gratwicke and Speight 2005, Tews et al. 2004). Diverse fish assemblages are also a
critical component of a functional and productive coral reef ecosystem, contributing necessary
ecosystem functions and providing a number of ecosystem services, such as controlling algal
growth and clearing space for new coral substrates to grow (Graham et al. 2008). While hard
corals serve as the primary reef builders and support a number of marine organisms, they are also
reliant on many species to facilitate coral growth, enhance primary production, and regulate
nitrogen fixation (Moberg and Folke 1999).
Unfortunately, coral reef ecosystems have been increasingly threatened by recent
anthropogenic activity and natural events such as tropical storms (Hoegh-Guldberg et al. 2007).
There is strong evidence suggesting that the warming of the ocean’s water has led to increased
frequency of coral bleaching events, resulting in an overall decline in coral cover worldwide
(Graham et al. 2008, Hoegh-Guldberg and Bruno 2010, Hughes et al. 2018). Over 75% of all
coral reefs were exposed to mass bleaching-level heat stress during the most recent global
bleaching event of 2014-2017 (NOAA 2019). Reef ecosystems are experiencing additional
losses in coral cover from threats such as ocean acidification, sedimentation, and weather-related
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damage (Cesar et al. 2000, Hoegh-Guldberg et al. 2007). For example, decades of coral growth
can be lost from a single tropical storm, for which the resulting sedimentation effectively
smothers corals, thus preventing access to the sunlight needed to photosynthesize (Cesar et al.
2000). Anthropogenic factors such as urban runoff and pollution, overfishing and destructive
fishing practices, and coral mining (i.e. the removal of corals from the ocean to be used for
building purposes) add even more stress to coral reef ecosystems, including changing ocean
water chemistry and reducing fish biodiversity (Cesar et al. 2000). Research also indicates that
as mass coral bleaching and mortality occurs, the density and richness of coral reef fishes and
other reef-populating organisms declines (Hoegh-Guldberg et al. 2007). These extensive threats
pose a significant challenge to coral reef ecosystems, as the many biological interactions within
the ecosystem depend on the structural and biological framework that corals provide (Jackson et
al. 2001).
One of the greatest ongoing scientific challenges involves how to efficiently study and
monitor patterns of biodiversity in coral reef ecosystems. Finding effective yet inexpensive
approaches is essential to understand the current status of these ecosystems and gain insight into
how environmental changes and other threats may influence coral reef ecosystems in the future
(Álvarez-Filip et al. 2011, Graham and Nash 2013). While it has traditionally been difficult to
assess structural complexity and biodiversity due to technological limitations of surveying coral
reefs (Bennett et al. 2016), emerging forms of data collection in marine systems are broadening
our ability to better understand reef ecosystems (Colton and Swearer 2010). Ecological studies
of coral reefs have become more common and efficient since the popularization and
advancement of Self-Contained Underwater Breathing Apparatus (SCUBA) diving in the 1950s
(Roberts et al. 2016). Over the years, a variety of empirical data collection techniques have been
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utilized by researchers in reef ecosystems, each offering certain strengths and limitations. For
example, diver-based visual census methods such as diver video surveys allow for mobile
surveys, though fish behavior in the presence of divers can negatively influence results (Langlois
et al. 2010). Alternatively, transect line surveys (i.e. recording data in relation to a measured
transect line) are highly adaptable to a range of survey goals, but require trained surveyors and
added time laying out properly placed transects (Aronson et al. 1994).
Baited remote underwater video systems (BRUVs) are recent and increasingly popular
tools used to assess fish biodiversity and abundance, coral health, and overall reef community
structure (Álvarez-Filip et al. 2011, Cappo et al. 2004, Harvey et al. 2007). The technique can be
traced back to the 1980s, when a simple camera system was used to search for deep-water
snapper nursery grounds in Hawaii (Cappo et al. 2006). With advancements in underwater
camera technology, BRUVs have become an effective method by which marine environments
can be surveyed. They are particularly useful in high conservation areas, such as marine
protected areas (MPAs), or environments that are difficult for divers to access. BRUVs are also
advantageous due to their non-destructive nature and ability to attract more coy and wary species
that may avoid SCUBA divers (Harvey et al. 2007). Additionally, the recorded video footage is
easily archivable; thus, this technique allows researchers to collect data on a variety of ecosystem
characteristics, including overall biodiversity, cumulative abundance, species richness, and
factors intrinsic to particular species, such as territoriality, mobility, and schooling behavior
(Brooks et al. 2011, Colton and Swearer 2010, Lowry et al. 2012).
BRUVs have been utilized in estuaries (Gladstone et al. 2012, Lowry et al. 2012), benthic
and pelagic habitats (Harvey et al. 2007, Heagney et al. 2007), and even down to 1,200-meter
depths along continental slopes (Zintzen et al. 2012). A frequent function of BRUVs is to assess
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fish assemblages and determine species richness and abundance within a habitat (Colton and
Swearer 2010), though they have also been used to record novel sightings of semi-aquatic and
marine mammals (Rolim et al. 2018, Thompson et al. 2019), assess freshwater fish in
Amazonian rivers (Schmid et al. 2016), and observe modifications in shark behavior as a result
of anthropogenic activity (Juhel et al. 2019). Many researchers have designed experiments to
compare the effectiveness of BRUVs to other underwater data collection techniques, including
diver video transects (Langlois et al. 2010), unbaited remote videos systems (Watson et al.
2005), and downward-facing single video systems (Cundy et al. 2017). Most comparative
studies found that BRUV surveys were the more effective method of collecting data, or that they
should be used simultaneously with other forms of data collection to produce maximal results
(Brooks et al. 2011, Cappo et al. 2004, Lowry et al. 2012). The non-invasive nature of BRUVs
makes them a promising alternative to more invasive techniques, as they have been found to
generate similar species richness and relative abundance values as longline surveys (i.e. catching
and surveying species using submerged fishing lines with baited hooks) and trawl nets (i.e.
funnel-shaped nets towed by boats to capture fish) (Brooks et al. 2011, Cappo et al. 2004).
Additionally, Lowry et al. found that BRUVs were particularly successful at quantifying mobile
species and generate results of higher statistical power and lower variability than underwater
visual census (UVC) surveys (i.e. direct visual observations recorded by divers) (2012). BRUVs
are also reportedly more time-efficient and cost-effective than a number of other surveying
methods and can be used to sample a wide variety of species from a range of marine
environments (Brooks et al. 2011, Schmid et al. 2016, Vos et al. 2014).
However, many questions remain regarding potential biases of the BRUV data collection
technique, its true detection capacity, and its ability to provide accurate assessment of
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communities, particularly in coral reef ecosystems. A recent outcome of the research comparing
BRUVs to other underwater surveying methods is that BRUVs cannot successfully provide
information on all fish species, especially cryptic species that tend to reside within reef structures
(Cappo et al. 2004, Lowry et al. 2012). In other words, the data accuracy of BRUVs is
dependent on the environment and species-specific behaviors within each deployment site
(Cappo et al. 2004). Furthermore, the successful analysis of BRUV video footage requires the
correct identification and summing of fish species, which is often dependent on individual
analysts processing the footage (Schmid et al. 2016, Vos et al. 2014). Studies indicate that
BRUVs are effective at assessing marine fish communities (Cappo et al. 2007, Vos et al. 2014),
though addressing and investigating the inherent limitations of the BRUV surveying method will
help determine how to improve accuracy, reduce biases, and increase detection capacity per
deployment. By developing optimal deployment strategies and video analysis methods, future
researchers will be able to maximize BRUVS to their highest potential, ideally leading to a
deeper understanding of isolated marine communities, rare and endangered marine species, and
the long-term effects of climate change on coral reef ecosystems.
The purpose of this study was to: 1) quantify fish species richness, abundance, and
composition in the reefs surrounding the island of Cozumel, Mexico, which is a site of ongoing
marine research; 2) determine the inter-rater reliability of groups who analyzed the same BRUV
footage and explore factors that may have led to increased observer bias; and, 3) compare the
strengths and limitations of my BRUV experimental design to what has been identified in other
studies and suggest potential improvements to reduce limitations and develop optimal protocols
that can be employed by citizen scientists. For all BRUV deployment footage, two separate pairs
of students analyzed the footage, producing species richness and abundance values for each
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deployment site. All footage was subsequently analyzed by the author to create a set of
standardized consensus data. Species accumulation curves were generated to visualize the
pattern of fish species accumulation as a function of time and to estimate cumulative species
richness (i.e. the total number of unique species recorded at each site) for each deployment.
Additionally, linear regression was used to determine the influence of deployment duration on
the difference between observed species richness and estimated species richness. A relationship
between deployment duration and cumulative abundance was also identified. By calculating the
percent dissimilarity between teams for each deployment, I was able to determine inter-rater
reliability between the two student teams and further analyze the variables that led to decreased
inter-rater reliability, such as particular fish species that were difficult to identify. This work
aims to characterize patterns in fish abundance, species richness, and composition among sites,
identify optimal BRUV deployment methods when assessing coral reefs, and evaluate potential
sources of observer variation in order to develop optimal guidelines usable by citizen scientists.

Materials and Methods
I.

BRUV Design and Construction
I constructed four BRUVs out of polyvinyl chloride (PVC) piping reinforced with

marine-safe bonding glue and nylon cable ties (Fig. 1). To ensure that the BRUVs could be
easily transported, the BRUV’s cube-shaped frame consisted of eight 50.8 cm pieces and twelve
25.4 cm pieces (2.54 cm diameter PVC), as well as the necessary connector joints. Bonding glue
was used at each connector joint to reduce the risk of the frame becoming disconnected during
deployment. Each BRUV was 63.5 x 63.5 cm without the attachable bait pole. The 0.46 m long
bait pole (2.54 cm diameter PVC) extended outward from the main BRUV structure and
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supported the attachable bait canister. The 20.32 cm long bait canister was composed of PVC
pipe (7.62 cm diameter) with a screw-on PVC lid to improve accessibility. The thick PVC
material and secure attachment of the bait canister to the BRUV frame reduced the risk of
detachment during deployment and made it extremely difficult for larger marine predators to
destroy the bait canister. Multiple 6.35 mm holes were drilled into the main BRUV structure,
and 12.7 mm holes were drilled into the bait canister to allow for increased bait odor plume
dispersal underwater. A mount was secured with bonding glue and nylon cable ties directly
behind the bait canister pole on the superior portion of the BRUV, allowing for a GoPro HERO4
enclosed in Super Suit dive housing to be screwed onto the mount. The GoPro was fitted with an
attachable red filter and programmed to collect video in 1080p Wide format at 60 frames per
second.
Upon assembly of the BRUV at the study site, one 0.45 kg dive weight was attached with
nylon cable ties to each inferior corner of the BRUV (1.8 kg total). The added weight rooted the
BRUV underwater and made it less susceptible to drifting. Additionally, nylon cable ties were
looped through drilled holes in the frame and connected with thicker cable ties at each joint to
ensure that the frame remained intact throughout the deployment process. The four superior
corners of the BRUV each had a 0.5 m long, 6.35 mm double braid nylon rope tied to them, all
of which were looped onto a non-locking Offset D carabiner. The carabiner was then attached to
a 25.0 m long, 6.35 mm double braid nylon rope with marked 1.0 m intervals, which was used to
lower the BRUV into the water from the boat or the ocean’s surface. The deployment rope was
secured to two foam surface floats (0.15 x 0.38 m), which allowed for easier relocation of the
BRUV from the dive boat.
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II.

Study Location
Cozumel (20.4230° N, 86.9223° W) is a Mexican island located in the Caribbean Sea,

19.31 kilometers off the coast of the northeastern Yucatan Peninsula (Fig. 2). The island is
surrounded by coral reefs, which are part of the Mesoamerican Barrier Reef System, the world’s
second largest coral reef system after the Great Barrier Reef in Australia (Kramer and Kramer
(2002). The reef system stretches for approximately 1,126 km, from the northern region of the
Yucatan Peninsula down to Honduras, Belize, and Guatemala (Soto et al. 2009). Off the
southern tip of Cozumel is Arrecifes de Cozumel National Park, which was designated as an
MPA in 1996 (Alvarez del Castillo-Cárdeñas et al. 2008). Cozumel’s surrounding reefs have
been considered among the most complex coral reefs in the western Caribbean and have had
abundant and diverse fish populations since becoming legally protected in the 1980s (Fenner
1991). However, storms have had negative effects of the coral communities around Cozumel,
causing extensive damage to the barrier reefs in recent decades (Álvarez-Filip et al. 2009).
Additionally, disease outbreaks have contributed to substantial shifts in the ecological
functionality of Caribbean reefs, reducing populations of important herbivores such as Diadema
antillarum (Black Sea Urchin) and primary coral reef-builders (Álvarez-Filip et al. 2019). In
October 2018, an emergent coral disease known as Stony Coral Tissue Loss Disease (SCTLD)
made its way from Florida to Cozumel and has been rapidly spreading through Cozumel’s reefs
ever since (Álvarez-Filip et al. 2019). SCTLD poses a severe threat to Cozumel’s reefs, as a
high number of susceptible coral species are prevalent within the reef system (Álvarez-Filip et al.
2019). Because the ultimate consequences of this disease outbreak are yet to be fully seen in the
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Caribbean, Cozumel serves as an important study site, as SCTLD has the potential to further
decrease coral density and influence the ecological functionality of the reefs as a result.

III.

BRUV Deployments
I deployed BRUVs at nearshore locations on the western and southern sides of Cozumel

between January 3rd and January 8th 2019. Deployment locations were chosen based on
proximity to the reef and included sites both within and outside the MPA boundaries. Welded
rebar BioRock structures built for the purpose of enhancing coral growth were present at two of
the deployment sites. One structure had been underwater for one year, while the other had been
underwater for four years. One deployment took place at each BioRock site (Table 1). The El
Cid Plane Wreck site was located near a shallow airplane wreck, where two deployments took
place. Additionally, three deployments took place at Coral Restoration Site 1, where recently
broken bits of corals have been replanted onto underwater platforms to create small coral
gardens. Another deployment took place slightly north of the coral gardens at Coral Restoration
Site 2. The remaining deployments took place in shallow reefs without any man-made
structures, including one deployment at Palancar Horseshoe and two deployments at Columbia
Shallows. Sites with less current, good visibility, and fewer recreational divers were favored.
Deployment length ranged from 38 minutes to 150 minutes and was mostly dependent
on GoPro battery length and environmental conditions such as currents. BRUVs were deployed
between 10:00 and 16:00 EST, with the bulk of deployments happening at midday. BRUVs
were placed on sandy outcrops near the reef, as to not damage the reef itself, at depths ranging
from 10 to 20 meters. BRUVs were positioned facing coral or BioRock structures. As this was a
preliminary assessment of BRUV efficacy, I selected sites, habitats, bait types, and depths so as

13

to test BRUVs in a range of environmental conditions, rather than seeking to structure the study
as a systematic survey of coral reefs. As I was unable to secure a uniform source of bait, the
BRUV bait canisters were filled with approximately 0.25 kg of either gutted squid, gutted fish, or
cleaned fish meat, which was placed in the canister a few minutes prior to deployment. When
the BRUVs were ready to be deployed, they were dropped off the side of the dive boat or carried
by divers to the selected location and slowly lowered to the seabed. After deployment, the boat
and divers exited the area. BRUVs were retrieved by hand and hoisted back onto the boat. In
total, there were 12 attempted deployments at seven different sites, though equipment
malfunction caused one faulty deployment with no usable data.

IV.

Processing of Video Footage by Student Teams
At the end of each deployment, we retrieved the BRUV, removed the camera, and

downloaded the footage onto a computer for analysis. To process the collected footage, we used
QuickTime Player. Two students watched each video clip together, recording every fish
observation that they could identify within the camera’s field of view (FOV) down to species
level on a master Excel spreadsheet. Students were able to decrease and increase the speed of
the video in order to accurately capture as many observations as possible and make correct
species identifications. Student teams were also instructed to allow for a three minute ‘burn-in’
period at the beginning of each deployment so the BRUV could settle and divers could distance
themselves from the immediate vicinity. Additionally, students were told to make note of when
the BRUV’s observed environment was disturbed by recreational divers or boats. In an attempt
to reduce over-counting of individual fish, teams were also instructed to record reoccurring
individuals only once every minute, despite the fact that these individuals may swim in and out
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of the camera’s FOV multiple times within a single minute. By doing this, the presence of a
constant, reoccurring individual was documented throughout the deployment, but the overall
relative abundance counts were not over-estimated. For each video, the total video clip length,
time observed, species observed, life stage, and number of individuals was recorded, along with
details of the deployment, including time in, time out, depth, and the type and amount of bait
used. Species were identified using reef fish identification books (Humann et al. 2014) and the
online version of Florent’s Tropical Reef Life Identification Guide (Charpin 2019). There were
five pairs of students total, and each pair of students was responsible for analyzing four
deployments. All deployments were analyzed by two separate student pairs. Subsequently, the
deployments were further assessed by the lead author to provide a third analysis that served as a
standardized basis for comparison. Upon completion of deployment analysis, each team
recorded cumulative species richness and relative abundance values as well.

V.

Statistical Analysis
a. Species richness
All data analyses were performed using R version 1.2.1335 (R Development Core Team

2019). Initially, species accumulation curves (SACs) were then generated in vegan (Oksanen et
al. 2019) to visualize the pattern of fish species accumulation as a function of time and to
estimate cumulative species richness for each deployment. These curves show the cumulative
number of species observed as a function of the total time per deployment (Ugland et al. 2003).
SACs initially rise rapidly as common species are encountered and then continue to rise at a
slower rate, as more sampling is required to observe rare species. SACs for each deployment
showed whether species richness was adequately captured during the deployment. The flattening
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of the curve into an asymptote suggested that the true species richness of the deployment site had
been successfully observed, while a continued upslope indicated that true species richness was
not yet captured. For these analyses, time was binned into 2.5-minute periods for the totality of
the deployment. The mean, range, and standard error (SE) of the author’s observed species
richness values among deployments were calculated in order to compare across sites. I then
compared the relationship between observed species richness and estimated species richness
using the specpool function within vegan. I used the chao2 estimator because it has been
considered as one of the least overall biased estimators and because of the non-normal
distribution of the data (Walther and Moore 2005). Chao2 is a non-parametric (i.e. data is not
required to fit a normal distribution), incidence-based estimator that assesses presence/absence
data and considers the number of singletons (i.e. species that occur in only one sample),
doubletons (i.e. species that occur in both samples), and the total number of times each species
was present in a sample (Canning-Clode et al. 2008), producing an estimated richness value
based on the rate of new species detections as a function of time spent sampling. I ran a linear
regression between observed and estimated species richness for each deployment, extracting the
slope and intercept and determining how closely related observed richness was to estimated
richness. For all species richness analyses, extremely rare species that only appeared once or
twice in all 11 deployments were removed in order to reduce error without lowering statistical
power. Lastly, I ran a linear regression in order to investigate how the discrepancy between
observed and estimated richness related to deployment duration.
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b. Species abundance and composition
Firstly, the mean, range, and SE of the author’s cumulative fish abundance values from
each deployment were calculated to allow for comparison across sites. Secondly, I ran a linear
regression to determine the relationship between cumulative fish abundance and deployment
duration. I also analyzed species composition among deployment sites by identifying all of the
fish species and families observed throughout the study and subsequently determining the most
frequently recorded species overall. Using current literature and Caribbean reef fish guides, I
assigned each species to a feeding assemblage (i.e. herbivore, omnivore, carnivore, etc.) and
identified which feeding assemblages the majority of fish were associated with.

c. Comparison of richness, abundance, and composition data between student
groups (with author data)
To compare assessments between student teams, I evaluated their respective estimates of
fish species richness, abundance, and composition using several methods. Firstly, to understand
the variation between the student teams’ observed richness values, I calculated the mean
difference, range, and SE of all three analyses per deployment. Additionally, the mean
difference between the student teams’ observed species richness and estimated species richness
values per deployment was calculated in order to determine how well student teams were
capturing estimated species richness within each site. Linear regression was also used to identify
the relationship between the student teams’ observed species richness values and estimated
species richness values.
Like observed species richness, both student teams recorded cumulative fish abundance
for each of the 11 deployments. The mean difference, range, and SE of the two cumulative fish
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abundance records were calculated, and the values were plotted against each other to visualize
cumulative abundance counts per site and the variation between abundance counts within each
deployment. To understand how well student teams were agreeing on cumulative abundance
counts for each observed species and if certain species were causing large discrepancies between
student teams, I ran a linear regression between student team A species abundance counts and
student team B species abundance counts for all deployments. Log10-transformations were
performed on both sets of data to help normalize the data. To further this analysis and identify
the particular species that were frequently misidentified or unobserved by student teams, I then
plotted the average abundance count difference between student teams for all species. This
exposed the particular species that were potentially causing the most bias between student team
analyses of the same deployment.
To investigate whether increased fish abundance led to increased uncertainty between
student teams, I ran a mixed linear model comparing the author’s species abundance counts to
the difference between species abundance counts for student team A and B of each deployment.
For this analysis, deployment was considered a random effect, as I was uninterested in specific
comparisons between deployments. Additionally, both variables were log10-transformed to
accommodate for the data’s left skew and to help normalize the data. Prior to transformation, the
difference values were converted to difference + 1, as some of the species abundance differences
between student teams were equal to 0, which cannot be log10-transformed. Along with
identifying the relationship between abundance and uncertainty, this analysis produced residual
values for each species observed within a deployment, which accounted for each species’ overall
abundance estimate within that deployment as well. The residuals were used to detect particular
species with large amounts of abundance uncertainty between student teams within each
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deployment. I was able to compare these species with the ones that had large average abundance
count differences between student teams from my prior abundance analysis and determine which
species were truly causing the greatest uncertainty between student teams, regardless of their
overall abundance across all deployments.
Finally, we compared the species composition data between student teams and the author
to determine the inter-rater agreement of teams who analyzed the same deployment. The
difference in species composition was calculated using Jaccard’s dissimilarity index on the
presence/absence data for all deployment analyses. The Jaccard distance statistic measures
dissimilarity between two data sets by determining the percentage of overlap between the sets
(Chase et al. 2011). By running the vegdist function in vegan with the specified Jaccard’s
method, I calculated the percent difference between student team A and team B for each
deployment, as well as an average percent difference. Additionally, dissimilarity was measured
between student team A and the author, as well as student team B and the author. Average
percent differences were also taken for these comparisons.

Results
I.

Species richness
Over the course of five days, 11 successful BRUV deployments were conducted,

resulting in 14 hours of underwater video footage. Our data consisted of 33 total deployment
analyses, including 22 analyses performed by student teams (two per deployment) and 11
analyses conducted by the author (one per deployment). Species richness counts varied among
deployment sites as well as within deployments between observer teams (Fig. 3). Based on the
author’s consensus data, observed species richness values ranged from four to 36 species, with
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an average ± 1 SE species richness of 16.7 ± 3.0. The highest observed richness of 36 species
was observed at Coral Restoration Site 1. Palancar Horseshoe had the lowest observed species
richness of four species.
The mean estimated richness across sites was 22.6 ± 3.6, which was slightly higher than
mean observed species richness. Linear regression of chao2 estimated species richness and
observed species richness showed a significant, positive relationship between the two variables
( = 0.71 ± 0.15, p = 0.001) (Fig. 4). Based on the R2 value of the linear regression, there was a
68.2% correspondence between observed species richness and estimated species richness. There
was no additional effect of length of deployment on the variation between observed and
estimated species richness (p = 0.49).

II.

Species abundance
The average cumulative fish abundance per deployment ± 1 SE was 179.6 ± 45.2, with

Palancar Horseshoe having the lowest cumulative abundance of 12 fish and Coral Restoration
Site 1 having the highest cumulative abundance of 470 fish. Deployment duration had a
significant, positive effect on cumulative abundance ( = 0.047 ± 0.015, p = 0.013). This
suggests that there is a 14.4% increase in cumulative fish abundance for every five-minute
increase in BRUV deployment duration.

III.

Species composition
In total, 63 fish species from 26 families were observed (Table 2). The three most

frequently recorded species were the omnivores Acanthurus bahianus (Ocean Surgeonfish) (17%
of observations) and Abudefduf saxatillis (Sergeant Major Damselfish) (17% of observations), as
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well as piscivore (i.e. primarily consumes other fish) Haemulon melanurum (Cottonwick Grunt)
(13% of observations). These species, along with Sparisoma viride (Stoplight Parrotfish),
Balistes capriscus (Grey Triggerfish), and Halichoeres garnoti (Yellowhead Wrasse) accounted
for 49% of the total observations. Although these species were the most frequently observed,
there was a wide variety of other species. Eight species in the family Scaridae were recorded, as
well as five species of Haemulidae, and four species each from the Lutjanidae and Labridae
families. The BRUVs also recorded three stingray species (Hypanus americanus, Urobatis
jamaicensis, and Aetobatus narinari), a Caribbean reef octopus (Octopus briareus), and one sea
turtle. The observed fish were from a number of feeding assemblages, including herbivores,
piscivores, and carnivores. Notably, the majority of fish were omnivores (45%) and piscivores
(23%).

IV.

Comparison between student groups (with author data)
The average difference ± 1 SE in observed species richness between the two student

teams analyzing a single deployment was 2.8 ± 0.92 (range: 0-9). The mean difference between
the student teams’ observed species richness and chao2 estimated species richness was 8.15
(range: 0.23-33.43), indicating that student teams were not observing all species estimated within
the deployment sites (Fig. 5). Plotting the student teams’ observed and estimated richness values
against a 1:1 linear model showed that the greater the observed species richness, the greater the
distance from the respective estimated richness value. Linear regression confirmed that the
difference between student observed and estimated species richness values is smallest when
observed richness is low, and rises substantially as observed richness increases ( = 0.55 ± 0.07,
p < 0.0001).
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The mean difference ± 1 SE in cumulative fish abundance between the two student teams
analyzing the same deployment was 38.9 ± 17.9 (range: 1-162) (Fig. 6). Running a linear
regression of the log10-transformed species abundance counts of student team A against the
log10-transformed species abundance counts of team B for all deployments showed that both
teams were successfully recording similar abundance counts for the majority of species within a
deployment, though there were noticeable outliers ( = 0.48 ± 0.02, p < 0.0001) (Fig. 7). To
identify the species that had large abundance differences between student teams analyzing the
same deployment footage, the average difference in cumulative abundance between teams was
plotted for each species (Fig. 8). Results showed that A. bahianus, C. sufflamen, H. melanurum,
H. garnoti, and A. saxatillis had the largest discrepancies in recorded cumulative abundance
between teams. Notably, these species were also the most frequently recorded out of all
observed species.
To account for the overall abundance counts of each species and determine if the most
frequently recorded species were truly causing the largest discrepancies between student teams, I
ran a linear model comparing my log10-transformed cumulative abundance data with the log10transformed difference between student team cumulative abundance counts for each observed
species of each deployment. Results showed a significant, positive relationship between the two
variables, suggesting that as cumulative fish abundance increases, it becomes more difficult for
student teams to accurately record cumulative fish abundance ( = 0.53 ± 0.04, p < 0.0001) (Fig.
9). I then identified species that had the largest residual values from the mixed linear model.
The residual value for each species within a deployment indicated whether or not student teams
were successfully agreeing on the species’ abundance given its abundance within the
deployment. Positive residuals suggested that student teams had low inter-rater agreement for
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that particular species, while negative residuals represented good inter-rater agreement between
the two student teams. Residual values ranged from -1.03 to 0.67, indicating that the variation
between student teams had a fairly normal distribution.
The Jaccard’s dissimilarity index (calculated between each student team’s
presence/absence data for the same deployment) indicated that the average difference in species
composition between student teams examining the same deployment was 45.8%. The smallest
amount of dissimilarity between student teams was 23.0% (deployment nine), while the largest
amount of dissimilarity was 75.0% (deployment four). Dissimilarity was then measured between
team A and the author’s data (mean = 41.3%, range: 25.0%-80.0%), and the same was done for
team B and the author’s data (mean = 32.7%, range: 10.5%-83.3%).

Discussion
A fundamental challenge in the study and monitoring of biodiversity is developing costeffective and accurate approaches for non-invasively detecting species within an ecosystem.
Recent technological advances have allowed for a wider range of empirical data collection
techniques to develop, especially those with camera systems. The use of BRUVs in subtidal
marine environments has become a common, non-invasive method by which fish species
richness and abundance data can be collected. For this study, I found that BRUV deployments of
38 to 150 minutes in duration effectively recorded large numbers of individual fish and unique
species, averaging a cumulative fish abundance of 179.6 ± 45.2 and observed species richness of
16.7 ± 3.0. There was a 68.2% correspondence between observed species richness and estimated
species richness, indicating that our BRUVs were reasonably effective at capturing chao2
estimated species richness. Additionally, I found that there was little influence of deployment
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duration on the ability of BRUVs to capture the total species richness within an ecosystem.
Comparison between the student teams who analyzed the same deployment footage further
helped identify the relationship between cumulative abundance and observer uncertainty, as well
as particular species that caused poor inter-rater agreement between student teams.

I.

Quantifying fish richness, abundance, and composition in the Cozumel reefs
Current literature suggests that 49-120 minutes is the optimal range of time to deploy a

BRUV in order to successfully capture all of the species in the habitat (Andradi-Brown et al.
2016, Schmid et al. 2016, Vos et al. 2014). A conservative sampling time of 60 minutes has
been repeatedly encouraged as more experiments have been conducted with BRUVs (Cappo et
al. 2004, Vos et al. 2014), though others argue for slightly longer, 90-minute deployments
(Gladstone et al. 2012). For my study, BRUV deployments had a wide range of 38-150 minutes
in duration, which helped determine how deployment duration affected observed species richness
and influenced the ability to effectively align with estimated species richness values. On
average, SACs for each deployment showed that the majority of new species appeared within the
first 30 minutes and reached saturation as early as 35 minutes into the deployment. Our results
found that in general, BRUVs were able to capture an average of 68.2% of the estimated species
at each deployment site. Eight of the 11 consensus analyses recorded five or fewer species as
compared to the estimated species richness, and only one consensus record had a difference in
observed and estimated species richness that was greater than 10. Notably, this was one of the
shortest deployments, and it also had a large number of singleton observations. As singletons
appear throughout a deployment, the estimated richness value increases, particularly towards the
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end of a deployment. Although the majority of singletons were removed for the purpose of
reducing error without lowering statistical power, the short duration of this deployment and the
presence of more singletons than doubletons likely led to a higher estimated species richness
value. All in all, the BRUVs were fairly effective at capturing estimated species richness across
all of the deployment sites. Additionally, my results support current literature regarding optimal
deployment duration.
Cumulative fish abundance within a single deployment ranged from 12 fish to 470 fish,
with an average of 179.55 ± 45.22. As to be expected, deployment duration and cumulative
abundance had a strong, positive relationship. In total, the BRUVs captured 63 fish species from
26 families, including both rare and common species. The majority of observations were of A.
bahianus (Ocean Surgeonfish), A. saxatillis (Sergeant Major Damselfish), H. melanurum
(Cottonwick Grunt), B. capriscus (Grey Triggerfish), and H. garnoti (Yellowhead Wrasse).
Notably, four of these five species come from respective families that are all quite common in
Caribbean reefs (Nuñez-Lara et al. 2005). Fish species from a variety of feeding assemblages
were observed, including herbivores, piscivores, omnivores, and carnivores. While the majority
of observed fish were omnivores (45%) and piscivores (23%), the fish that were particularly
interested in the BRUV bait were carnivores, such as Sphyraena barracuda (Great Barracuda)
and B. capriscus, and piscivores like H. melanurum and Haemulon plumierii (White Grunt).
Overall, the BRUVs were able to successfully capture a variety of feeding assemblages and
recorded relatively rare footage of O. briareus (Caribbean Reef Octopus) swimming in daylight
and Gymnothorax moringa (Spotted Moray Eel) actively hunting.
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II.

Comparison of recorded species richness, cumulative abundance, and inter-rater
reliability between observer teams
By analyzing the records of both student teams who analyzed each deployment, I was

able to assess the homogeneity in their deployment analyses, otherwise known as inter-rater
reliability. I found that student teams produced fairly similar species richness counts within the
same deployment (mean difference = 2.8 ± 0.92), a good result considering the range of observed
species richness values among the student teams (range: 2-37). Meanwhile, there was a
considerable amount of variation in the cumulative abundance counts of student teams who
analyzed the same footage (mean difference = 38.9 ± 17.9; range: 1-162), which suggested that
the majority of observer variation stemmed from discrepancies in abundance estimates rather
than species richness counts. A mixed linear model confirmed that that there was a significant,
positive relationship between cumulative abundance (as determined by the author) and
uncertainty in abundance counts between student teams ( = 0.53 ± 0.04, p < 0.0001). In other
words, the more abundant a species was within a deployment, the more difficult it was for
student teams to agree on the species’ cumulative abundance.
Cumulative abundance variation between student teams may have resulted from a
number of scenarios that arose during the analysis process. For example, students may have
misidentified a particular species or missed observations, perhaps due to a lack of confidence in
identifying at the species level. At large, these potential discrepancies are heavily due to the
video analysist’s personal fish identification skills. Although students had the same level of
species identification training for the purpose of my study, species identification skill
understandably varied based on additional time spent underwater observing common Caribbean
fish and past experience with fish identification. Because the data was analyzed with no fish
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identification software or computer programs, it was critical that each analyst was capable of
accurately identifying fish down to the species level. In an attempt to reduce possible errors
brought about by observer bias, I chose to create pairs of two students for footage analysis.
Therefore, both people had to form a consensus about each fish observation and identification.
There is little existing literature that expands on the species identification process, as many
complex BRUV studies utilize species recognition programs for their data analysis (Cappo et al.
2007, Miller et al. 2017). Due to the level of bias that my technique of video analysis incurred, it
may be beneficial in future studies to identify fish to family or genera level rather than to species.
Adapting the analysis requirements in this fashion would still allow for cumulative abundance to
be estimated and would provide a broad estimation of composition within a site. Speciesspecific identification may be required to approach finer-scale ecological questions, though in
this case it would be ideal to use the same one or two video analysts for all footage analyses in
order to standardize the identification errors that may arise.
Upon detection of cumulative abundance variation between student teams, I determined
which particular species were causing discrepancies. Initially, plotting the average abundance
count difference between student teams for each species indicated that the five most frequently
observed species had the highest discrepancies between student teams. However, this was to be
expected, as more abundant fish would mathematically have larger differences between
observers. I furthered my analysis by accounting for the abundance of each species within each
deployment in a mixed linear model with deployment as a random effect. The model produced
the smallest residual (-1.03) for H. plumierii (White Grunt) in deployment nine and the largest
residual (0.67) for A. saxatillis (Sergeant Major Damselfish) in deployment eight. Large
residuals indicated high disagreement in abundance counts between student teams, given the
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species’ abundance within the deployment. Alternatively, small residuals represented strong
agreement in species abundance between student teams analyzing the same deployment footage.
Notably, high inter-rater agreement between student teams for particular species did not
necessarily mean that their observations agreed with reality. For example, the residual for H.
plumierii in deployment nine was especially small (-1.03), suggesting high inter-rater agreement
between student teams. Both student teams observed zero H. plumierii during this deployment,
yet the author’s standardized abundance count for H. plumierii was 51. Upon further
investigation, it became evident that the student teams misidentified H. plumierii as another
species from the Haemulidae family. Thus, using residuals alone to determine inter-rater
agreement does not provide an accurate representation of inter-rater agreement in terms of
species composition. A further analysis using Jaccard’s dissimilarity index was required to
determine how well student teams were agreeing on species composition within a deployment
and how well their results aligned with the author’s standardized species composition of each
deployment.
Our results from Jaccard’s dissimilarity index showed that on average, there was 39.9%
dissimilarity between teams who analyzed the same footage (range: 10.5%-83.3%).
Alternatively phrased, the inter-rater agreement between teams was 60.1% on average. The
dissimilarity measurements were based on presence/absence data, meaning that the species
composition of each team was considered rather than their abundance estimates. Thus, when two
teams that accurately recorded the correct species were compared to each other, their
dissimilarity index was relatively low. Dissimilarity could become quite high if the two teams
were not agreeing on the identification of particular fish or if one team was failing to record
certain species while the other team was successfully capturing them. Based on further
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investigation of the three analyses per deployment, larger dissimilarity values were primarily the
result of missed species observations by one of the teams. When teams both observed a fish
within a deployment, they were generally in agreement on the species of the fish. However,
there were far more instances of one team observing and identifying a fish and the other team
failing to record that individual. All in all, the average similarity was fairly good, though the
dissimilarity values from my study are representative of how observer discrepancies can
influence BRUV data and results. In the future, researchers may benefit from pausing the video
footage at standardized intervals, perhaps every minute, and recording all fish observed in the
still frame. This would reduce the amount of fish movement that analysts have to track,
particularly during high underwater activity periods, make it easier for analysts to identify each
species within the video’s still frame, and create a representative picture of the site’s species
richness and abundance without being as time consuming as processing every second of a
deployment’s footage.

III.

Guidelines for future studies involving BRUVs and citizen scientists
As compared to unbaited remote underwater video stations (RUVs), BRUVs attract more

species and a higher number of individuals (Hardinge et al. 2013). However, the type of bait
used and the method by which it is made accessible appears to influence the outcome of BRUV
deployments (Schmid et al. 2016). Due to time and storage constraints, the type of bait used for
my study changed three times - from gutted fish to squid to cleaned fish meat. As expected, the
deployments using cleaned fish meat did not attract a single fish directly to the bait canister,
likely because of the lack of bait odor emission. To contrast, many fish were particularly
interested in freshly gutted squid and fish, especially when some of the bait slightly protruded
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from the bait canister holes. The BRUV bait canisters were a particularly favorable component
of my design, as the hard-shell PVC canisters were practically impossible for larger animals,
such as sharks, to pull off of the BRUV. Alternatively, other BRUV designs have utilized plastic
mesh bags that could be completely separated from the BRUV, ripped apart, and potentially
ingested by larger animals. The multiple holes drilled around the circumference of the bait
canisters allowed for maximal bait odor plume dispersal while also successfully containing the
bait for the duration of the deployments. While the design of the bait canisters was ideal for
future BRUV deployments, the type of bait used should be changed in the future.
Comprehensive literature review suggests that deploying BRUVs baited with crushed sardines
produces the most consistent records of overall fish species richness and abundance and does not
exclude omnivorous or herbivorous fish from BRUV results (Schmid et al. 2016, Vos et al. 2014,
Wraith et al. 2013). This is likely because of the sardine’s oily consistency and soft flesh
(Schmid et al. 2016). However, bait selection is also dependent on the fish species the BRUV is
attempting to attract. Unsurprisingly, we observed the most interest in the bait from piscivores
and generalist carnivores. While herbivorous fish were frequently observed in videos, they had
little to no interest in the bait itself. This component of BRUV deployment is important to
consider for future studies, as bait selection appears to have a causal effect on what types of fish
are attracted to BRUVs (Hardinge et al. 2013, Schmid et al. 2016).
Certain behavioral attributes of fishes undoubtedly affected the outcome of our study and
have been recognized by other researchers as both a potential limitation to using BRUVs, as well
as an intriguing topic for future research (Colton and Swearer 2010, Vos et al. 2014). In
particular, territorial fish that “claim” the bait attached to the BRUV can influence appearance of
new species over time and overall abundance counts. Additionally, error may arise from the
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same individual reappearing in the camera frame throughout the entirety of a deployment and
being recorded by observers repeatedly. We observed this behavior in a number of species,
particularly C. sufflamen, S. barracuda, H. melanurum, H. flavolineatum, and Acanthostracion
quadricornis. On some occasions, two individuals would guard the BRUV, constantly
attempting to chase each other off. During this time, it was rare that any other individuals came
close enough to the camera for identification. For some studies, recurring individuals is not a
concern, particularly when attempting to observe larger elasmobranchs that are identifiable down
to the individual level. However, when attempting to assess overall species richness and
abundance within an ecosystem, territorial fish may ward off others from the BRUV camera’s
FOV. To address this in my study, teams were instructed to record reoccurring individuals only
once every minute, regardless of how many times the fish disappeared and reappeared in the
camera’s FOV during a single minute. This allowed the data to indicate when territorial fish
were being possessive of the BRUV without severely over-estimating cumulative abundance
counts. However, upon further inspection, I found that this standard was not maintained for all
group analyses, likely causing some level of discrepancy in abundance counts. While it may not
be pertinent for all studies involving BRUVs, it is important to note the impact that behavioral
attributes such as territoriality may have on studies attempting to analyze overall species richness
and abundance.
The ability to collect high quality, usable BRUV footage is also dependent on a number
of environmental factors, as well as camera quality and settings. For instance, environmental
variables such as water clarity, light, and water current can dramatically change the quality of
underwater video footage by affecting overall depth of field and making fish quite difficult to
see. Camera settings may also influence the appearance of BRUV footage, particularly if using a
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wide-angle lens setting. One of the primary challenges of this study was the variation in how
video analysts were identifying fish within the camera’s FOV. For those with a greater
understanding of morphological characteristics and behavior, identifying fish farther away from
the camera was doable, while others seemed to only record fish that were relatively close to the
camera and therefore much easier to identify. This discrepancy likely contributed to increased
dissimilarity between teams analyzing the same deployment footage. To avoid such error in
future studies, a feasible solution might involve visually marking a transect within the camera’s
line of sight once the BRUV has settled on the sea floor and instructing observers to only
identify species within the marked transect. This would remove any controversy over how deep
into the camera’s FOV species identification should be attempted. Although more and more
BRUV studies have begun to utilize 360-degree cameras (Kilfoil et al. 2017), this leads to an
extreme increase in overall production cost and does not seem necessary given the number of
studies that utilize one or two single-frame cameras. However, the variation between camera
types on BRUVs would be an interesting topic for future consideration.
After considering the knowledge I gained about BRUVs from my study and conducting
an in-depth review of existing literature, I attempted to determine the most considerable strengths
and limitations of BRUVs when used in coral reef ecosystems. This study supports findings that
BRUVs are generally effective, non-invasive tools that can accurately assess fish biodiversity in
underwater ecosystems (Harvey et al. 2007). The BRUVs were able to be left on the sea floor
for extended periods of time, allowing for a large amount of data to be collected with relatively
little hands-on effort. The fact that BRUVs do not depend on physical limitations of divers like
other techniques do makes them ideal, particularly because the BRUVs captured multiple coy
species that may not have been observed otherwise. Additionally, the footage collected by
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BRUVs can be archived, allowing for the accumulation of long-term data sets. As coral reefs
face building threats to their structural complexity and biodiversity, BRUVs offer a method by
which researchers, citizen scientists, and management groups can monitor, assess, and propose
solutions for ongoing problems in reefs around the world. However, sampling designs should be
developed to address the common limitations of BRUVs that I analyzed throughout my study,
including species-specific behaviors, inter-rater variability between video analysts, and bait
selection.

Conclusion
As coral reefs face crisis, it is essential that researchers, conservation groups, and
management divisions work quickly to gain a deeper understanding of how global stressors are
impacting coral reef ecosystems. BRUVs are non-destructive, multifunctional tools that exhibit
great potential for collecting data in underwater ecosystems (Cappo et al. 2004, Rolim et al.
2018). This study presented novel findings on the significance of inter-rater agreement when
analyzing BRUVs footage and explored some of the causes of variation between observers. The
results of my study suggest that recognizing and addressing the common limitations of BRUV
deployments would help maximize results and reduce overall experimental error. In particular,
future researchers should attempt to reduce inter-rater variability between video analysts by
marking a distinct section of the BRUV camera’s FOV to identify fish within and potentially
reducing the identification requirements from species level to a broader family or genera level.
Future studies using BRUVs should also prioritize optimal bait selection in order to adequately
attract all representative feeding assemblages and consider using the same video analyst for all
footage to standardize potential species identification errors throughout the analysis process. In
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summation, future researchers, citizen scientists, and management groups can use these findings
to develop experimental methods that will minimize error and maximize the accuracy and
consistency of BRUV results when assessing species richness, abundance, and composition
within coral reef ecosystems.
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Figures

Figure 1. Photo of one of the four BRUV units constructed for this study. Each unit was composed of polyvinyl
chloride (PVC) piping. Marine-safe bonding glue and nylon cable ties were used to secure the joints of the PVC and
small holes were drilled on various parts of the structure to encourage sinking. A GoPro camera mount was securely
attached to the superior portion of the BRUV. A bait canister was also built out of PVC and had additional holes
drilled into it for bait accessibility. Each BRUV could be disassembled into 23 pieces for easy transportation.
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Figure 2. A satellite image of Cozumel, Mexico. Major dive sites are named and identified with red and white dive
flags. Yellow circles indicate the sites in which deployments took place. Two deployments took place at Columbia
Shallows, the southernmost highlighted area. Two additional deployments occurred at Palancar Horseshoe. The
remaining seven deployments were conducted at the five highlighted sites in the northern section of the reef. Image
modified from Trip Advisor.
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Table 1. A table showing the reference number of each BRUV deployment and the respective site at which the
deployment took place. The deployment duration in seconds is also listed. Deployments ranged from 38 minutes to
150 minutes in length. A variety of deployment times were implemented in order to investigate the effect of
deployment duration on the ability to accurately capture species richness.
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Figure 3. The observed species richness counts for all 33 analyses were plotted by deployment, along with the
mean species richness and the standard error of the mean. There are three points for each deployment, representing
the two student team analyses and the author analysis. Based on the author’s consensus data, the mean observed
species richness was 16.7 ± 3.0 (range: 4-36).
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Figure 4. The 11 observed and estimated species richness values from the author’s consensus data were plotted
against a linear model to show how effectively BRUVs were recording total species richness per deployment. Each
data point represents a deployment. On average, the observed species richness accounted for 68.2% of the chao2
estimated species richness.
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Family
Acanthuridae

Aetobatidae
Balistidae
Bothidae
Carangidae
Chaetodontidae
Dasyatidae
Diodontidae
Haemulidae

Kyphosidae

Labridae

Lutjanidae

Malacanthidae
Monacanthidae
Mullidae
Muraenidae
Ostraciidae
Octopodidae
Pomacentridae

Pomacanthidae
Scaridae

Serranidae

Sphyraenidae
Synodontidae
Tetraodontidae
Urotrygonidae

Species name
Acanthurus bahianus
Acanthurus chirurgus
Acanthurus coeruleus
Aetobatus narinari
Balistes capriscus
Canthidermis sufflamen
Melichthys niger
Bothus lunatus
Caranx crysos
Caranx ruber
Chaetodon capistratus
Chaetodon ocellatus
Chaetodon striatus
Hypanus americanus
Diodon hystrix
Haemulon carbonarium
Haemulon flavolineatum
Haemulon melanurum
Haemulon plumierii
Haemulon sciurus
Kyphosus cinerascens
Kyphosus sectatrix
Kyphosus vaigiensis
Bodianus rufus
Halichoeres bivittatus
Halichoeres garnoti
Thalassoma bifasciatum
Lutjanus analis
Lutjanus apodus
Lutjanus synagris
Ocyurus chrysurus
Malacanthus plumieri
Aluterus scriptus
Aluterus schoepfii
Cantherhines macrocerus
Pseudupeneus maculatus
Gymnothorax moringa
Acanthostracion quadricornis
Acanthostracion polygonius
Octopus briareus
Abudefduf saxatilis
Chromis cyanea
Microspathodon chrysurus
Stegastes adustus
Stegastes partitus
Holacanthus tricolor
Pomacanthus paru
Scarus guacamaia
Scarus taeniopterus
Scarus vetula
Sparisoma aurofrenatum
Sparisoma chrysopterum
Sparisoma rubripinne
Sparisoma viride
Scarus iserti
Cephalopholis fulva
Cephalopholis cruentata
Hypoplectrus chlorurus
Hypoplectrus nigricans
Sphyraena barracuda
Synodus dermatogenys
Sphoeroides spengleri
Urobatis jamaicensis

Common name
Ocean Surgeonfish
Doctorfish
Blue Tang
Spotted Eagle Ray
Grey Triggerfish
Ocean Triggerfish
Black Durgon Triggerfish
Peacock Flounder
Blue Runner
Bar Jack
Foureye Butterflyfish
Spotfin Butterflyfish
Banded Butterflyfish
Southern Stingray
Porcupinefish
Caesar Grunt
French Grunt
Cottonwick Grunt
White Grunt
Blue-striped Grunt
Topsail Chub
Bermuda Chub
Brassy Chub
Spanish Hogfish
Slippery Dick
Yellowhead Wrasse
Bluehead Wrasse
Mutton Snapper
Schoolmaster Snapper
Lane Snapper
Yellowtail Snapper
Sand Tilefish
Scrawled Filefish
Orange Filefish
Whitespotted Filefish
Spotted Goatfish
Spotted Moray Eel
Scrawled Cowfish
Honeycomb Cowfish
Caribbean Reef Octopus
Sergeant Major Damselfish
Blue Chromis
Yellowtail Damselfish
Dusky Damselfish
Bicolor Damselfish
Rock Beauty Angelfish
French Angelfish
Rainbow Parrotfish
Princess Parrotfish
Queen Parrotfish
Redband Parrotfish
Redtail Parrotfish
Redfin Parrotfish
Stoplight Parrotfish
Striped Parrotfish
Coney Grouper
Graysby Grouper
Yellowtail Hamlet
Black Hamlet
Great Barracuda
Sand Lizardfish
Bandtail Puffer
Yellow Stingray

Frequency
339
32
11
4
106
5
2
2
53
12
29
10
6
1
4
10
4
263
52
1
4
9
27
1
13
134
48
6
2
20
19
2
5
2
3
20
4
35
1
1
335
39
4
44
2
3
3
1
28
17
49
12
1
99
3
29
1
1
2
12
1
3
2

Table 2. A complete list of all fish families and species observed throughout the duration of our study. Common
names and the number of observations for each species are also shown. The five bold names represent the most
frequently occurring species.
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Figure 5. Species discovery curves for each of the 11 successful deployments. Two student teams analyzed each
deployment; each line represents one team’s analysis. Time was binned into periods of 2.5 minutes; each time block
was then given a “bin” number, which is represented on the x-axis. The dashed horizontal line represents the higher
of the two teams’ chao2 estimated species richness values.
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Figure 6. The cumulative fish abundance counts for all analyses of all deployments were plotted against one
another. A mean abundance count was calculated for each deployment, as well as the standard errors of the means.
There is a noticeable amount of variation between groups who analyzed the same deployment, much more so than
was the case with species richness values. Based on the author’s consensus data, the average cumulative fish
abundance per deployment was 179.55 ± 45.22 (range: 12-470).
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Figure 7. A scatter plot representing the log10-transformed differences in abundance counts between the first set of
student pairs (team A) and the second set of student pairs (team B) for each deployment. Each data point represents
an individual species. Running a linear regression between log10-transformed team A species abundance and
log10-transformed team B species abundances indicated that while teams were recording very similar abundance
counts for the majority of species, there were a few outliers with significant differences in abundance counts
between teams ( = 0.484 ± 0.018, p < 0.0001). The dashed line represents the best-fit line according to the linear
regression, while the solid line is a 1:1 line indicating where values would be if team A and team B had no
differences in abundance counts for all species.

44

Figure 8. A bar chart depicting the average difference in abundance counts between student teams for the 67
species recorded throughout the study. The abundance counts of 57 out of the 67 species were generally agreed
upon between groups, while the remaining 10 species had significantly higher average differences. The five species
that had the greatest average differences in abundance counts between groups were Abudefduf saxatillis (Sergeant
Major Damselfish), Haemulon melanurum (Cottonwick Grunt), Acanthurus bahianus (Ocean Surgeonfish),
Halichoeres garnoti (Yellowhead Wrasse), and Sparisoma viride (Stoplight Parrotfish), respectively.
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Figure 9: This figure shows the log10-transformed abundance counts for each species as collected by the author in
relation to the log10-transformed difference between species abundance counts for student team A and team B. I did
a log10 transformation for both sets of data in order to normalize the data and accommodate for the left skew. The
difference value was converted to difference + 1 because some differences between student teams were equal to 0,
which cannot be log10-transformed. A linear regression was run for each deployment to determine the relationship
between log10-transformed author abundance counts and the log10-transformed difference between abundance
counts of student teams analyzing the same deployment. Additionally, I ran a linear mixed model with deployment
as a random effect, which showed that in general, the greater the author’s abundance count, the greater the
difference between team A and team B abundance counts ( = 0.534 ± 0.040, p < 0.05). Hence, uncertainty
increases with abundance.
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