
 

ABSTRACT 

SIMMONS, KAYELYN REGINA. Evaluating the Efficacy of Management Zones in the Florida 
Keys National Marine Sanctuary: Integrative Visual and Photogrammetric Surveys, and Passive 
Acoustics to Characterize Reef Fish Assemblages and Habitat Associations across Coral Reef 
Management Regimes (Under the direction of Dr. David B. Eggleston). 
 

Comparisons between spatial management zones  and regulated fishing sites in The 

Florida Keys National Marine Sanctuary (FKNMS), a network of marine reserves varying in 

level of protection, Sanctuary Preservation Area (SPAs), Ecological Reserve (ER), and 

Special/Research-Use Only Areas (SUAs), allows for the exploration of fundamental questions 

about drivers in reef fish biodiversity across space and time, habitat complexity, and the 

influence of human interactions (i.e., management, tourism, recreation, fishing pressure). In 

2017, category 4 Hurricane Irma directly passed over FKNMS in the lower Florida Keys 

resulting in heavy sedimentation and moderate to severe structural impacts to the coral reef 

framework. As the Florida Keys reef community endures chronic and acute stressors, resource 

managers require up-to-date, high-resolution data on reef fish biodiversity, coral species 

conditions, impact responses, and resiliency indicators to guide decision-making and prioritize 

actions that support resiliency. Therefore, this dissertation conducted a comprehensive study 

examining reef fish biodiversity and habitat associations as a function of management zone using 

traditional reef visual census (RVC) surveys, passive acoustic monitoring, and structure-from-

motion (SfM) photogrammetry across eight shallow fore-reef sites representing three 

management zones in the FKNMS before, during, and after the impact of hurricane Irma 

between 2017 and 2018. 

In Chapter 1, I investigated the acoustic energy exposure and temporal patterns in the 

coral reef soundscape via a high frequency band (7-20kHz) representative of snapping shrimp 

activity and two partitioned low frequency bands (< 3kHz) representative of reef fish 



 

vocalizations before, during, and after hurricane Irma at fished site WDR and research-only area 

ESB. Temporal patterns in the coral reef soundscape by sound producing reef fish and snapping 

shrimp were relatively resilient to the acoustic energy exposure during the hurricane and 

recovered within a few weeks to pre-disturbance sound pressure levels despite experiencing 

detrimental damage to reef habitats and harsh environmental conditions.  In Chapter 2, I 

characterized the spatiotemporal variation in habitat complexity and coral morphology using 

traditional reef visual census (RVC) surveys at eight sites and SfM photogrammetry at five sites 

across the FKNMS’s three management zones. Digital elevation models showed high within site 

variation of seabed topography and physical features while orthoimage image analysis identified 

differences in dominant coral morphology among sites. 

Building upon the previous chapters, Chapter 3 used a multidisciplinary approach 

combining RVC surveys and coral reef soundscapes to investigate the response of reef fish 

biodiversity indices (i.e., mean density, biomass, species richness, species diversity, and 

evenness) and its associated L1 low frequency band (<3kHz) as well as a target group, comprised 

of Haemulidae and Lutjanidae, indices (mean density and biomass) and their associated L2 low 

frequency  band (1.2 – 2kHz) to habitat features (i.e., depth, vertical had relied, surface hard 

relief) before and after the hurricane at eight sites across three management zones. Although total 

reef fish density decreased by >60% at most sites after Irma, species diversity, richness, and 

evenness increased during the sampling periods following the disturbance; and there were no 

major relationships with temporal patterns in the L1 low frequency band.  However, the target 

group did show seasonal trends in mean L2 sound pressure levels and increases in mean biomass 

were more prevalent at protected sites or sites with complex reef structures (i.e., vertical hard 

relief, surface hard relief). 



 

This dissertation provides baseline, fine-scale spatiotemporal reef biodiversity, habitat, 

and soundscape data for several spur-and -groove reef sites in the FKNMS and highlights the 

combined use of traditional (i.e., RVC) and novel (i.e., soundscapes, photogrammetry) 

monitoring methods to observe trends and habitat associations of ecologically and commercially 

important marine fauna in the FKNMS, and aids in evaluating the efficacy of a network of 

marine reserves. 
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DISSERTATION INTRODUCTION 

Coral reefs support about one-third of the world’s marine fish populations and are vital 

for global economic and ecological services (1). Global pressures on coral reefs extend to marine 

resource overexploitation, sediment runoff, coastal development, climate change, and chronic 

tourism activities (2–4). Consequently, direct and indirect effects of climatic and anthropogenic 

stressors are key causes for large-scale declines in the biodiversity of coral reef ecosystems and 

their resilience to multiple stressors (5–8; and references therein). In the absence of 

anthropogenic stressors, coral reefs can restore to natural health conditions following episodic 

environmental events (i.e., hurricanes) that cause major fluctuations in coral communities (9–

11).  However,  as these combined threats to coral reefs and associated ecosystems (i.e., 

coastlines, mangroves, seagrass beds) increase, management action is necessary to better 

understand and monitor coral reef resiliency, and discern which factors support the ecosystem’s 

ability to absorb chronic disturbances, resist phase shifts and recover after natural and human-

induced disturbances (5,12,13). 

Modern coral reef management objectives have shifted beyond achieving sustainability 

for individual target species to broader impacts related to community interactions and food web 

dynamics (14–16). Maintaining ecosystem function across multiple spatial scales also requires 

managers to first detect changes in a time-effective manner and then to adequately intervene (i.e., 

implement closures, habitat restoration) at relevant spatial scales, such as the organism level to 

community level, with the goal to further protect the current and future status and/or resilience of 

reef ecosystem functions (17–20). No-take marine reserves (NTMRs) were established to both 

decrease the exploitation of target and non-target species and rebuild depleted stocks, while 

protecting the integrity of biodiversity within marine ecosystems (21–24). Since first establishing 
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NTMRs, they have produced several potential benefits such as increasing target fish species 

density, increasing spawning stock biomass, supplying source populations for neighboring 

habitats (i.e., spill-over), preserving trophic interactions and protecting essential reef habitat from 

structural damage (25–29). Generally, species diversity is enhanced inside marine reserves (26), 

yet the variable processes that influence diversity within and around reserves still needs further 

investigation (28). 

New technological approaches in marine ecology, such as (i) passive acoustics to 

characterize underwater soundscapes, and (ii) habitat photogrammetry, which provides high-

resolution, 3D images of habitats, can facilitate efficient and accurate assessments of coral reefs 

across varying spatial and temporal scales, providing a transformative way to characterize reef 

fish biodiversity as well as the ecological function of essential, hard-bottom habitats. The Florida 

Keys National Marine Sanctuary (FKNMS) is an ideal network of marine protected areas and 

fished areas to characterize coral reef soundscapes, in addition to furthering our understanding of 

how soundscapes reflect changes in reef fish distribution and habitat use.  

 Coral reef soundscape results generally show significant site-specific spectral patterns in 

sound pressure levels (SPLs), such that protected sites displayed higher average spectra in low 

frequencies than fished sites (30–33). Given that passive acoustic monitoring is a non-destructive 

sampling tool when compared to traditional sampling (visual surveys, gill nets, traps), 

soundscape monitoring is a relatively low-cost tool that can be implemented with high spatial 

and temporal fidelity even at night and in adverse weather conditions. Previous soundscape 

research conducted in the Florida Keys characterized ambient reef sounds and observed spatial 

and temporal acoustic patterns, creating a baseline for understanding reef soundscapes in this 

region (34). If metrics characterizing the soundscape reflect species composition and diversity, or 
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habitat complexity, this approach could provide an important and transformative tool for 

understanding the efficacy of the various management zones in the FKNMS, as well as coral reef 

resiliency. 

 The spur-and-groove coral reef habitats in the lower Florida Keys, for example, are 

subject to multiple impacts to the overall structural framework and have been under pressure, 

over both space and time, by (i) anthropogenic stressors (i.e., fishing pressure, recreational use, 

dredging/port expansion), (ii) direct impacts from severe climatic disturbances (e.g., Hurricane 

Irma in 2017), and (iii) the rapid expansion of highly detrimental stony coral tissue loss disease 

(SCTLD) (35–38). Additionally, more fine-scale questions aimed at identifying within-site 

variations in structural complexity (i.e., relief, rugosity, depth) and diversity in reef-building 

corals also provides insight into habitat selection for reef fish aggregations, spawning sites, and 

foraging activity. The use of in-situ photogrammetry surveys to produce 3D elevation and 

photomosaic models is an emerging and important conservation and restoration monitoring tool 

(39–42). Moreover, photogrammetry aids in characterizing and documenting differences in coral 

composition that contribute to the overall reef framework and how habitat quality can vary 

across a network of management zones.  

In this collaborative study with the Florida Fish and Wildlife Conservation Commission 

(FWCC) and NOAA Office of National Marine Sanctuaries (ONMS), this dissertation builds on 

previous work across the FKNMS to evaluate the efficacy of a network of reserves (~0.5 – 30 

km2) varying in size and level of protection (43–46) by quantifying reef fish density, diversity, 

and size across a range of management zones from highly fished to research only, with an 

emphasis on three objectives: (i) characterize the biological soundscape reef fish and snapping 

shrimp sound production at each reef site using passive acoustic monitoring, (ii) quantify biotic 
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(e.g., % live coral cover, dominant coral morphologies) and abiotic (e.g., vertical relief, depth, 

vector terrain ruggedness) characteristics of reefs using structure-from-motion photogrammetry, 

and (iii) quantify reef fish species composition, density, size, and habitat associations among the 

various management zones (fished, no-take but with public access, no-take and no public access) 

in the lower FKNMS (i.e., Zone D of the FKNMS) using a two-stage, point count survey method 

by divers (45,47,48).  

Collectively, these multidisciplinary objectives were addressed in the following 

dissertation chapters using data collected from several shallow fore-reef sites within the FKNMS 

from 2017-2018. In September 2017, Hurricane Irma (Category 4) traveled directly across the 

lower Florida Keys with sustained hurricane force winds (> 64kts) making landfall near Cudjoe 

Key, Florida approximately 15 km away from this study’s most northern reef site Looe Key 

(49,50). In Chapter 1, this dissertation focused on passive acoustic data collected before, during, 

and after Hurricane Irma at two spur-and-groove sites, Western Dry Rocks (WDR) a fished site, 

and a special-use-only area named Eastern Sambo (ESB). We observed changes in temporal 

patterns in sound pressure levels (SPLs) produced by snapping shrimp in the high-frequency 

band (7–20 kHz) during crepuscular hours, and daily daytime reef fish sound production in the 

low-frequency band (< 2 kHz) to better understand how changes in the biophony or biological 

soundscape reflect patterns of resilience and recovery. Chapter 2 characterized spatiotemporal 

variation of several habitat metrics at eight fore-reef sites using visual habitat surveys and further 

investigated fine-scale abiotic and biotic structural features using structure-from-motion 

photogrammetry and three-dimensional models at five mapped reef sites representative of each 

management zone type in the FKNMS. Finally, Chapter 3 explored the response of reef fish 

biodiversity indicators (i.e., density, biomass, diversity, evenness) and associated low-frequency 
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SPLs according to sample location, time of sampling, reef habitat characteristics from data 

collected using passive acoustics and reef visual census (RVC) surveys. 

In each chapter, the special sanctuary areas (SUA's, SPA's, ER's etc.) and fishing zones in 

nearby geographical areas will serve as experimental treatments. Reef fish and soundscape 

metrics will serve as response variables, and habitat characteristics and abiotic measures as 

explanatory variables. The collection of biological, habitat and environmental data provides a 

framework for addressing a diverse array of scientific questions and management goals, and 

further informs policy makers engaged in the design of marine reserve networks. These data 

provide critical baseline evaluations for Post- Hurricane Irma impacts and may assist in 

monitoring the recovery of coral reefs as well as provide examples of long-term monitoring 

methods useful at multiple spatial and temporal scales. 
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Abstract

Soundscape ecology is an emerging field in both terrestrial and aquatic ecosystems, and

provides a powerful approach for assessing habitat quality and the ecological response of

sound-producing species to natural and anthropogenic perturbations. Little is known of how

underwater soundscapes respond during and after severe episodic disturbances, such as

hurricanes. This study addresses the impacts of Hurricane Irma on the coral reef sounds-

cape at two spur-and-groove fore-reef sites within the Florida Keys USA, using passive

acoustic data collected before and during the storm at Western Dry Rocks (WDR) and

before, during and after the storm at Eastern Sambo (ESB). As the storm passed, the cumu-

lative acoustic exposure near the seabed at these sites was comparable to a small vessel

operating continuously overhead for 1–2 weeks. Before the storm, sound pressure levels

(SPLs) showed a distinct pattern of low frequency diel variation and increased high fre-

quency sound during crepuscular periods. The low frequency band was partitioned in two

groups representative of soniferous reef fish, whereas the high frequency band represented

snapping shrimp sound production. Daily daytime patterns in low-frequency sound produc-

tion largely persisted in the weeks following the hurricane. Crepuscular sound production by

snapping shrimp was maintained post-hurricane with only a small shift (~1.5dB) in the level

of daytime vs nighttime sound production for this high frequency band. This study suggests

that on short time scales, temporal patterns in the coral reef soundscape were relatively

resilient to acoustic energy exposure during the storm, as well as changes in the benthic

habitat and environmental conditions resulting from hurricane damage.

Introduction

Ecosystems throughout the world are increasingly threatened by multiple natural and anthro-
pogenic stressors, often leading to ecosystem shifts from desirable to less desirable states [1–4].
Coral reefs are the some of the most diverse ecosystems on Earth, and the transition between
disturbance states is often observed through changes in coral reef community composition
and ecosystem function [5–7]. The desired state is an environment that supports critical eco-
logical processes and resulting patterns across space and time, such as overall system produc-
tion, key predator-prey (or grazer) interactions, and reproduction across multiple functional
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groups [8, 9]. Disturbance states in coral reef ecosystems are often described as a shift from the
desired, structurally complex coral dominated reef, to a less desirable macroalgal dominated
state [10–12], as well as reductions in major functional groups such as herbivorous grazers,
prey fish stocks, and apex predators [13, 14].

Natural disturbance impacts to coral reef ecosystems vary from chronic events such as coral
predation, bioerosion, and intermittent disease, to pulsed catastrophic events such as mass
bleaching and hurricanes [15–17]. In certain geographic regions such as the Caribbean, Baha-
mas and Florida, coral reefs are prone to hurricanes that can cause massive structural damage
[18, 19]. Hurricanes can disrupt and reduce ecosystem functions and services [20–24]. Long-
term habitat degradation and the persistent decline in the three-dimensional structure of coral
reefs can have cascading consequences for reef fish diversity, fisheries, and ecosystem services
[25–27]. The response of reef fauna to disturbed benthic habitats can lead to a shift in their
spatial distribution as changes in prey densities or habitat specialists compete for sufficient ref-
uge space [28]. Conversely, large-bodied, transient reef fish are more likely to survive an
immediate decline in benthic cover because of their ability to relocate to a presumably more
desirable habitat [29]. Hurricane impacts have been widely assessed in coral reef ecosystems as
catastrophic events that not only promote long-term declines in habitat quality (e.g. algal
regime shifts, sedimentation), but further hinder recovery processes from other chronic stress-
ors such as coral disease, overfishing, pollution, and sedimentation [18, 24, 30, 31]. Neverthe-
less, we know little about how extreme episodic impacts, such as hurricanes, alter the behavior
of biological sound production, or biophony, of soniferous (sound-producing) species.

One of the most common quantitative methods to assess the magnitude of change within a
population or community pre- and post-disturbance is to assess the temporal response of spe-
cies composition using abundance or biomass indices [22, 32, 33]. Recent application of pas-
sive and active acoustic sampling techniques now allow studies of hurricane impacts to marine
organisms using a before, during, and after impact approach [34–36]. For example, acoustic
telemetry (active acoustic techniques) of tagged fish characterized the success or failure of noc-
turnal foraging reef fish (e.g. grunts, snapper) to find refugia, as well as their vulnerability to
predation, following a severe disturbance [37]. A recent study on juvenile bull shark (Carch-
archinus leucas) movements before and after hurricane Irma also described predatory behav-
ioral responses related to shifting prey densities [38]. Although active acoustic studies provide
information on individual animal movements, passive acoustic monitoring provides informa-
tion on soniferous species assemblages that use sounds to communicate, and thereby can be
sampled to reflect potential deviations in behavior in response to disturbances such as hurri-
canes [39–41].

Soundscape ecology

Soundscapes, the collection of biological, environmental, and anthropogenic sound sources
within an ecosystem, can provide high resolution spatiotemporal information about ecosystem
patterns and processes [42–44]. Critical information about habitat-specific biodiversity and
environmental conditions can be derived from passive acoustic monitoring [44, 45]. Addition-
ally, soundscape analysis allows for the passive acquisition of species assemblage patterns with-
out the influence of human interactions [46–48]. The presence of divers can alter fish
distribution and behavior as a negative (i.e. avoidance) or positive (i.e. aggregate) association
with human presence [49–51]. Soundscapes provide a collection of empirical data in a natural
state without disrupting critical biological or ecological interactions, and allows for visualiza-
tion of various temporal patterns in acoustic activity and inferred behavior (e.g. hourly, daily,
annually, seasonally) for soniferous species. The ecological application of soundscapes is
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becoming more widely accepted as an indicator of species presence/absence, habitat associa-
tions, and complex biological interactions (e.g. territorial behavior, spawning aggregations,
migratory patterns) with applications across a wide range of terrestrial (e.g. woodland forest,
desert) [52–54] and aquatic (e.g. coral reefs, oyster reefs, seagrass beds, kelp forest) [55–59]
ecosystems.

Application of soundscape ecology to disturbance impacts

Soundscape methods have been useful in distinguishing between healthy and degraded ecosys-
tems largely by recording the presence and absence, as well as behavior of key soniferous taxa
[44]. For example, distinct changes in important ecological behavior (e.g. foraging, mating) or
daily activities across space and time can reflect noise avoidance or acoustic masking [60–62],
with the former resulting in quieter areas due to a decrease in soniferous species abundance
and diversity [63, 64]. Landscape ecology studies are increasingly relying on bioacoustic moni-
toring to assess deleterious impacts resulting from human land use activities (e.g. clear cutting,
forest fire, habitat destruction, noise pollution etc.), and to assess changes in biodiversity, spa-
tial distribution, and animal behavior [65–67]. In a broader context, soundscape studies in ter-
restrial systems are proving to be instrumental in rapidly assessing biodiversity and informing
management recommendations for ecological conservation in the aftermath of detrimental
anthropogenic and natural disturbances [68, 69]. Thus, understanding the interaction between
disturbance states due to natural or anthropogenic impacts and changes in a soundscape are
becoming increasingly relevant to management in terrestrial [70, 71] and aquatic ecosystems
[72, 73].

Underwater soundscape monitoring is unique in its access to sound-producing inverte-
brates and resident reef fish assemblages. In underwater environments, sound is an important
indicator of habitat quality [74–76], where relatively high densities of soniferous species may
indicate high ecosystem health or structural complexity via an abundance of refugia [77]. For
example, Freeman & Freeman [78] used coral reef soundscapes to quantitatively assess the cor-
relation between dominant biological frequencies and habitat quality, in which macroalgal
dominated reefs are an indicator of reef degradation and were dominated by high frequency
sounds produced by benthic invertebrates. Underwater soundscape studies have been success-
ful in characterizing critical spawning habitats, estimating soniferous species abundance, and
characterizing community-level interactions [79–81] by collecting semi-continuous, non-inva-
sive information when traditional sampling methods, such as use of nets or diver surveys, are
logistically not feasible (e.g. at night, during extreme storm events). Recent work on coral reef
soundscapes have provided baseline data on spatiotemporal variation of coral reef soundscapes
across various disturbances states such as dead coral cover, high crustose coralline algae cover,
and other degraded habitats [82–85].

The presence of rainfall, wind and wave activity on the ocean’s ambient soundscape is well
established [86, 87]; however, few studies have focused specifically on modification in the
soundscape during extreme weather events, such as hurricanes. Weather and climate may also
indirectly influence abiotic sound production by controlling the distribution of ice at high lati-
tudes [88], with the collapse of large ice sheets in Antarctica elevating sound levels throughout
the southern Pacific and Indian Oceans [89]. In some ocean basins, the soundscape may be
disrupted by large earthquakes that generate high amplitude sounds over time scales of min-
utes, or by intense episodes of submarine volcanism, which may extend for periods of days-to-
weeks [90–93]. The potential ecological significance of these transient natural sound sources is
not well understood; however, like hurricanes, they dominant the low-frequency portions of
the acoustic spectrum that can be critical in the communication of many marine fauna.

PLOS ONE Hurricane impacts on a coral reef soundscape
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Hurricane Irma and objectives

On September 2017, Hurricane Irma (Category 4) traveled across the Lower Florida Keys with
sustained hurricane force winds (>64kts) extending 130 km from the center [94]. Hurricane
Irma passed directly over the Florida Keys National Marine Sanctuary (FKNMS) nearshore
marine habitats before making landfall near Cudjoe Key, Florida (USA) [94, 95]. Short-term
impacts by large freshwater inflows resulted in changes in the phytoplankton community in
nearby coastal canals, with phytoplankton communities returning to normal seasonal patterns
within 3 months after the hurricane [96]. The impacts to the Lower Florida Keys seagrass com-
munities from Irma were generally localized, with species-specific beds of seagrass uprooted,
and loss of seagrass from storm water runoff resulting in low dissolved oxygen and persistent
hyposalinity, similar to historical datasets [97, 98]. Coral reefs in the Middle and Upper Keys
showed a significant decline in abundance of the keystone urchin grazer Diadema antillarum,
as well as loss of sponges and hydrocorals due to high sedimentation [99].

During October 2017, NOAA science divers and partners surveyed more than 50 coral reef
sites from Biscayne Bay (near Miami) to the Marquesas (southwest of Key West) and described
severe damage in the Middle and Lower Florida Keys sponge and coral communities from
storm force waves, fast-moving debris, and heavy sediment deposits [100]. Sedimentation was
the most common impact among sites, resulting in poor visibility and high amounts of marine
debris [100]. In December 2017, NC State science divers surveyed eight fore-reef sites, includ-
ing ESB and WDR, and observed poor visibility (<3m), loose rubble, collapsed reef ledges
with a mix of schooling species, as well as sedimented and fragmented sub-massive reef-build-
ing corals (Fig 1, personal observation K. Simmons). The short-term disturbance in environ-
mental conditions and the remaining fractured reef habitat structure likely impacted marine
faunal interactions and behavior; however, little is known about how these changes in the
coral reef habitat are reflected in the sound production of coral reef animals that are mobile.

Passive acoustic recordings were used to characterize the underwater soundscape of the
coral reef tract in the lower Florida Keys, USA before, during and after Hurricane Irma. In the
weeks following the storm, the biological sounds produced by fish exhibited similar pre-distur-
bance temporal patterns, and the high frequency noise associated with snapping shrimp
showed only a small shift in its diurnal patterns. This opportunistic study investigates the util-
ity of soundscapes in assessing disturbance impacts to the coral reef soundscape generated by
soniferous reef fishes and snapping shrimp within a track of the Florida Keys reef system
impacted by Hurricane Irma. The main objectives of this study were to (i) quantify the cumu-
lative acoustic exposure associated with the passage of hurricane Irma, and (ii) identify and
quantify temporal changes within the biophony in response to Irma with emphasis on daily
and diurnal soundscape patterns.

Materials and methods

Study system

Underwater soundscape characterization was conducted within the lower (Zone D) FKNMS,
which comprises a network of marine reserve types and regulated fishing habitats designated
in 1990 [101] (Fig 2). This region is part of the Florida Keys Coral Reef Tract, a large bank-bar-
rier reef system that extends 350 km from the Florida Straits northward to St. Lucie Inlet, Mar-
tin County [102]. The lower FKNMS habitat includes a mosaic of shallow, marginal reef
systems with spur-and-groove reef formations, reef rubble and a diverse array of hardbottom
habitat (e.g. stony corals, soft corals, sponges, macroalgae, adjacent seagrass beds). No-take,
marine reserves within the FKNMS vary in size, yet most are relatively small (~0.2 to 0.5km2).

PLOS ONE Hurricane impacts on a coral reef soundscape
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The Lower Keys often have higher salinity and turbidity relative to the Middle and Upper Keys
region due to nearshore transport of nutrient-rich deep water [103] facilitated by the Florida
Current, gyre system [104, 105].

As a part of a larger study by our research group, eight hydrophones were deployed in July
2017 across several marine reserve zones. The research was permitted by the Florida Keys
National Marine Sanctuary Program (FKNMS-2016-111-A1) and the National Wildlife Ser-
vice (NW5-SAJ-2016-02423). After the passage of Hurricane Irma (Category 4) in the lower
Florida Keys on September 2017, only 2 of 8 hydrophones were recovered: (1) Eastern Sambo,
a no-entry reserve, and (2) Western Dry Rocks, which is open to fishing (Fig 2). The other
hydrophones were lost, presumably due to wave action and surge from the hurricane. The
hydrophone at Western Dry Rocks was recovered after the hurricane lying in sand near the
mooring, which removed our ability to use these data to quantitatively assess the post-distur-
bance soundscape. Western Dry Rocks (WDR—24.445˚N, 81.926˚W) is a regulated fishing
site ~22 km southeast of Key West, FL within the FKNMS. This reef is characterized by wide

Fig 1. Before-after impacts of hurricane Irma on coral reefs in the Florida Keys, with before images taken in August 2017 and after images taken in
December 2017. (A) Brain coral at Eastern Sambo study site taken in August 2017 and (B) its structural damage after Irma in December 2017. (C) Divers
observed fish aggregations near and underneath collapsed reef ledges at Looe Key reef (~26 km northeast of Eastern Sambo study site), and the (D) same site
with high amounts of reef rubble after Irma. Photo credit K. Simmons.

https://doi.org/10.1371/journal.pone.0244599.g001
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spur-and-groove sand channels with high relief ledges and a mean depth of 6m. Although live
coral cover is relatively low compared to protected reefs, the benthos consists of gorgonians,
coral rubble, and hard-bottom substrate. Eastern Sambo (ESB—24.491˚N, 81.664˚W) is one of
four Special-Use Areas (SUA) or no-entry/no-take zones within the FKNMS, and is no-access
except for permitted scientific research, restoration, monitoring, or educational purposes. This
reef is characterized as a spur-and-groove bank reef with a mean depth of 5m comprised of
massive reef building corals, sponges, and gorgonians.

Environmental data collection

Hurricane Irma’s track, wind swath and landfall data were accessed from NOAA’s National
Hurricane Center report on Irma (https://www.nhc.noaa.gov/data/tcr/AL112017_Irma.pdf).
Hurricane Irma made landfall near Cudjoe Key in the lower Florida Keys at 08:00 Eastern
Standard Time (EST) on September 10, 2017 (Fig 2) before continuing north toward central
Florida. Maximum wind speeds reached 115kts with a minimum barometric pressure of 931
hPa at landfall. Wind swath radii were defined as maximum sustained 1-minute wind speed
values for tropical storm force winds (34kts), storm force winds (50kts) and hurricane force
winds (64kts).

Barometric pressure data were used, independent of the acoustic time series, to delineate
the passage of the storm over the reef. Storm duration was defined as the time window over
which the pressure fell and remained below its 2.5% quantile level for data collected between
July and October 2017. Barometric pressure data were obtained from the Sand Key Light-
house, Buoy Station ID SANF1 (24.456˚N, 81.877˚W), located ~ 5km from WDR. These data
were recorded hourly with a standard barometer elevation at 14.6 m above the mean sea level.

Fig 2. Study site–FKNMS Zone D. Sites are denoted by initials: Western Dry Rocks (WDR) is shown in red and
Eastern Sambo (ESB) is shown in blue. NOAA wind swath data are shown as contour lines for maximum sustained
wind speeds for 2mins/10meters at 34kts (yellow), 50kts (orange), and 64kts (red). Credit: NOAA NHC Best Track
Data updated 06/30/2018.

https://doi.org/10.1371/journal.pone.0244599.g002
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Because underwater acoustic time series are non-stationary (i.e., have time dependent
mean and variance), soundscape changes must be evaluated within time windows before and
after the storm that minimize the effect of processes, such as lunar phase (e.g., [85, 106, 107]),
that are likely to influence biological sound production on relevant timescales. To account for
this potential influence, 18-day and 24-day periods spanning the same portion of the lunar
cycle around the New Moon were identified before (New Moon on August 21st) and after
(New Moon on September 20th) the hurricane. These time periods were constrained by the
timing of the storm and length of our acoustic time series. Astronomical data were obtained
from the US Naval Observatory Portal (www.usno.navy.mil/USNO).

Acoustic data collection and analysis

The coral reef soundscape was monitored via bottom-mounted hydrophones (Soundtrap
ST300, Ocean Instruments NZ) suspended ~0.15m above the sandy bottom of the fore-reef at
each reef site. Both hydrophones began recording on 14 July 2017 and ended on 01 October
2017 (WDR) and 17 October 2017 (ESB). Both recorders were recovered by a dive team on
December 2017. The WDR hydrophone was found lying flat in the sand and detached from
the mooring. A spectrogram of the WDR data (Fig 5) indicates a change in acoustic coupling
after the hydrophone came into contact with the seabed. Although fish chorusing and snap-
ping shrimp activity are still evident in the time series, the post-storm WDR data were
excluded from our quantitative before-after comparisons of the soundscape.

The hydrophone recorders were calibrated with a flat frequency response over the ~0.02-
40kHz band. Hydrophones were programmed to record 2 minutes of acoustic data every 20
minutes (72 files/day) with 16-bit A/D conversion and at a sample rate of 48kHz. Acoustic
recordings were processed in MATLAB using purpose-written code. The mean spectrum of
the acoustic data was calculated for each 2-minute recording using the fast Fourier transform,
with a window length (NFFT) of 214 samples and a frequency resolution (Δf) of 2.93 Hz.
Hydrophones were also equipped with a temperature sensor that recorded once during each
acoustic sampling period.

Fish sounds occupy the low-frequency spectrum (<50Hz to several kHz), often competing
with background environmental noise (i.e. wind, wave action) in similar frequency bands [86,
108]. Sound Pressure Levels (SPLs) were calculated at several frequency bands of ecological
interest: (1) a low frequency band L1 (50-300Hz) representative of the fish families Serranidae
[109–111], Holocentridae [112], and Pomacentridae [113], (2) a low frequency band L2 (1.2–
1.8kHz) representative of Haemulidae [114, 115], Lutjanidae [116], Scaridae [81], Sciaenidae
[116, 117], and (3) a high frequency band H (7-20kHz) representative of snapping shrimp
(Alpheidae), which are a dominant sound producer in coral reef habitats [82, 83, 118, 119]. See
S1 Fig for examples of fish calls in each representative band.

To minimize the potential influence of anthropogenic noise and “fish bump” signals in the
acoustic time series, SPL data before and after the storm were trimmed to exclude files consti-
tuting the loudest 2% of the data over these combined intervals (S2A Fig). Incidental fish
bumps are transient signals caused by the physical interaction of an animal with the hydro-
phone or hydrophone mooring, generating artifacts in the acoustic data [120–122]. Trimming
excludes those files containing large amplitude fish bumps (S2B and S2C Fig), as well as files
with anomalously large SPLs due to transient boat noise (S2D Fig). For a given recording win-
dow (i.e. 00:00, 00:20, . . ..23:40), the trimmed mean SPLs before and after the storm were cal-
culated for each band (L1, L2, and H). Uncertainty (68% confidence interval) was estimated
using a bootstrap resampling procedure (see below).
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Generally, for reefs in the South Atlantic and Caribbean, as well as in other coral reef sys-
tems, biologic sound production varies diurnally. These patterns often reflect the abundance
or acoustic behavior of multiple species, with times of peak acoustic activity in a given fre-
quency band varying between reef systems [e.g., 57, 83, 106, 123, 124]. Because these daily
acoustic patterns tend to persist, even as average SPLs may rise and fall, the disruption of this
pattern following a disturbance event may indicate changes in the abundance or acoustic
behavior of the impacted species. We therefore investigated the daily SPL patterns (over the 72
recordings made each day), as well as the diurnal (daytime vs. nighttime) differences in SPLs
within each of the ecologically relevant frequency bands. The decibel difference between day-
time and nighttime SPL provides way to normalize for the non-stationarity of the acoustic
time series on longer time scales—as opposed to making inferences based on small changes in
the absolute SPL before and after the storm. Daily and diurnal patterns are absent or masked
during the storm, and therefore not discussed.

For each 24-hour period, daytime and nighttime mean SPLs were also calculated from the
trimmed SPL time series. Daytime was defined as the period between local sunrise (05:48–
06:19 EST) and sunset (18:15–19:18 EST), whereas nighttime was defined as the period
between sunset and sunrise. Uncertainties (68% confidence interval) in the means were esti-
mated using a bootstrap resampling (5000 draws). The probability that the mean daytime SPL
was higher than the mean nighttime SPL on each day was estimated from the portion of

resampled outcomes with SPLday > SPLnight. Values of p⇡ 1 indicate significantly higher day-

time sound levels, and values of p⇡ 0 indicate significantly higher nighttime sound levels on a
given day.

For the 18- and 24-day windows assessed before and after the hurricane, the mean differ-
ence between daytime and nighttime SPLs, and the confidence intervals for this difference,
were estimated using a paired resampling (5000 draws) of the nighttime and daytime means
for each 24-hour period. The probability that daytime SPL was greater than nighttime SPL was
calculated from the resampled differences, where p⇡ 1 indicates significantly higher daytime
sound levels, and p⇡ 0 indicates significantly higher nighttime sound levels over the assess-
ment window.

Hurricane acoustic energy exposure

Hurricanes represent broadly distributed acoustic sources, with the sounds recorded at each
hydrophone arriving from a range of azimuths and incidence angles. However, to place the
acoustic exposure at these reef sites in context and make comparisons with other sound
sources, we quantified the acoustic exposure by representing all storm related noise as being
sourced from a point at the sea surface directly above each hydrophone and calculating the
equivalent energy.

Over the four-day duration of the storm, the received root mean square SPLs calculated for
each file were corrected to acoustic source levels (referenced @ 1m) assuming spherical spread-
ing loss between the sea surface and seafloor. The equivalent acoustic power (J/s) that radiated
into the water column (i.e., across a 1 m radius hemisphere with surface area 2!) was then esti-
mated assuming a constant water density (1030 kg/m3) and sound velocity (1485 m/s) [125].
The acoustic energy was determined by integrating these power values over the duration of the
storm, assuming each two minute file is representative of a surrounding 20 minute time win-
dow, and then subtracting the energy that would be calculated if the procedure was repeated
using the mean background (pre-storm) noise levels. This energy exposure value can then be
compared to the equivalent energy that would be associated with common natural and anthro-
pogenic sources (e.g. fishing vessels) operating over a set duration (e.g., [126, 127]) if these
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sources were fixed in position at the sea surface directly above the hydrophone. This value,
however, does not represent the total acoustic energy imparted by the storm.

Results

Environmental conditions

Barometric pressure data exhibited semidiurnal oscillations characteristic of the Florida Keys
region (Fig 3A). The passage of the storm is marked by a period of low (< 1011 hPa) baromet-
ric pressure, which extends from ~12:00 on September 8, 2017 to ~12:00 September 12, 2017
(4 days), reaching a trough at 966 hPa on September 10, 2017 at 06:50 (all times EST). In

Fig 3. Environmental data. (A) Barometric pressure data from Sand Key Lighthouse, FL (Station ID SANF1 24.456˚N, 81.877˚W) NOAA-National
Data Buoy Center is shown as a black line with the median (dashed red) and the lower 2.5% confidence interval (solid red). (B) Mean hourly bottom
temperature (˚C) from hydrophone sensor for Western Dry Rocks (red) and Eastern Sambo (blue). The orange bar represents Hurricane Irma
duration and the black arrow indicates the times of landfall at Cudjoe Key FL on September 10, 2017 08:00 EST.

https://doi.org/10.1371/journal.pone.0244599.g003
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analyzing the soundscape during the pre- and post-storm windows, a 1-day buffer was applied
on either side of the hurricane, such that the pre-storm period ends on September 7th at 12:00
and the post-storm period begins on September 13th at 12:00.

Before and after the storm, daily bottom temperatures at WDR and ESB varied between
26–28˚C, except for a short period of slightly increased temperatures at ESB between August
15 to August 19, 2017, which was likely influenced by the lunar spring tide. Both sites exhibited
a sharp decline in bottom temperature reaching 25˚C shortly after the hurricane made landfall.
(Fig 3B). Post-hurricane, cooler water temperatures remained a few days longer at ESB than
WDR before returning to pre-disturbance daily temperature oscillations.

Acoustic spectra

The acoustic spectra were assessed over the peak of the storm period (September 9th– 10th)
and compared with the spectra over four-day periods immediately before (September 3rd– 7th)
and after (September 13th– 17th) the storm (Fig 3). Over the four days before the hurricane, the
spectra at each site was elevated broadly across the 50–300 Hz frequency range, with additional
low amplitude spectral peaks in the frequency ranges of 600-900Hz and 1600-1900Hz being
observed most clearly at ESB (Fig 4A). During the peak of the hurricane, the low frequency
component of the soundscape was impacted most dramatically and median spectral power
increased by 40–50 dB over pre-storm levels in the ~10–100 Hz frequency range, and with
multiple narrow band spectral peaks at frequencies of 100’s to 1000’s Hz observed at both sites
(Fig 4C and 4D). Within the four-day window after the hurricane, spectra at ESB remained
elevated in the 50–300 Hz and 1600-1900Hz frequencies (Fig 4E), yet the pre-storm peak
between 600-900Hz was absent.

Acoustic energy exposure

WDR experienced a higher cumulative energy exposure than ESB estimated at 9.9 x 103 J and
4.8 x 103 J, respectively. In comparison to other acoustic energy disturbances commonly expe-
rienced in the lower Florida Keys region, the exposure over the duration of Hurricane Irma
was comparable to small vessel (SL = 153 dB re 1!Pa @ 1m) operating continuously [128–130]
directly overhead for 1 week (ESB) to 2 weeks (WDR). The WDR hydrophone presumably
detached from its mooring at some point during the storm; however, the exact timing of this
event was not readily identifiable, and no corrections were made to account for potential
changes in sensitivity of the instrument. Estimates of acoustic exposure also do not account for
the signals produced by debris impacting the hydrophone and mooring, since this effect is not
easily disentangled from the acoustic wavefield.

Biophony

Both sites showed temporal patterns in the biophony evident with their long-term spectro-
grams (Figs 5 and 6). A daily pattern of fish vocalizations within the L1 frequency band was
apparent at WDR and ESB over the ~2 month recording period before the hurricane, with
increased sound levels around the full moons in August and September (Fig 5). Fish calls
within both low frequency bands were masked or absent during the storm, before reappearing
immediately after the storm (Figs 5 and 6). The apparent post-storm shift in high-frequency
sound levels at WDR likely reflected a change in sensitivity of the hydrophone after it became
detached from the mooring (Fig 5A). The low frequency bands at ESB diminished in intensity
during the waning part of the lunar cycle and became more pronounced approaching the
October full moon (Fig 5B). Additionally, the less pronounced, yet persistent fish calling evi-
dent in the L2 band was observed before and after the storm at ESB (Figs 5B and 6). The L2
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Fig 4. Power Spectral Density (PSD) plot. Power spectral density plot of Eastern Sambo (left) and Western Dry Rocks (right) pre-storm (A,
B), peak-storm (C, D), and post-storm (E). The colors show the probability distribution of the spectral amplitudes, and white lines show the 5,
50, and 95% quantiles of power spectral density as a function of frequency.

https://doi.org/10.1371/journal.pone.0244599.g004

PLOS ONE Hurricane impacts on a coral reef soundscape

PLOS ONE | https://doi.org/10.1371/journal.pone.0244599 February 24, 2021 11 / 27



   

23 
 

 

 

band captured broadband fish calls, including the upper range of pulsated “grunts”
(>1000Hz) and aggregated “knocks” between 1200-2500Hz, as well as including the lower
range of snapping shrimp sound production in the high frequency band. Snapping shrimp
activity within the H band persisted before and after the storm at both sites (Fig 5).

Temporal soundscape patterns

The daily patterns in SPLs before and after the storm were examined for the ESB site. Within
the three frequency bands, trimmed means were calculated for each recording interval (00:00,
00:20. . . 23:40) over the 18- and 24-day windows capturing the same portion of the lunar cycle

Fig 5. Deployment period spectrogram. Spectrogram displaying the power spectral density (PSD in dB re 1!Pa2/Hz) for Western Dry Rocks (A) and Eastern
Sambo (B). Frequency bands are denoted as follows: H, high frequency (7,000–20,000Hz); L1 low frequency (50-300Hz); L2 low frequency (1,200–1,800Hz).
Open and filled circles indicate the full and new moons respectively. Hurricane Irma made landfall on September 10, 2017. Data within the WDR post-window
was not valid or used for quantitative analysis. Spectrogram was generated from the average spectra within each two-minute recording (NFFT = 214, (Δf) = 2.93
Hz).

https://doi.org/10.1371/journal.pone.0244599.g005
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before and after the storm. The results for the 18-day windows are displayed in Fig 7, along
with their bootstrapped confidence intervals. The dominant temporal pattern was a diurnal
rhythm (day vs. night) in sound production, along with a small increase in high frequency
noise during crepuscular periods. The daily pattern of low and high frequency sound produc-
tion was largely maintained after the storm, with only small shifts in the average loudness.
Within the L1 band, a small decrease in the average SPL is observed during the nighttime
hours, with little change in the average level during the daytime hours. For the L2 band, a
small decrease in the average SPL is observed during the daytime hours, with little change
observed at night.

To investigate the diurnal patterns in more detail, the mean daytime and nighttime SPLs,
along with their bootstrapped confidence intervals, were calculated daily for each frequency
band (Fig 8). For each 24-hour period, the probability that the mean daytime SPL is greater
than the mean nighttime SPL was estimated from the resampled means. Within the L1 fre-
quency band, daytime SPL was consistently higher than nighttime SPL (p⇡ 1), except for the
time window when the storm passed over the reef (Fig 8A). Within the L2 frequency band,
daytime SPL was consistently higher than nighttime SPL (p⇡ 1) before the storm; however,
there was no consistent diurnal pattern after the storm (Fig 8B). Within the H frequency band,

Fig 6. Short-duration spectrograms from Eastern Sambo. Spectrograms displaying the low frequency patterns of sound production during 5-day windows
around the full moons that occurred (a) before and (b) after the passage of Hurricane Irma. Spectrograms are derived using the average spectra with each two
minute recording. Time-axis ticks indicate midnight EST. Sound pressure levels are elevated during daytime hours, relative to the nighttime hours. The daily
pattern of sound production reflects the acoustic activity and/or presence of multiple species (see call example in S1 Fig). The diurnal pattern in low-frequency
(L1) sound production is present before and after the storm. The diurnal pattern of mid-frequency (L2) sound production is a less pronounced, and appears to
weaken after the passage of the storm. Panels on the right show average sound pressure levels during daytime and nighttime recordings averaged over the 5-day
windows.

https://doi.org/10.1371/journal.pone.0244599.g006
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there was no persistent diurnal pattern before the storm, yet daytime sound production
decreased slightly after the storm creating a persistent pattern of higher nighttime SPL relative
to daytime SPL (p⇡ 0) (Fig 8C).

Fig 7. Polar diagram for Eastern Sambo. Polar diagram of Sound Pressure Levels (SPLs) for ESB for the 18-day observation window before (magenta) and
after (black) the hurricane. Means for each recording interval are shown with 3-point moving average. Error bars represent the 68% confidence interval of
mean. Data are displayed for A) L1 frequency band (50-300Hz); B) L2 frequency band (1,200–1,800Hz); and C) H frequency band (7,000–20,000Hz). Local
sunrise (05:48–06:19 EST) and sunset (18:15–19:18 EST) times during the deployment are shown in cyan and blue, respectively.

https://doi.org/10.1371/journal.pone.0244599.g007
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The magnitude and significance of these diurnal patterns in SPLs were quantified further
by resampling the paired daytime and nighttime means over the 18- and 24-day windows
before and after the storm. Fig 9 summarizes these results, reporting the mean diurnal differ-
ence (Δavg) and its 95% confidence interval. Time windows with p⇡ 1, and positive confidence
intervals, exhibited significantly higher daytime SPL, relative to nighttime SPL; or conversely,
time windows with p⇡ 0, and negative confidence intervals, exhibited significantly higher
nighttime SPL, relative to daytime SPL.

Before the hurricane, daytime SPL over the 18-day window was higher than nighttime SPL
in the L1 band at both WDR (Δavg = 6.42dB) and ESB (Δavg = 3.02dB), with p⇡ 1. This diurnal
difference was maintained with similar amplitude at ESB after the storm (Δavg = 3.78dB, p⇡
1). The same pattern of higher daytime SPL than nighttime SPL was observed over the 24-day
windows. Within the L2 band, before the storm daytime SPL also was higher than nighttime
SPL at both WDR (Δavg = 2.31dB) and ESB (Δavg = 1.47dB), with p⇡ 1. This pattern weakened
slightly at ESB after the storm, within both the 18- (Δavg = 0.47dB) and 24-day (Δavg = 0.25dB)
windows, p = ~0.98. Within the H band prior to the storm, a small diurnal difference was
observed only at WDR (Δavg = 0.15dB, p = 0.98). After the storm, however, the nighttime SPLs

Fig 8. Eastern Sambo diurnal patterns. Mean daytime (red) and nighttime (blue) SPL during the deployment period July 14th–October 15th. Error bars
represent the 68% confidence interval for the mean daytime and nighttime SPL within each 24-hour period. Data are displayed for the A) L1 frequency band
(50-300Hz); B) L2 frequency band (1,200–1,800Hz); and C) H frequency band (7,000–20,000Hz). The color bar shows probability that daytime SPL is greater
than nighttime SPL, p⇡ 1 indicates significantly higher daytime sound levels, and p⇡ 0 indicates significantly higher nighttime sound levels on a given day.
Test periods are within an 18-day lunar cycle before the hurricane August 14th–September 1st (includes August 21st new moon) and after the hurricane
September 13th–October 1st (includes September 20th new moon).

https://doi.org/10.1371/journal.pone.0244599.g008
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were elevated slightly relative to daytime SPL within both the 18- (Δavg = -0.93dB) and 24-day
(Δavg = -0.89dB) windows, p⇡ 0 at ESB.

Discussion

This study used passive acoustics to characterize the impacts of a major hurricane on a coral
reef soundscape and the underlying temporal changes within the biophony that reflect biologi-
cal behavior and activity. Observing changes in temporal patterns at hourly and daily scales for
both the high and low frequency band, representative of ecologically important soniferous

Fig 9. Pairwise bootstrap analysis results. Pairwise bootstrap (n = 5000) of mean differences, 95% confidence, and
probabilities (p) daytime mean SPL> nighttime mean SPL for 18-day observation window at Western Dry Rocks (A)
and Eastern Sambo (B). An additional pairwise analysis is given for Eastern Sambo for 24-day observation window (C).
Frequency bands are denoted as follows: L1 low frequency (50-300Hz); L2 low frequency (1,200–1,800Hz); H, high
frequency (7,000–20,000Hz). The color-bar represents the change in SPL (dB) between daytime-nighttime paired
SPLs, with the 95% confidence range for decibel differences given in brackets. High p values and positive changes in
decibel levels indicate periods when the average daytime SPL was higher than average nighttime SPL. Low p values and
negative changes in decibel levels indicate periods when the average nighttime SPL was higher than average daytime
SPL.

https://doi.org/10.1371/journal.pone.0244599.g009
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taxa, provided evidence that coral reef soundscapes may be resilient to a natural, acute distur-
bance despite experiencing physically destructive conditions. The extent to which a coral reef
soundscape recovers to pre-disturbance patterns in sound pressure levels may depend on
known characteristics of resilience in coral reef ecosystems, such as structural complexity or
relative abundance of herbivorous species [131 and references therein], as well as characteris-
tics of the storm itself, such as wind-speed, direction and duration.

The influence of abiotic factors on the underwater soundscape during a
disturbance

The expanse of the hurricane wind swath (64kt radius) exposed both sites (WDR and ESB) to
high levels of acoustic energy, yet the potential of inflated exposure estimates from WDR’s
hydrophone as it detached and presumably came into contact with fast moving sediment and
debris did not allow for uncertainty estimates. Spectral densities during the hurricane did
increase and produced narrow, wave-like peaks at high frequencies that may be explained by
hydrodynamic processes. For example, previous studies indicate air-sea interactions can gen-
erate bubble formations that vary with wind speed intensity [132, 133], and bubble formation
and dissipation can be produced via wave action [134, 135]. Moreover, air-sea interactions and
the resulting swell of waves can vary depending on water depth and the structural complexity
of the reef as current velocities can change when interacting with physical features. As previ-
ously described, WDR is characterized by relatively wide spur-and-groove channels, whereas
ESB is dominated by a matrix of massive reef building corals and micro-patch reefs with rela-
tively low sloping sand channels. Down-welling current velocities can intensify along the reef
slope (spur) and increase vertically over the grooves of spur-and-groove reef formations [136].
Physical attributes of reef formations also drive other hydrodynamic processes such as refrac-
tion, dissipation, and shoaling—attributes that dictate the force and momentum of flow within
the water column [137]. Therefore, the difference in sound spectral densities at each site dur-
ing the storm passage may relate to stronger circulatory flows of wave action funneling into
deep groove channels at WDR compared to ESB. Environmental changes during the hurri-
cane, such as a decrease in bottom temperature and barometric pressure, may have had mini-
mal impacts on the biophony as the presence of resident soniferous species immediately
following the storm provides an alternative perspective on pre-storm migration patterns of
fish and sharks seen in related studies [138, 139].

Hurricane impacts to coral reef soundscapes

There are very few examples of how coral reef soundscapes respond to hurricane impacts, and
of those, there is little quantitative information on specific impacts to soniferous reef fish
groups. In contrast with previous coral reef soundscape studies that observe temporal patterns
in the low frequency band across a wide frequency range (e.g. 0-3kHz), our results partitioned
the low band to distinguish between reef fish families such Serranidae, Holocentridae, and
Pomacentridae (represented by the L1 frequency band), and Haemulidae, Lutjanidae, Scari-
dae, and Sciaenidae (represented by the L2 frequency band). Nonetheless, the increased SPL at
low frequencies during the daytime, relative to the nighttime, can likely be viewed as the inte-
grated signature of multiple soniferous species with varying abundances and acoustic
behaviors.

Reef fish chorusing around lunar phases were more prominent at ESB than WDR, and the
presence of both the L1 and L2 frequency bands suggest the presence of a range of fish families
during the same lunar phase despite impacts from Hurricane Irma. Fish chorusing was some-
times indicative of spawning behavior, and essential spawning locations are commonly
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populated by multiple species [140–143]. In a related study, Hurricane Charley (category 4)
passed directly over Charlotte Harbor, Florida, USA yet nightly fish chorusing during spawn-
ing events yielded louder SPLs during and a few days after the hurricane than before, suggest-
ing fish distribution patterns or behavior may not have been impacted by the hurricane [144].
Although the magnitude of change in low frequency-band sound pressure levels within the
Irma observation windows (18- and 24-days) tested in this study were not significant,
increased spatial coverage of soundscape characterization within a site using multiple hydro-
phones may have revealed different results.

The magnitude of change in diurnal sound pressure levels varied for each frequency band
across the observation windows in this study. The L1 band at ESB was most resilient to change
as average daytime sound levels maintained louder sound levels than paired nighttime sound
levels during both observation windows. The L2 band also followed a similar diurnal trend as
the L1 band at both sites; however, diurnal patterns in ESB’s L2 band weakened post-hurricane
due to a decrease in daytime SPLs. This result differs from observations within the coral reefs
Puerto Rico, where nighttime chorusing is reported to have increased following the passage of
Hurricanes Irma and Maria [145, 146].

Diel migrations and nocturnal activity documented by acoustic tagging (telemetry), repre-
sented by the L2 band in this study, has been observed for grunts [147] and snappers [148,
149]. These species typically form mixed-species schools in refuge space underneath reef out-
croppings or ledges during daylight hours before migrating to forage on adjacent seagrass beds
around dusk [150–153]. The reductions in habitat quality (e.g. habitat degradation, turbidity)
following a hurricane may have provided enhanced opportunities for cryptic or nocturnal spe-
cies to forage or find mates during low visibility conditions and presumably low predation
risk, which could promote a relatively broad range of vocalizations among reef fish [146, 154].

Diurnal snapping shrimp activity, as characterized by the H-frequency band, appeared
resilient to the hurricane disturbance, with little change in snapping shrimp activity in the
weeks following the storm. The H band at ESB did not show any significant difference between
day-night SPLs before Irma, with only a small (~0.2 dB) difference developed in the weeks
after the storms as daytime SPL decreased slightly. Recent studies in Puerto Rico revealed
snapping shrimp inhabiting a shallow reef were silenced or masked during Hurricane Maria
and did not return to crepuscular peaks in sound production until several days after hurricane
passage [145, 146].

In this study, the coral reef soundscape post-Irma reflected the response of both fish and
invertebrate behavior (e.g. daily, diurnal chorusing patterns) to a large-episodic disturbance in
the form of a Category 4 Hurricane. Temporal patterns in the biophony at ESB appeared resil-
ient to the acoustic energy exposure, change in environmental variables, and physical damage
caused by Hurricane Irma. There are very few studies of how the soundscape of an ecosystem
responds to a major environmental disturbance. Gasc et al. [52] highlighted changes in acous-
tic composition of an isolated desert after a wildfire event in which not only was acoustic activ-
ity diminished at burned sites, but the soundscape also reflected a change in taxonomic species
distribution (e.g. insects, birds) and vegetative response (e.g. floral regeneration) post-distur-
bance. Their results are supported by traditional disturbance ecology studies where the result-
ing ecosystem reflected the severity of the disturbance and revealed which biological legacies
(i.e. taxa-specific traits of survivors, remaining habitat structure) contribute to the re-establish-
ment of an ecosystem [15, 155, 156].

In conclusion, this study characterized environmental variables associated with the passage
of a Category 4 hurricane on a coral reef, and the associated temporal patterns in the biophony
before, during, and after a natural disturbance. The short-term response of Eastern Sambo’s
coral reef soundscape appeared resilient to the acoustic energy exposure, change in
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environmental variables, and physical damage caused by Hurricane Irma. Underwater sound-
scapes can be a complimentary ecological tool useful in characterizing small, yet important
shifts in ecological communities during disturbances with localized impacts.

Supporting information

S1 Fig. Fish call spectrograms. Representative waveforms (top) and spectrograms (bottom)
for the L1 low frequency band 50-300Hz: (A) Serranid growl, (B) fish “chirps”; and the L2 low
frequency band 1200-1800Hz: (C) Haemulid “grunts”, (D) rapid aggregated “knocks”. Mean
amplitudes were calculated using a bandpass filter 30-3000Hz and a steepness of 0.65. Spectro-
grams were calculated using a window length of 2048Hz with 50% overlap.
(TIF)

S2 Fig. Illustration of trimmed sound pressure level time series. S1 Illustration of the
trimmed sound pressure level time series applied to a section of the pre-storm storm data from
Eastern Sambo site. The red line in panel A) shows the original broadband time series gener-
ated by calculating the root-mean-square (rms) sound pressure level in each 2-minute record-
ing collected every 20 minutes. The blue line shows the time series after eliminating those files
with the largest 2% of the amplitudes during the combined pre- and post-storm window.
These trimmed data were used in calculating daytime and nighttime means. The largest ampli-
tude spikes removed by this process are associated with files that contain one or more fish
bumps. These signals do not represent sound, but can have a major influence on the calculated
sound pressure levels. For example, the sound pressure level of the file shown in panel B) has a
value of 113 dB rms re 1 !Pa when averaged over the first 90 seconds of the file; this is consis-
tent with expected background noise levels. However, when the series of fish bumps are
included in the calculation, the amplitude rises by more than 30 decibels. Panel C) shows an
individual bump signal. These signals are often clustered temporally, but typically occur in no
more than 1 or 2 files per day. The trimming of the time series also removes a handful of files
(3–4 per week) containing the sounds of a nearby small boat, as shown in panel D). The result-
ing trimmed time series better represents the underlying diurnal pattern of acoustic noise with
the environment and is used to assess patterns of biophony.
(TIF)
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Abstract: With the unprecedented degradation and loss of coral reefs at multiple scales, the underly-
ing changes in abiotic and biotic features relevant to the three-dimensional architecture of coral reefs
are critical to conservation and restoration. This study characterized the spatiotemporal variation of
habitat metrics at eight fore-reef sites representing three management zones in the Florida Keys, USA
using visual habitat surveys (2017–2018) acquired before and after Hurricane Irma. Post-hurricane,
five of those sites were surveyed using structure-from-motion photogrammetry to further investigate
coral morphology on structural complexity. Multivariate results for visual surveys identified moder-
ate separation among sites, with fished sites characterized by complex physical features such as depth
and vertical hard relief while protected sites generally harbored high abundances of live coral cover.
Three-dimensional models of mapped sites showed within site variation as another driver in site
separation. Additionally, fine-scale orthoimage analyses identified significant differences in dominant
coral morphologies at each mapped site. This study suggests protected reef sites generally harbor
higher live coral cover despite some fished sites being structurally similar in seabed topography.
Our work provides fine-scale spatial data on several managed sites within a marine sanctuary and
highlights the contribution of diverse coral assemblages to the coral reef framework.

Keywords: structure-from-motion; underwater photogrammetry; coral reef; habitat complexity; coral
morphology; reef monitoring; Hurricane Irma

1. Introduction

Coral reefs are highly productive, biologically rich, and structurally complex ecosys-
tems supporting 25% of marine life in the world’s oceans [1]. They also support a broad
range of ecosystem services [2–4] with recreational and cultural benefits [5–7], as well as
resources that support the economically important pharmaceutical, fisheries, aquarium
trade, and construction industries [8–10]. Coral reefs are also increasingly threatened by
a broad array of chronic and acute stressors. Chronic stressors range from destructive
fishing practices to eutrophication and sedimentation from land-use practices and sewage-
runoff [11–14]. Additive effects of acute but highly destructive impacts such as the spread
of invasive species [15–17] and aggressive coral diseases [18,19], thermal stress [20,21]
and vessel grounding incidents [22,23] are causing unprecedented mortality rates for
reef-building corals. Although not as detrimental as large-sale anthropogenic stressors,
the residual effects of long-term recreational SCUBA diving on coral reefs can decrease
structural complexity from broken and abraded benthos [24].

Persistent declines in the three-dimensional structure of coral reefs will have cascading
consequences for reef fish diversity, fisheries, and the ecosystem services that coastal human
societies rely on [8,25–27]. Marine protected areas (MPAs) are increasingly used to support
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ecosystem-based management, mitigate damage from fishing interactions, conserve species
at risk, and are often successful when designed as a network connected by larval dispersal
and migration by mobile species [28–31]. However, coral reef restoration methods and
long-term monitoring in protected areas can vary across local to regional scales, and can
address multiple restoration goals [32,33].

Defining ecological units to assess impacts for local and regional management plans
can be difficult when spatiotemporal differences occur at complex scales. For example,
seascape-level metrics relevant to ecological resilience, such as coral cover and diversity
or herbivorous fish biomass, are often important at local spatial scales [34–37]. Efforts to
understand and monitor spatiotemporal variations across reef habitats recognize the need
for spatially relevant metrics and biological data at multiple scales (e.g., organism level
to community level) [38]. Modern coral reef monitoring and restoration efforts are imple-
menting photomosaics as tools to study reef resilience indicators at the community level in
the face of hurricanes, coral disease, and overall decline [37,39,40]. The use of fine-scale
mapping tools such as Structure-from-Motion (SfM) photogrammetry is becoming widely
used to monitor and quantify differences among sites that vary in three-dimensions [41–43].
Moreover, fine-scale reef mapping approaches at the colony scale (1 mm–1 cm pixel) high-
light the local variability in biotic cover and relevant physical features appropriate for local
management priorities [44,45].

Established in 1990, the Florida Keys National Marine Sanctuary (FKNMS) includes
~9500 km2 of the Florida Reef Tract (FRT), a large bank-barrier reef system comprised
of fringing mangroves, seagrass beds, near-shore patch reefs, and the off-shore reef tract
across a network of marine zones and regulated fishing habitats [46,47]. The FKNMS is
one of the largest MPAs in the United States and provides a mosaic of critical habitats
along the Florida Keys archipelago for over 6000 species of invertebrates, fishes, and coastal
flora [47]. The main causes for coral decline within the FKNMS are related to disease,
thermal mass bleaching, fragmentation, and predation [48,49]. Several prominent massive,
reef-building corals in the Florida Keys are listed on The Endangered Species Act (50 CFR
402) as threatened, such as the pillar coral Dendrogyra cylindrus [48,50,51] and three star
corals Orbicella sp., as well as the branching staghorn coral Acropora cervicornis and elkhorn
coral A. palmata [49,52]. The average benthic cover of scleractinian (stony) corals in the
FKNMS were estimated to have declined from ~13% in 1996 to 8 % in 2009 [53]. More
recently, the aggressive stony coral tissue loss disease (SCTLD) epidemic in the Florida
Keys, first reported in 2014, has impacted at least 23 coral species, leading to reductions in
coral density by 30%, with differential susceptibility factors for specific coral families and
morphologies [54–56].

Long-term regional coral surveys from 2007–2016 in the Southeast FRT, the three
parallel liner reefs within the FRT extending from Biscayne Bay to St. Lucie Inlet, observed
spatiotemporal variations in the negative response to thermal stress for key reef building
coral taxa (e.g., Acroporidae, Montastraeidae, Siderastreidae), and also observed minimal
or positive impacts for weedy or small coral taxa (e.g., Poritidae) [57]. As the threats to
coral reefs progress, fine-scale baseline data on reef habitats and benthic cover is necessary
to document how changes in coral communities and their contribution to reef structure
complexity will impact future ecological productivity [19,58,59].

The goal of this study was to characterize spatiotemporal variation in coral reef habitat
features using visual habitat surveys and high-resolution benthic maps produced by SfM
photogrammetry of coral reefs located in different management zones within the FKNMS.
A secondary goal was to compare changes in habitat characteristics before versus after
the passage of Hurricane Irma (September 2017) in the Lower Keys section of the FKNMS.
Large-scale benthic mapping in the Florida Keys region has occurred since 1996 [60,61].
However, the results from the present study may serve as a baseline for a more fine-scale
approach to long-term monitoring and restoration efforts by characterizing the relation-
ship between management zones, coral reef assemblages and habitat characteristics on a
local scale.
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2. Materials and Methods

Reef Visual Census (RVC) surveys were conducted seasonally by scuba divers at eight
fore-reef study sites in the lower Florida Keys between February 2017 and December 2018.
In 2018, SfM habitat photogrammetry was conducted within a subset of 5 of the 8 sites. The
general statistical approach included generating a suite of habitat metrics from each survey
dataset to test for differences in habitat characteristics among sites and over time. These
datasets were also used to observe differences in metrics derived from each data source.

2.1. Study System
There are five marine zone types in the FKNMS to protect reef habitats while allowing

adequate access for fishing and recreation—these include: (i) sanctuary preservation areas
(SPAs), (ii) ecological reserves (ERs), (iii) wildlife management areas (WMAs), (iv) special
use, research only areas (SUAs), and (v) existing management areas (EMAs). The five focal
reef sites mapped within this study included four marine zones [Figure 1. Site Map]: (i) one
regulated fished site subject to hook-and-line, trolling, and the harvest of state/federally
regulated species; (ii) two SPAs with open access to recreational divers/snorkelers and
boats yet prohibits the harvest of species (no-take) and anchoring; (iii) one ER, and (iv) one
SUA that is permit accessible only for scientific research and restoration efforts.
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Figure 1. Study site map of zone D in the FKNMS and survey sites Western Dry Rocks (WDR), Sand
Key SPA (SDK), Nine Foot Stake (NFS), Number 1 Marker (N1M), Western Sambo ER (WSB), Eastern
Sambo SUA (ESB), Looe Key SPA (LKP), and Looe Key SUA (LKU).

Nine Foot Stake (NFS) is a regulated, fished site comprised of shallow hardbottom
spur and sand grooves and is frequently visited by recreational charter boats for fishing
and scuba diving. This site contains mooring buoys for vessels to minimize anchor damage.
Sand Key SPA (SDK) is roughly 11 km southeast of Key West, Florida. It has a spur-and-
groove formation but contains several channels of reef rubble due to wind and wave action.
Located offshore of Cudjoe Key, Looe Key SPA (LKP) is one the most iconic reefs in the
lower Florida Keys due to the abundance and diversity of coral species, large barrel sponges,
schooling reef fishes, large predatory fishes (e.g., Carcharhinus spp., Epinephelus itajara) and
deep spur-and-groove formations greater than 7 m in depth. LKP is also a sentinel site
for coral restoration and coral outplant studies for endangered coral species impacted by
coral disease and long-term decline [62,63]. Western Sambo ER (WSB) is one of the largest
marine zones protecting 30 km2 of a broad range of habitats from nearshore patch reefs
to the offshore shallow bank reef and is relatively shallow (~4 m) [64]. Additionally, WSB
has historically harbored a large abundance of branching and boulder corals. Eastern
Sambo SUA (ESB) lies adjacent to WSB and is widely recognized as a pristine site home to
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healthy massive star (e.g., Montastraea cavernosa, Siderastrea siderea) and brain corals (e.g.,
Colpophyllia natans, Diploria spp.), as well as serving as a control site for resource managers
evaluating the efficacy of marine zone types [64].

On September 10th 2017, before making landfall at Cudjoe Key, Florida, category 4
Hurricane Irma traveled directly over the lower Florida Keys with maximum wind speeds
reaching 115 kts and sustained hurricane force winds extending across all reef sites [65].
One month later, science divers with the National Oceanographic and Atmospheric Ad-
ministration (NOAA), as well as other stakeholders surveyed over 50 coral reef sites for
damage by identifying evidence of heavy sedimentation, long-lasting turbidity, reef erosion,
and fast-moving marine debris [66]. Reefs closer to the where the hurricane made landfall,
such as LKP, suffered >26% prevalence of hurricane-impacted corals while sites farther
south along the archipelago, such as WSB and SDK, showed <20% of coral impacts [67]. To
document impacted reef sites and observe variation in habitat characteristics after hurricane
Irma, habitat characteristics at all eight sites were assessed via the visual surveys by divers
(RVC protocol), and five of eight sites were digitally mapped by NC State science divers
using SfM photogrammetry methods in September 2018 (Table 1).

Table 1. Summary of the number of RVC and structure-from-motion (SfM) photogrammetry surveys
conducted at each site between 2017 and 2018. Post-Irma surveys were conducted starting in
December 2018. SfM models that were not successful in the AgiSoft Metashape reconstruction
workflow are denoted (*). Not sampled = NS.

Method RVC SfM

Site Feb-17 May-17 Jul-17 Dec-17 Feb-18 Jun-18 Sep-18 Dec-18 Sum Sep-18

Fished 2 3 3 3 1 3 2 2 19 2

N1M 1 1 1 1 4 NS
NFS 1 1 1 1 1 1 1 7 1

WDR 1 1 1 1 1 1 1 1 8 *

SPA 1 3 3 2 1 3 3 3 19 3

LKP 1 1 1 1 1 1 6 1
SDK 1 1 1 1 1 1 6 1
WSB 1 1 1 1 1 1 1 7 1

SUA 1 2 2 2 1 2 2 2 14 1

ESB 1 1 1 1 1 1 1 7 1
LKU 1 1 1 1 1 1 1 7 *

Grand Total 4 8 8 7 3 8 7 7 52 5

2.2. RVC Habitat Surveys
Reef Visual Census (RVC) surveys followed modified Bohnsack-Bannerot visual survey

methods and standardized protocols developed by a cooperative multi-agency network of
the Florida Fish and Wildlife Conservation Commission (FWCC), NOAA, National Park
Service, and the University of Miami [68–70]. Primary sampling units (100 m ⇥ 100 m
cells) within in each reef site were generated and as a part of a larger study by our research
group bottom-mounted soundscape moorings were deployed on the sandy bottom in
sand channels at a randomly selected GPS coordinate near the seaward side of each fore-
reef site. The primary sampling units were further subdivided into a two-stage stratified
random design in which two divers each conducted a stationary point-count RVC survey
inside individual 15 m diameter cylinders extending from the seafloor vertically to the
surface (depending on visibility) at randomly selected points along the spur-and-groove
habitat [69]. RVC surveys allowed for the simultaneous collection of reef fish density
and distribution as well as information on biotic and abiotic habitat features; however,
for the purpose of this study, data results will only reflect habitat data acquired from the
two divers (see below and Table 2). Depending on the habitat type and visibility, the
time required for each survey ranged from 15–20 min to record both fish and habitat data.
PVC-pipes constructed as a “T” (1 m length with 0.1 m increments ⇥ 0.3 m width) were
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used as reference measurements for estimating substrate slope and maximum vertical hard
and soft relief. The surveys from the two divers were non-overlapping (~10–30 m apart),
and the data from the divers combined to produce mean values for many of the habitat
characteristics within a given monthly survey at a given site. There were three Pre-Irma
(Feb., May, July 2017) and five post-Irma surveys (Dec. 2017, Feb., Jan., Sept., Dec. 2018),
however not all sites were surveyed during each sampling period due to unfavorable
weather conditions limiting site visitation (Table 1).

Table 2. Summary and descriptions of RVC habitat variables collected Pre-Irma and Post-Irma
20172018. N = 3 Pre-Irma and N = 5 Post-Irma.

Group Habitat Metric Description Variable Name

Environmental Data
Depth (m) Maximum depth depth

Visibility (m) Horizontal visibility at depth viz

Structural Complexity

Max. hard vertical relief (m)
Maximum height of hard

relief (coral, coralline spur,
hardbottom ledge)

v-hard

Max. soft vertical relief (m)
Maximum height of soft

relief (e.g., octocorals,
sponges, macroalgae)

v-soft

Surface Relief Cover
Hard relief surface cover (%)

Percentage of hard relief
<0.2, 0.2–0.5, 0.5–1.0, 1.0–1.5,

and >1.5 m in height.
s-hard

Soft relief surface cover (%)
Percentage of soft relief <0.2,
0.2–0.5, 0.5–1.0, 1.0–1.5, and

>1.5 in height.
s-soft

Abiotic Footprint

Abiotic sand Percentage cover of coarse or
biogenic sand a-sand

Abiotic rubble

Percentage cover of coarse
gravel to unconsolidated
rock or dislodged coral

fragments

a-rubble

Abiotic hardbottom

Percentage of consolidated
lithogenic/biogenic

substratum including
dead coral

a-hard

Biotic Cover

Biotic algae <1 cm
Percentage of hardbottom

covered in algae <1 cm
height (e.g., turf algae)

b-algae1

Biotic algae >1 cm

Percentage of hardbottom
covered in algae >1 cm
height (e.g., Halimeda,

Dictyota)

b-algae2

Biotic live coral Percentage of live coral cover b-coral
Biotic octocoral Percentage of octocoral cover b-octo
Biotic sponge Percentage sponge cover b-sponge

In the Florida Keys, spur-and-groove reefs are comprised of coalesced coral fragments
cemented into hardbottom substrate that has undergone generations of coral growth in
the direction of dominant wave energy and sediment accretion [71–73]. Therefore, habitat
type was classified according to four types: (i) contiguous spur-and-groove, (ii) rubble
dominated, (iii) isolated reef structure, or (iv) a matrix of habitat types. Visual surveys
by divers generated information on (i) depth, (ii) hard relief of stony corals), (iii) soft
relief of soft corals, (iv) abiotic footprint (percent cover sand, hardbottom, rubble), and
(v) the dominant biological cover of the hardbottom (percent cover algae, live stony corals,
octocorals, sponges) (Table 2). Additionally, divers recorded the presence of submerged
debris such as derelict lobster traps, fishing gear, and rope.

2.3. SfM Image Acquistion
Two divers used transect tape to create a rectangular 30 m ⇥ 15 m area covering the

spur-and-groove reef formation. This grid was positioned to span the area where the RVC
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surveys (15 m diameter cylinders) were randomly sited by the divers. Ground control
points were set along the transect tape at 15 m increments and six weighted, polyvinyl disks
(Frisbees) were deployed as ground control points (GCPs) for each corner and long-axis
mid-points. Four to five PVC-pipes shaped as a “T” (1 m length) were placed randomly on
the seabed as a known reference distance to further constrain the scale of the model. Next,
a diver swam back and forth in a grid pattern, with transects oriented perpendicular to
the spur-and-groove structure and separated by ~2–3 m. A PVC-pipe frame housed three
GoPro Hero3/Hero4 cameras operating at an aperture of f2.8, shutter speed 1/120 s, ISO
120-157-, and 12-megapixels capturing images on Time Lapse Intervals of two seconds to
ensure adequate image overlapping for post-processing. The number of images per site
ranged from ~6000–12,000, and each mapping survey was completed over a period of a
few hours to minimize variability in visibility and lighting.

2.4. D Habitat Reconstruction Workflow
Agisoft Metashape (v 1.5.2.7838) software was used to reconstruct three-dimensional

models from the digital photographs (Figure 2; Table 3). We adopted data workflows from
related studies such as Burns et al. [74] and Fukunaga et al. [43,75] (Table S1) to create
coral reef photogrammetry models. Initial image alignment settings used a key point
limit and tie point limit of 40,000 and 10,000, respectively with the level of accuracy set
as ‘high’ and generic preselection enabled. If the initial alignment was unsuccessful, then
alignment settings were modified to a key point limit and tie point limit of 70,000 and
8000, respectively, in addition to re-aligning free floating points [75]. The model scale was
constrained based on the GPC and pvc-T-stick markers. Dense (1000s millions of points)
elevation point clouds were gridded using MB-System (Caress et al., 1995) to generate
0.5 cm ⇥ 0.5 cm-resolution digital elevation models (DEMs). These data were saved as
GeoTIFF files with both local and UTM coordinates. The area and dimensions of the 3D
models vary between sites based on image quality and spatial coverage obtained by the
divers. Imagery from Western Dry Rocks and Looe Key SUAs were not successful in the
image alignment process due to poor water quality, poor camera adjustments, and/or lack
of sufficient overlapping images.

Table 3. Summary of SfM model statistics by site. Average point density is the average number of
dense cloud points per cell in the DEM. Each DEM cell is 0.005 m ⇥ 0.005 m.

Site
Camera

Images

Map area

(m
2
)

Avg. Point

Density/Cell

Depth (m)

Mean SD Median Min–Max

Sand Key (SPA) 6258 1092 38 5.3 0.90 5.4 1.9–7.1

Nine Foot Stake 9569 1037 50 6.7 0.77 7.0 3.8–7.7

Western Sambo (ER) 7074 1005 49 4.3 0.62 4.4 2.0–5.8

Eastern Sambo (SUA) 4815 765 17 5.1 0.81 5.2 1.7–6.4

Looe Key (SPA) 12,809 1079 6 7.3 0.75 7.4 4.3–8.9

2.5. Quantifying Habitat Complexity Metrics
The DEMs were imported into ArcGIS Pro (Figure 3) to quantify habitat complexity

metrics using the 3D Analyst and Spatial Analyst and Benthic Terrain Modeler (BTM) v3.0,
which generated habitat metrics such as neighborhood depth, slope, vector ruggedness
measure (VRM), and surface area-to-planar area ratio [76] (See Table 4). To calculate the
VRM, a unit vector normal to each grid cell is resolved into its x-y-z components. The
normalized resultant vector (R) is then calculated within a 3 m ⇥ 3 m neighborhood using
a moving window centered on each grid cell. The VRM is defined as 1-R, where the
value of 0 indicates a planar surface and 1 indicates a surface maximum roughness [77,78].
The surface area to planar area (SAPA) ratio, or rugosity, was also calculated using 3 ⇥ 3
neighborhood windows. Eight triangular surfaces were created by linking the center point
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of the central grid cell with the adjoining cells. The summed area of these surfaces was
normalized by the planar surface area [79].

To quantify variability in digital terrain metrics within each site, these raster layers
were sampled along a series of transects, and average metric values were reported for
each profile. These transects extended 30 m orthogonal to the spur-and-groove structures
(oriented approximately west-to-east) with 3 m spacing in between lines, resulting between
6 and 7 profiles per site (Figure S1). The maximum relief and rms roughness were also cal-
culated from these same depth profiles [80,81]. Coral reef rugosity was digitally calculated
measuring the ratio of the digital contour line along the three-dimensional surface and the
straight horizontal distance.
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ER, (d) Eastern Sambo SUA, and (e) Looe Key SPA. Imagery collected post-Hurricane Irma in
September 2018.
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Figure 3. SfM-derived bathymetry for sites (a) Sand Key SPA (SDK), (b) Nine Foot Stake (NFS),
(c) Western Sambo ER (WSB), (d) Eastern Sambo SUA (ESB), and (e) Looe Key SPA (LKP).
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Table 4. Summary and descriptions of photogrammetry habitat variables collected for benthic
composition analysis. Software utilized are also listed. Hard live coral cover was the sum of percent
cover for the three trait-based coral groups (*).

Group Habitat Metric Description Software/License Variable Name

Habitat
complexity—Digital

Elevation Model
(0.5 cm res.)

Depth (m) Depth of water relative
to MLW ArcMap/BTM depth

Slope (o)
Angle of seabed

relative to a horizontal
surface

ArcMap/BTM slope

Vector terrain
ruggedness

Dispersion of surface
normal vectors over a

3 ⇥ 3 cell
neighborhood.

ArcMap/BTM vrm

Surface area to planar
area ratio (SAPA)

Rugosity evaluated
across each 3 ⇥ 3 cell

neighborhood
ArcMap/BTM sapa

Root mean square
roughness

Standard deviation of
depths along transect

line
MATLAB rms

Digital relief Range of depths along
transect line MATLAB relief

Coral reef rugosity
Ratio of contour line to

straight horizontal
distance

MATLAB crrug

Habitat
Composition—
Orthomosaic

(1 mm res)

Hard live coral *
cover (%)

Percentage of live
hard/stony coral cover

MATLAB Image
Labeler live coral

Sponge cover (%) Percentage of sponge
cover

MATLAB Image
Labeler sponge

Macroalgal cover (%)
Percentage of

macroalgal turfs on the
sandy bottom/grooves

MATLAB Image
Labeler macroalgae

Rubble cover (%)

Percentage of coarse
gravel, unconsolidated
rock, or dislodged coral

fragments cover

MATLAB Image
Labeler rubble

Density of octocorals Number of octocorals
per sq. m

MATLAB Image
Labeler den-octo

Encrusting Zoanthid
cover (%)

encrusting zoanthid
Palythoa caribaeorum

MATLAB Image
Labeler zoan

Trait-Based Coral
Groups *

submassive
boulder (%)

Starlet Coral
(Siderastera sidera, S.
radians), Star Coral

(Montastrea cavernosa,
Orbicella annularis, O.
faveolata, O. frankski)

MATLAB Image
Labeler submassive

encrusting dome (%)

Mustard Hill Coral
(Porites astreoides), Brain

Coral (Colpophyllia
natans, Pseudodiploria.

clivosa, Diploria
labyrinthiformis)

MATLAB Image
Labeler encdome

branching (%)

Staghorn Coral
(Acropora cervicornis, A.
palmata), Finger Coral
(Porites porites), Yellow
pencil coral (Madracis

auretenra)

MATLAB Image
Labeler branch

2.6. Characterizing Coral Assemblages
To further characterize benthic cover and coral assemblages, orthomosaics from the

SfM data were exported at 1 mm2 resolution and then tiled into 3 m ⇥ 3 m images for
labeling (Table 4). Classification of coral morphologies were based on colony size and
growth trait from related studies [82–85] as follows: (A) submassive boulder (e.g., Siderastrea
spp., M. cavernosa, Orbicella spp.); (B) encrusting dome (e.g., Porites astreoides, C. natans,
D. labrinthiformis, Pseudodiploria clivosa); (C) branching (e.g., Acropora spp., Porites spp.);
(D) encrusting zoanthid (Palythoa caribaeorum); and (E) sponges (e.g., Callyspongia plicifera,
Xestospongia muta). Reef rubble generally occurred within sandy grooves of the spur-and-
groove systems and were mapped using ROI polygons. Soft corals such as sea fans, sea
plumes and other octocorals were often moving in response to underwater currents, and
therefore were too distorted to accurately assign pixel labels. Thus, soft corals were labeled
as Rectangle ROIs.
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2.7. Statistical Analyses RVC Data
Potential differences in mean habitat characteristics among sites for each grouped

sampling period (e.g., before vs after Irma) were tested using multivariate analyses of
variance (MANOVA) models. When necessary, arcsine-square root transformation was
applied to the RVC data percent cover estimates to meet assumptions of normality and
homogeneity of variances prior to analysis. Canonical discriminate analysis (CDA) was
used to observe variation in the benthic community composition among sites using the
linear combination of each habitat variable. The coefficients of the linear combinations
were plotted as eigenvectors in a two-dimensional space corresponding to the ratio of
the between-group variance and within-group variance for each variable combination to
show the largest separation between site group means. The direction and length of each
eigenvector identifies which combination of habitat variables contribute significantly to
the separation of site group means. Post-hoc tests included one-way analysis of variance
(ANOVA) models and pairwise multiple comparisons tests (95% confidence level).

2.8. Statistical Analyses of Orthoimage Analysis and Mapping
The summed area of each habitat class (trait-based coral groups, sponge, rubble, etc.)

within each tile was normalized by the tile area (9 m2) to calculate percent cover. Potential
differences in mean habitat characteristics among sites that were mapped post-Irma were
tested with MANOVA models. Post-hoc tests included one-way analysis of variance
(ANOVA) models and pairwise multiple comparisons tests (95% confidence level).

3. Results

In general, protected reefs sites had higher mean live coral cover than fished sites yet
differed in dominant corals contributing to their overall structural complexity. In contrast,
fished sites were more characterized by physical structures related to hardbottom habitat
(e.g., vertical relief, percent rubble, rugosity). Despite the hurricane impacts, RVC surveys
did not show a drastic change in site characteristics and consistently described sample
sites as contiguous spur-and-groove or a matrix of patchy hardbottom structures with reef
rubble. Depth and surface hard relief were the most robust habitat metrics across pre- versus
post-Hurricane sample periods. The subset of sites surveyed using SfM photogrammetry
provided evidence for more site-specific variation in habitat characteristics related to coral
composition, local abiotic footprint, and small-scale variations in benthic features.

3.1. RVC Survey Results
Visual surveys identified small variations in the balance between live coral and other

biotic habitat characteristics among sites, as well as abiotic physical features such as depth
and surface hard relief across both pre- versus post-Irma. Before hurricane Irma, site
separation was driven by structural features such as a-rubble, a-hard, and s-hard and the
presence of live coral cover, b-coral. Sites characterized by physical seabed features with low
presence in coral cover were grouped together along the first canonical axis such as sample
sites SDK, N1M, and NFS (Figure 4a), whereas sites with high percentages in biotic cover (b-
coral, b-sponge) such as WSB, LKP, and LKU generally resulted in more distinct separations
among sites (Figure 4b). ANOVA post-hoc analysis identified significant differences in
depth (p < 0.01), surface hard relief (p = 0.05) and rubble (p = 0.03) (Table 5). Spur-and-
groove sites NFS and LKP were similar in depth (>7 m); however, there was a significant
difference in percent rubble (p = 0.02) as LKP had the lowest percentage of rubble cover
at 16% (Figure 5a). Live coral cover was not a significant driver in site characterization
due to high variations in percent cover across the seabed for all sites. However, live coral
cover did have a moderate influence in site characterization by scoring sites with higher
percentages in coral cover lower in the second canonical axis. For example, LKP and LKU
did not cluster with other sites (Figure 4b) and had the highest median percent coral cover
at 63% and 66% respectively (Figure 5i). Given the recent sharp declines in percent coral
cover within the FKNMS noted above [56–58], it is important to note that the percentage
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results in this case are specific to the area (15 m2) surveyed and the RVC method in which
each percentage in a given habitat category has to add to 100%. WSB also did not closely
cluster with other sites due to the combination of a relatively low median depth of 4.6 m
and an overall low percent cover in surface hard relief (Figure 5d).
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Table 5. ANOVA results for RVC surveys before and after Irma.

Before Irma

Source df Source F Prob > F

Sites 7 depth 6.05 <0.01

Error 12 v-hard relief 0.94 0.51

‘Total’ 19 v-soft relief 0.87 0.55

s-hard relief 2.91 0.05

a-hardbottom 0.65 0.71

a-rubble 3.31 0.03

a-sand 2.09 0.13

b-algae 1.49 0.26

b-coral 0.79 0.61

b-octo 2.00 0.14

b-sponge 0.49 0.83
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Table 5. Cont.

After Irma

Source df Source F Prob > F

Sites 7 depth 5.86 <0.01

Error 24 v-hard relief 3.07 0.02

‘Total’ 31 v-soft relief 0.85 0.56

s-hard relief 2.06 0.09

a-hardbottom 4.09 <0.01

a-rubble 0.89 0.53

a-sand 1.99 0.10

b-algae 1.65 0.17

b-coral 1.16 0.36

b-octo 1.88 0.12

b-sponge 0.92 0.51

Habitat separations among sites were diminished after the hurricane; however, there
was more separation in site characterization between protected and fished sites post-Irma
than pre-Irma. Discriminant analysis identified b-coral and a-sand as strong variables in
distinguishing among sites (Figure 4c) and displayed a small inverse response between sites
strongly characterized by biotic cover of corals, macroalgae, or sponges such as protected
sites in contrast to fished sites with generally higher percentages of bare sand channels
and rubble (Figure 6). Deeper sites with physical traits that contribute to spur-and-groove
structures (e.g., a-sand, v-hard, b-coral) were scored more positively on the second canonical
axis than the first axis, while shallow sites characterized by other non-coral biotic variables,
such as the presence of octocorals or macroalgae, generally separated in the opposite
direction (Figure 4c). MANOVA clustering grouped protected sites SDK, ESB and WSB
together and did not closely group any fished sites together (Figure 4d). Post-hoc ANOVA
results identified significant differences in depth (p < 0.01), vertical hard relief (p = 0.02),
and abiotic hardbottom (p < 0.01) (Table 5). Multiple comparison tests resulted in three
groups where LKP’s (median depth = 7.6 m) group means were significantly different from
all sites whose median depths were below 6.5 m, except N1M (p = 0.07). The next group
distinguished WSB as the shallowest site (median depth = 4.6 m) and was significantly
different than sites where the shallowest depth did not exceed 5 m (Figure 6a). Variation
in percent cover for each biotic variable increased post-Irma at all sites and resulted in no
significant differences among sites. Macroalgae percent cover revealed major changes at
both Looe Key sites via a ~30% decrease in macroalgae at LKP and ~30% increase at LKU,
while all other survey sites relatively remained the same or showed minor decreases in
percent macroalgae cover. Although live coral cover was not a significant habitat variable
in site characterization, there were changes in live coral cover post-Irma at sites with higher
percent cover than pre-Irma. For example, SDK, N1M, NFS, and ESB showed similar ranges
in percent live coral cover post-Irma with NFS resulting in the highest percent cover at 52%.
In contrast, WDR, WSB, LKP, and LKU recorded minor decreases of up to 10% in live coral
cover post-Irma, and overall, there were no strong distinctions between level of protection
and live coral cover. Octocoral percent cover showed either no change or small decreases at
all sites post-Irma except for LKP and LKU, which both showed an ~20% increase. Minor
changes in sponge percent cover post-Irma were present at all sites except for WSB, where
percent cover increased from 0 to 35% post-Irma.
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Figure 5. Percent cover of habitat variables collected among sites in the lower Florida Keys dur-
ing RVC surveys (15 m diameter) before Hurricane Irma: (a) mean depth, (b) vertical hard relief,
(c) vertical soft relief, (d) surface hard relief, (e) abiotic hardbottom, (f) abiotic rubble, (g) abiotic
sand, (h) biotic algae > 1 cm, (i) biotic coral, (j) biotic octocoral, (k) biotic sponge. The central red line
represents the median, and the 25th and 75th percentiles are shown as the upper and lower limits
respectively.
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Figure 6. Percent cover of habitat variables collected among sites in the lower Florida Keys during
RVC surveys (15 m diameter) after Hurricane Irma: (a) mean depth, (b) vertical hard relief, (c) vertical
soft relief, (d) surface hard relief, (e) abiotic hardbottom, (f) abiotic rubble, (g) abiotic sand, (h) biotic
algae > 1 cm, (i) biotic coral, (j) biotic octocoral, (k) biotic sponge. The central red line represents the
median, and the 25th and 75th percentiles are shown as the upper and lower limits respectively.
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3.2. Digital Elevation Model (DEM) Topographic Results
The DEM metrics captured more fine-scale changes in habitat metrics than the RVC

surveys and highlight the influence of within site variation in benthic topography driving
the separations among sites. For example, the surface area to planar area ratio (sapa), which
evaluates rugosity across neighboring cells within a site, was the most influential metric
separating sites, followed by vector terrain ruggedness (vrm) (Figure 7a). RVC metrics
related to physical structures (a-hard, depth, s-hard) generally clustered LKP and NFS as sites
with relatively high structural complexity, and the DEM MANOVA results also clustered
these two sites (Figure 7b) based on sapa and rms. The second canonical axis separated sites
based on metrics related to coral cover such as crrug, in which coral-dominated sites were
positioned on the lower axis (Figure 7b). WSB was the only site not grouped with other
sites because of its low structural complexity and relatively high coral cover.

Post-hoc ANOVA results indicated all DEM habitat metrics being significantly different
among sites except for rms roughness (p = 0.21) and relief (p = 0.22) (Table 6). WSB yielded
the highest median coral reef rugosity index of 3.23 and was a relatively shallow site (~4.3 m
in depth) with small variations in surface relief (2.5 m ± 0.18) (Figure 8e). In contrast, NFS
and LKP were grouped together (Figure 7b) due to being relatively deep sites, 6.7 m and
7.3 m respectively, and showed more variation in relief than other sites due to their distinct
spur-and-groove formations. MANOVA cluster analysis closely grouped ESB and SDK
and showed a large separation from the other mapped sites. Additionally, ANOVA results
found no significant difference in all tested DEM metrics between ESB and SDK. However,
it is important to recognize the specific reef-area analyzed using depth-transect profiles
for both sites were structurally different, such that SDK had several spur-and-groove
formations included in the analysis (Figure 2a), whereas the area mapped at ESB mainly
consisted of one large spur (Figure 2d).

3.3. Orthoimage Analysis Benthic Composition Results
Results from the orthomosaic image analysis provide insight into the biological reef

surface characteristics contributing to the reef framework, including trade-offs between
coral assemblages and other benthic organisms typically found colonizing hardbottom
substrates. The density of octocorals was ~2/m2 for all sites and therefore was not included
in the following site characterization analysis due to its low encounter rate in the mapping
process. Canonical discriminant analysis and MANOVA clusters showed relatively small
separations among sites, with the presence of branching corals being a strong driver in
site characterization. The first canonical axis generally separated less biologically diverse
sites (SDK, NFS) from sites presumably with high coral or sponge cover (LKP, ESB, WSB)
(Figure 7c). Variation in presence or absence of habitat characteristics across each sampled
tile within a site highlights relatively fine-scale differences in coral assemblages and as-
sociated benthos, such as encrusting zoanthids and sponges, leading to minimal relative
distances in site separation (Figure 7d).

Further distinction between coral-dominated sites was dependent on the relative
presence of encrusting zoanthids and abundance of both the trait-based corals shown
by post hoc ANOVA results, where all fine-scale habitat metrics were significantly dif-
ferent (p < 0.01) for each mapped site (Table 7). For example, WSB had small patches of
branching staghorn (A. cervicornis) and finger corals (Porites spp.) on the seabed surface,
while LKP had several staghorn and elkhorn (A. palmata) coral outplants at various growth
stages within the mapped area. Additionally, several brain corals (C. natans, P. clivosa,
D. labyrinthiformis) were observed at LKP, yet had been impacted by coral disease dimin-
ishing the area characterized as live coral cover. Although all sites were dominated by
encrusting zoanthids (P. caribaeorum), the relative percent cover was lowest at WSB (<3.7%)
and was highest at NFS (<24%) followed by LKP (<20%) (Figure 9g). Percent cover of
encrusting zoanthids at NFS was significantly higher at all sites except LKP (p = 0.54).
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Table 6. ANOVA results for DEM habitat variables.

DEM

Source df Source F Prob > F

Sites 4 mean depth 60.97 <0.01

Error 28 median depth 73.28 <0.01

‘Total’ 32 crrug 45.25 <0.01

rms 1.56 0.17

relief 1.53 0.10

slope 3.11 0.02

vrm 3.85 <0.01

sapa 4.56 <0.01
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Table 7. ANOVA results for SfM habitat variables.

SfM

Source df Source F Prob > F

Sites 4 submassive
boulder 6.66 <0.01

Error 745 encrusting dome 24.15 <0.01

Total 749 branching 8.32 <0.01

sponge 23.86 <0.01

macroalgae 10.53 <0.01

rubble 14.57 <0.01

encrusting
zoanthid 12.64 <0.01
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The relative percent cover of encrusting dome corals (C. natans, Pseudodiploria sp.) was
highest at ESB (<6%) and significantly different from all sites (p < 0.01) (Table 7). Percent
cover of sub-massive corals at ESB was significantly different than all sites except SDK
(p = 0.99), as both sites showed outliers greater than 5% (Table 7 and Figure 9a respectively).
ESB’s coral composition was dominated by mustard hill (P. astreoides) corals characterized
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as encrusting dome corals, and their spatial distribution varied from patches on reef rubble
to relatively dense colonies on shallow ridges. ESB also had several large boulder star
coral colonies characterized as sub-massive corals, such as the mountainous star coral (O.
faveolata) and the massive starlet coral (S. siderea). The percent cover of large barrel sponges
(X. muta) (4.7%) was significantly higher at LKP than other sites (Table 6; Figure 9d). Percent
cover of rubble was generally higher at sites previously characterized as having distinct
sand channels and ridges (e.g., SDK) at 70%, compared to WSB with 3.5% rubble cover.

3.4. Comparison of RVC and SfM Methods
The combination of visual surveys and mapping using photogrammetry demonstrates

how observational scale and methods influence site-specific habitat characterization. Both
methods suggest that depth and features that contribute to bottom topography (e.g., surface
hard relief, rubble, coral assemblages) are important components in describing habitat
complexity among these shallow coral reef sites. Also, the difference in habitat variables
that describe hard-bottom seabed surfaces (e.g., a-rubble, a-hard, sapa) that provide structure
for biotic variables (e.g., b-coral, b-sponge, branching corals) colonizing the three-dimensional
surface for both sampling methods provided critical thresholds for site separation within
each cluster analysis. RVC survey site characterization was limited to larger spatial scale
differences among sites and did not provide fine-scale descriptions of within-site variation.
Conversely, SfM photogrammetry was more robust in not only separating among sites
beyond the variables of depth and vertical relief, but also further distinguished sites using
more fine-scale variables such as vector terrain ruggedness and specific coral morphologies
as key drivers in site characterization. For example, live coral cover was not a significant
variable in site characterization for the RVC surveys, yet the SfM mapping approach
showed significant differences in the dominance of coral morphologies, as well as the
related topographical metrics such as the coral reef rugosity index among sites. RVC
surveys were able to capture site variation over space and time relevant to important broad-
scale habitat impacts, such as impacts from recreational use (i.e., vessel anchoring, scuba
divers) and environmental disturbances (i.e., hurricanes). The one sampling period for
SfM mapping was robust in observing within site variations across the three-dimensional
surface of the seabed, and captured localized topographical features not generally captured
by visual surveys, such as local depressions, patchy coral heads, and the matrix of benthos
on sand (e.g., rubble, boulder corals, macroalgal turfs).

4. Discussion

This study provides baseline fine-scale spatial data for several spur-and-groove reef
sites in the FKNMS and highlights the combined use of reef visual census surveys and
SfM photogrammetry to assess the physical and biological contributions to reef structural
complexity relevant to coral reef management and conservation. Characterizing reef habitat
complexity using a combination of visual surveys, photogrammetry, and orthoimage
analysis provided new insights into understanding both the physical and biological benthic
characteristics contributing to the coral reef framework at several fore-reef sites in the
FKNMS. Our results from RVC surveys and photogrammetry suggest that shallow reef sites
existing within research-only areas and public access sites with mooring buoys generally
harbor more reef-building corals than fished sites, but each site may be unique in their
combined framework of physical features (i.e., abiotic cover, relief) and dominant coral
assemblages. RVC surveys were robust in differentiating among shallow sites and deeper
fore-reef sites based on habitat characteristics, as well as describing hard structures that
contribute to hardbottom complexity. Depth and seabed surface hard relief cover were
key habitat characteristics separating all sites over time, however this separation among
sites was diminished after hurricane Irma. In characterizing each site’s site-specific habitat
traits, including the presence of varying coral assemblages using orthoimage analysis, our
study suggests that colony-scale seabed features, as well as the spatial placement of marine
reserves and coral taxa post hurricanes may also play a role in driving habitat complexity.
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In characterizing habitat complexity at the site level, our results on the type of coral
dominating an area and the amount of seabed surface attributed to hard features (e.g.,
rubble, dead corals, sponges) may be more important factors in site characterization than
percent live coral cover. As hard seabed surfaces essentially include hardbottom substrate,
living and non-living corals, and reef rubble, our SfM habitat mapping approach at a high
resolution supports previously identified variations in coral assemblages and shows that
within site variation in benthic cover may drive structural complexity [26,86,87].

The combination of abiotic and biotic habitat metrics was also useful in characterizing
the potential impact of reef management zones on habitat characteristics, as well as pro-
viding baseline information on the coral taxa historically present within the reef system,
and new taxa [88,89]. For example, WSB is one of the oldest marine reserve sites in the
FKNMS, designated as the first ecological reserve in 1997, and lies adjacent to Middle
Sambo (not sampled) and ESB. WSB and ESB were not significantly different based on RVC
surveys; however, orthoimage analysis found that WSB and ESB differed in dominant coral
assemblages present and digital elevation models also found key structural differences
in metrics utilized in both survey methods such as median depth, relief, and slope. WSB
yielded high coral reef rugosity values comparable to other studies in which high rugosity
values (i.e., >2.5) indicate coral richness [90–92]. Both sites yielded the lowest coverage in
the encrusting zoanthid (P. caribaeorum), yet differed in dominant coral taxa and protection
level, suggesting that these sites may possess strong fine-scale habitat traits or biological
legacies from previous disturbance impacts for certain coral taxa [93–96]. For example,
following Hurricane Irma’s direct impact on the study sites, the coral reef soundscape
at ESB during the same sampling periods (2017–2018) showed signs of recovery within
weeks to months following the disturbance through the return of periodic fish chorusing
and snapping shrimp activity [97]. NOAA’s National Weather Service has recorded ten
tropical storms and nine hurricanes either passing over or making landfall in the Florida
Keys and the Dry Tortugas between 2000 and 2020 [98]. The next prior storm to Hurricane
Irma was Hurricane Isaac (category 1) in 2012; however, the storm track from Cuba to the
southern tip of the Florida Keys was positioned ~40 km away from this study’s southern
most site WDR, and there was no major damage reported for reef habitats [99]. The frequent
physical destruction in the Lower Florida Keys reef habitats may retain physical complexity;
however, the biotic characteristics such as corals, sponges, and gorgonians may shift to
reflect a less complex surface cover on hardbottom substrates over time [81,100,101]. Long-
term reduced coral diversity can cause a decline in the ecological function of coral reefs
and hinder ecosystem recovery as the combined effects of habitat loss and dampening of
complex food web dynamics become exacerbated over time [102,103]. For example, many
three-dimensional branching, corymbose, plating, and other complex coral morphologies
serve as microhabitats for habitat specialists, refugia for ontogenetic niche shifts between
size classes or life history stages [102,104,105]. The legacy of the biotic and abiotic features
that remain will determine the successive traits and survivorship of future generations at
coral reef habitats [106,107].

The relationship between specific habitat metrics, live coral cover or colony size,
reef slope, and overall ecosystem health metrics for coral reefs remains unclear. For
example, slope serves as a robust indicator of the proportion of hardbottom substrates
at a site and provides information on gradual two-dimensional changes in abiotic reef
structures (i.e., reef ledge, crest) [43]. In contrast, ruggedness strongly correlates with
traditional reef rugosity and trait-based coral cover, and considers the full spatial area for
model reconstruction [75,108]. The spatial resolution in estimating VRM or ruggedness
varies with coral morphology, yet can also aid in identifying coral assemblages. At high-
resolution scales where the raster cell size is less than 4 cm, complex three-dimensional
corals such as branching corals, positively correlate with ruggedness while other growth
forms, including encrusting and mound-building corals, generally correlate at larger spatial
scales between 8–16 cm resolution [43]. Additionally, shallow-water coral reefs often reflect
scale-dependent rugosity [109,110], which depends on the abundance and diversity of
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coral growth forms [74,108] and the presence of intra-species growth plasticity [111]. For
example, high relief fished sites such as WDR, NFS, and N1M were essentially physically
complex, yet lacked the biological cover present at similarly structured protected sites such
as LKP and LKU. Although ESB was a moderately shallow and less complex site than both
Looe Key sites, ESB’s variation in surface relief and slope shown in the depth profile was
comparable to LKP and reflects the high abundance of P. astreoides that forms dome-shaped
colonies. Recent three-dimensional reconstruction of a hurricane impacting a Hawaiian reef
atoll showed that mean rugosity and slope decreased as the benthic cover of tabular corals
decreased after reef destruction, yet ruggedness varied depending on raster resolution due
to the presence of reef rubble, fallen ledges, and depressions [112].

5. Conclusions

As coral reef habitat assessments and restoration efforts evolve to include 3D mapping
at scales relevant to management priorities, more research will be needed to understand the
relationship between changes in living coral taxa and morphologies, reef structural com-
plexity, and the processes underlying these changes. Additionally, adaptive management
frameworks aiming to monitor and promote coral reef resilience in the face of multiple
complex stressors calls for knowledge of the magnitude of disturbances and ecosystem
vulnerability at finer spatial scales [113]. The use of orthoimage analysis and SfM habi-
tat mapping can provide critical information on changes in the three-dimensional reef
structure and biotic surface cover over time to track reef degradation or recovery [112,114].
Furthermore, our coral-trait based approach enhances the understanding of severe distur-
bances (i.e., hurricanes, SCTLD, ocean warming) on the composition of coral assemblages
and the subsequent shifts in benthic communities [85,115,116]. Monitoring fine-scale habi-
tat variables through high-resolution mapping is beneficial in assessing the outcomes of
MPAs [117–120] and coral restoration efforts [121,122] as well as understanding the bio-
logical benthic structure of reefs [123] that can help guide place-based coral restoration
efforts [124,125]. The combined approach of SfM photogrammetry with traditional moni-
toring methods, such as visual surveys at multiple spatial and temporal scales, can enhance
the ability to find niche habitats or coral taxa that promote resilience against regional
stressors prominent in ecologically and economically important coral reef ecosystem such
as the Florida Keys.
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//www.mdpi.com/article/10.3390/d14030153/s1, Table S1: Example settings used to generate 3D
models of Sand Key in Agisoft Metashape Professional. (*) Low settings were used if image alignment
was not immediately successful; however, all models were aligned on high before generating the
dense cloud or mesh building. Figure S1: Depth-transect profiles based on the DEM raster are shown
for (a) Sand Key SPA (SDK), (b) Nine Foot Stake (NFS), (c) Western Sambo ER (WSB), (d) Eastern
Sambo SUA (ESB), and (e) Looe Key SPA (LKP). Transect profiles are 30 m in length (west-east) with
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ABSTRACT 
 

Spatiotemporal changes in reef fish biodiversity, fish density and biomass of target group 

fish families, Haemulidae and Lutjanidae, and their associated low frequency (< 3kHz) mean 

sound pressure levels (SPLs) were investigated across three reserve types in the Florida Keys 

National Marine Sanctuary before and after hurricane Irma between 2017 and 2018.  A 

multidisciplinary approach combining traditional reef fish visual census (RVC) surveys and 

underwater soundscapes explored the response of reef fish biodiversity indices and the target 

group fish families to habitat characteristics, reserve location, and time of sampling.  Prior to the 

hurricane, reef fish biodiversity indices were relatively similar among sites and sampling period, 

although sites varied in depth and reef structure. The sampling period after the hurricane resulted 

in a > 60% decrease in fish density for all sites except one research-only area. Species diversity, 

richness, and evenness increased after the disturbance with the greatest increase occurring at 

protected sites. The target group’s density and biomass response to variations in habitat feature 

strongly reflected site-specific preferences related to the presence of complex reef structures (i.e., 

vertical hard relief, surface hard relief) and protection status. Mean low-frequency band sound 

pressure levels (SPLs) associated with reef fish sounds (L1 0.1-3kHz) were site-specific and 

ANCOVA models found all reef fish biodiversity metrics to be significant predictors except 

evenness. An narrower low-frequency band (1.2 – 2kHz) associated the target group fish families 

pooled by sample date responded strongly with habitat covariates depth and vertical hard relief 

and dominant biomass varied by reserve type. The network of reserves varying in protection 

status is beneficial for displaced reef fish after a severe disturbance and supports efforts in 

understanding the effectiveness of marine reserves to protect the integrity of coral reef 

ecosystems. 
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Introduction  

Coral reefs provide structurally complex habitats that support a range of ecosystem 

services, including high biodiversity, fisheries production, and recreational opportunities for 

humans, as well as buffer coastal societies from climatic impacts (1–3). Coral reefs, however, are 

in decline globally and are becoming more susceptible to environmental stressors, climatic 

disturbances (i.e., hurricanes, ocean warming), diseases and anthropogenic impacts (4–7).  

Decreased reef structural complexity and habitat diversity can lead to reduced fish diversity and 

fisheries productivity and, in extreme cases, lead to extirpation of local fish species (8–10). 

Conservation and restoration efforts for coral reefs include multiple spatial management 

strategies such as networks of no-take marine reserves (NTMRs) adjacent to open fishing areas 

(11–14), coral restoration via artificial propagation or cryopreservation (15,16), and stock 

enhancement of herbivores that balance the growth of macroalgae on corals and help clear space 

for coral larvae to settle (17–19).    

NTMRs were established to decrease the exploitation of target and non-target species and 

rebuild depleted stocks while protecting the integrity of biodiversity within marine ecosystems 

(20–24). NTMRs have produced several benefits, such as increasing target fish species density, 

increasing spawning stock biomass, supplying source populations for neighboring habitats (i.e., 

spill-over), preserving trophic interactions, and protecting essential reef habitats from structural 

damage (25–28). In contrast, some studies indicate a decline in these biological measures, no 

apparent difference between NTMRs and fished habitats, or changes in the efficacy of the 

NTMRs in response to reef degradation (29–32). For example, a recent study assessed ecological 

responses to NTMRs over two decades, spanning a major climate-driven coral bleaching event 

(23).  Before the bleaching event, the reef fish responses to NTMRs were consistent with the 
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general literature, with relatively high coral cover, more species of fish, and greater fish biomass, 

particularly of upper trophic levels. However, in the 16 years following coral mortality due to 

bleaching, reserve effects were absent for the reef benthos, and greatly diminished for fish 

species richness (23).  

In this unprecedented, current decline of coral reef habitats and its cascading impacts on 

reef fish biodiversity, new methods for long-term monitoring at the ecosystem level, including 

collecting biological data and related physical reef metrics, is critical. Reef structure composition 

and spatial distribution of habitat types (i.e., coral-dominated, patch reef) can influence reef fish 

assemblages, recruitment, and population connectivity (33–36). Underwater soundscapes are an 

emerging, non-invasive technology that can reflect biological and physical sources of sound in 

the environment, including vocalizations by soniferous species (e.g., whales, fish), the sounds 

associated with animal behavior (e.g., spawning, foraging, burrowing) (37–39), as well as 

physical sources from air-sea interactions such as rain, wind, and wave action (40,41).  

Therefore, characteristics of the soundscape can be used to infer habitat quality and biodiversity, 

identify important spawning habitats, and estimate the density of soniferous fish species (42–46).   

The Florida Keys is home to a diverse community of sound-producing reef fish and 

invertebrate species. For example, studies have found higher snapping shrimp sound pressure 

levels (SPLs), presumably from higher densities, in more structurally complex, healthy habitats 

than degraded reefs (53) and have observed that spatiotemporal changes in snapping shrimp may 

be a good indicator of habitat quality due to their dependence on living in three-dimensional 

structures and burrows (54–57). Mixed-species schools of grunts (Haemulidae) and snapper 

(Lutjanidae) are prominent in shallow reef communities and play an important ecological role in 

schooling associations for protective mimicry and facilitate multiple trophic interactions (58–61). 
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These species also demonstrate a high affinity for complex reef sites with moderate to high relief 

structures such as reef outcroppings or ledges, high relief coral spurs, and microhabitats that 

serve as refugia against predation, while allowing for opportunistic feeding behavior (i.e., 

ambush) before migrating at night to forage neighboring habitats (e.g., seagrass beds, 

mangroves) (62–65).  

Grunts also aggregate for spawning (66,67) yet have not been documented to emit sound 

related to interspecific communication (68). Grunts generally express “grunting” noises in 

response to stress or perceived threats (68–71). This unique grunting noise is a stridulatory sound 

produced by the pharyngeal jaws first described in the white grunt Haemulon plumieri (69). 

During an experimental study on the French grunt H. flavolineatum, sounds emitted during food 

processing occurred dominantly at ~700Hz (68). As Haemulids are known to be receptive to low 

frequencies (>300-400Hz), sounds may aid in the location of foraging schools at night (72). A 

recent study by Simmons et al. (41) in the lower Florida Keys found differences between mean 

daytime and nighttime sound pressure levels (SPL) for a targeted frequency band 1.2-1.8kHz 

representative of schooling snapper and grunts before and after Hurricane Irma in 2017, such that 

mean sound production during the daytime weakened indicating that the disturbance may have 

impacted foraging behavior or diel activity due to low visibility conditions.  Thus, biological 

acoustic patterns may be applicable to monitoring social behavior, foraging activity, or spawning 

success for sound-producing schooling species (68,73–75).  

 
Study Area 
 

The Florida Keys National Marine Sanctuary (FKNMS) provides a unique study system to 

observe comparisons between varying management levels, including NTMRs. The diverse 

spatial management zones and non-regulated sites comprise a network of 18 “no-take” Sanctuary 
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Preservation Areas (SPAs), one “no-take” Ecological Reserve (ER), four Special-Use Areas 

(SUAs), and reef tracts without special management status  can be used as controls to address 

fundamental questions regarding some of the drivers of biodiversity and habitat complexity. 

Field studies employing visual surveys by divers have compared changes in reef fish and spiny 

lobster among management zones and fished areas within the FKNMS.  Within one year of 

NTMRs being established, there was evidence of a higher annual mean density of economically 

important exploited species such as yellowtail snapper (Ocyurus chrysurus), grouper species 

(Epinephelus sp., Mycteroperca sp.), and hogfish (Lachnolaimus maximus) within NTMRs 

compared to fished areas; however, non-economically important species such as striped 

parrotfish (Scarus iseri) and stoplight parrotfish (Sparisoma viride) exhibited no uniform 

difference in density across fished and non-fished sites (76–78). Interestingly, fish densities were 

generally higher in NTMRs before being protected in 1997 than in fished sites (77), suggesting 

that habitat is an important explanatory variable.  

For the period 1996-2002, exploited species within the FKNMS such as gray snapper 

(Lutjanus griseus), black grouper (Mycteroperca bonaci), and yellowtail snapper densities were 

highest in NTMRs, while both striped parrotfish and stoplight parrotfish continued to show 

similar mean densities at fished and non-fished sites (79). For the period 1994-2001, changes in 

the relative rates of density for several important fish groups, including Haemulidae, Lutjanidae, 

and Serranidae were found across 22 reserve types (i.e., SPAs, SUAs, ERs) in FKNMS, and 

reflected an overall increased density of exploitable fishes inside reserves (78).  For the period 

1999-2018, protected areas in the FKNMS had higher reef-fish biomass compared to unprotected 

areas at the beginning of the observation period; however, metrics such as fish abundance, 

biomass, and diversity throughout the FKNMS decreased over time (80). Although high-relief 
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reefs are important for biodiversity conservation and restoration, policies should address the 

decline in fish abundance, biomass, and diversity observed throughout the FKNMS (80).  

The diver surveys that generated the fish metrics used by Medina et al (80) were conducted 

annually between May and October by trained scuba divers from 1999 to 2012, and then every 

two years through 2018. Data were obtained from the NOAA National Marine Fisheries Service 

Southeast Fisheries Science Center (NOAA, 2021). The present study applied the same 

standardized visual survey techniques for reef fish and habitat characteristics used in the 

previous studies in the FKNMS (see detailed Methods below); however, the temporal resolution 

was increased to four times per year (as opposed to once every year or two), and visual surveys 

were paired with underwater soundscape measures using hydrophones at each site. 

 
Research Objectives 
 

According to the FKNMS Science Plan 2002 and the NOAA-CORIS Florida Reef 

Resilience report, resource managers require up-to-date, high-resolution data on reef fish 

biodiversity, coral species conditions, impact responses, and resiliency indicators to guide 

decision-making and prioritize actions that support resiliency. A comprehensive study examining 

reef fish biodiversity and habitat associations as a function of management, however, has not 

been conducted in the FKNMS since 2004. Moreover, there is limited information on the 

relationship between reef fish, habitat characteristics and the underwater soundscape (81–83).  

Therefore, we addressed three overarching questions in the lower Florida Keys fore-reef tract: 

(1) How does reef fish biodiversity and the target group families, Haemulidae and Lutjanidae, 

vary according to sampling location, time of sampling and reef habitat characteristics? (2) How 

does the underwater soundscape at relatively low frequencies (<3kHz) that correspond to 

dominant fish families vary according to sampling location, time of sampling and reef habitat 
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characteristics? (3) Do spatiotemporal patterns in the underwater soundscape correspond to 

patterns of reef fish measured by diver surveys? Throughout these research questions, we also 

investigated changes in reef fish biodiversity metrics and mean sound pressure levels (SPLs) 

before and after the impact of hurricane Irma on our research sites. Using a multidisciplinary 

approach that combines traditional visual surveys with underwater soundscape measurements 

provides a more robust understanding of spatiotemporal relationships between reef fish, habitat 

characteristics and management zones than would be achieved by either visual surveys or 

soundscape measurements alone.   

 

Materials and Methods 

Visual Surveys of Reef Fish 
 

Reef fish visual (RVC) and habitat surveys were conducted seasonally between February 

2017- December 2018 at eight sites in the FKNMS (Figure 1) using a modified Bohnsack-

Bannerot point count method developed by a cooperative multi-agency network of the Florida 

Fish and Wildlife Conservation Commission (FWCC), NOAA, and the National Park Service 

(84–86).  Primary sampling units (PSU) of 100 m x 100 m (10,000 m2) at each reef site were 

further subdivided into a two-stratified design randomly applied among the spur-and-groove 

portions of each reef in which two divers identified and sized all reef fish within a 177m2 

cylinder area inclusive of the seafloor vertically to the surface of the reef structure (86,87).  

Immediately following the initial fish surveys, observers examined any crevices or visually 

obstructed areas within the survey radius to record any cryptic species. Each diver used a PVC 

pipe constructed in a “T” shape (1 m length with 0.1 increments x 0.3 m width) as reference 

measurements for fish total length (to the nearest centimeter) and habitat metrics such as 
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maximum vertical relief (m) and surface coverage relief (m).  RVC surveys allowed for 

additional time to collect data on biotic and abiotic habitat features in a standardized manner 

according to FWCC protocols. Each diver survey did not exceed 20 min (88). Fish density is 

defined as the average number of individuals per cylindrical area surveyed and scaled to numbers 

per m2 for comparisons with related studies. (47,87).   

 
Visual Surveys of Habitat Characteristics 
 

In this study, we focused on pre- and post-Irma RVC surveys between 2017 and 2018 to 

observe the relationship between total reef fish density, biomass, diversity indices (i.e., species 

richness, diversity), and habitat metrics at each site. On average, each sample period contained 

16 surveys (2 divers/ site x 8 sites). Habitat metrics such as depth, vertical hard relief (m), and 

hard surface relief coverage (m) were previously identified as drivers in site separation and 

characterization among the sampled reefs using an RVC and structure-from-motion approach (9) 

and were therefore used in our current study. Surface hard relief coverage was calculated as a 

weighted mean in meters based on each percentage allocated to each height category: <0.5m, 0.5 

– 1.0m, 1.0 – 1.5m, > 1.6m.  

 

Hypothesis Testing: RVC Surveys 
 

We tested two hypotheses using fish and habitat data collected from RVC surveys 

conducted in 2017-2018. The first set of hypotheses tested the mean fish response of density, 

biomass, species diversity, and evenness as a function of location, sample period and habitat 

characteristics. The second set of hypotheses tested whether the mean fish response of the target 

group density and biomass as a function of location, sampling period, and habitat characteristics. 

Each fish response and explanatory habitat variable are described in detail below. 
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Fish Response Variables. – Mean fish density per m2 was generated for each PSU during 

four sampling periods at each site, in which the total fish counts collected from 2-3 divers (sub-

samples) were averaged to create a single data point.  Reef fish biomass was calculated using the 

length-weight relationship W=aLb where W is the estimated weight (g), L is the observed fish 

total length, a and b are the constants for allometric growth rates and body shape (87,89,90) and 

species richness was the total number of species observed during an individual survey. The 

Shannon diversity (H’) index (12) for each diver survey at each site and sampling period was 

also calculated. This sampling design, implemented by FWCC, optimizes density and biomass 

indices for several commercially and recreationally important species (84,86); however, for this 

study, a separate target group comprised of grunts (Haemulidae) and snapper (Lutjanidae) 

(herein “target group”) was also used as a fish response variable. Target group density and 

biomass were calculated as the sum of observations of both target fish families, Haemulidae and 

Lutjanidae, per diver for each site and sampling period.   

Habitat Explanatory Variables. – During each RVC survey at a given site, divers would 

start their surveys in the vicinity of the moored hydrophone (typically 15-30 m away), such that 

the sites were not necessarily the same from one sampling period to the next.  Given that the 

habitat characteristics were relatively fixed from one sampling period to the next, we treated 

each diver survey as an independent replicate for RVC habitat surveys to capture variation in 

such features as depth, vertical relief, and rugosity associated with a given site. 

 

Passive Acoustic Monitoring 
 

Coral reef soundscape monitoring was conducted seasonally using bottom-mounted 

hydrophones (Soundtrap ST300, Ocean Instruments NZ) deployed and retrieved before or after 
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RVC surveys at each site. The bottom-mounted moorings were suspended ~0.15m from the 

bottom of a sand channel near the seaward side of the spur-and-groove habitat. All hydrophones 

were programmed to a sound recording schedule of 2 minutes every 20 minutes (72 files/day) at 

a sample rate of 48kHz. The mean spectrum for each 2-minute recording was post-processed 

using a fast Fourier transform with a window length (NFFT) of 214 at a frequency resolution (∆f) 

of 2.93 Hz by purpose-written code in MATLAB.  

 To ensure the analyses focused on biological sound sources, targeted acoustic frequencies 

encompassed the low-frequency spectrum (<50Hz to several kHz) often associated with reef fish 

bioacoustics (92–94). Specifically for this study, daily averages of mean sound pressure levels 

(SPLs) were calculated at two frequency bands:  (1) L1 0.1-3kHz to encompass the acoustic 

spectrum of all fish-associated low-frequency sounds and, (2) L2 1.2-2kHz representative of the 

target reef fish group consisting of Haemulidae (68,69) and Lutjanidae (92) vocalizations. 

Several reef sites are within mixed-use (recreational diving, boating, and fishing) areas. Thus, 

SPL data from all sites were trimmed to exclude files creating the loudest 2% of the sound data 

over the sampling period to avoid anomalously large amplitudes from transient vessel noise 

impacting daily hour SPL calculations.  

 
Hypothesis Testing: Passive Acoustic Monitoring 
 

The RVC and soundscape data collected in 2018 were used to explore the relationships 

between reef fish biodiversity, underwater soundscapes, and habitat characteristics. The first set 

of hypotheses tested the response of mean SPLs from the L1 frequency band (0.1-3kHz) as a 

function of mean fish density, mean fish biomass, location, sampling period, and habitat 

characteristics. The second set of hypotheses tested the response of mean SPLs from the L2 
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frequency band (1.2-2kHz) associated with the target group as a function of the target group’s 

mean density, mean biomass, location, sample period, and habitat characteristics.  

Temporal patterns in the biological coral reef soundscape vary diurnally for South 

Atlantic and Caribbean reefs. In general, these temporal patterns reflect the density, distribution, 

and acoustic behavior of multiple soniferous species and can vary in the range of SPLs and 

frequencies based on the reef site (e.g., (38,95,96). For each 24-hour period, day-hour-frequency 

SPLs were calculated to produce mean daily, mean daytime, mean nighttime, mean crepuscular, 

mean morning twilight, and mean evening twilight hours defined in Table 1. Uncertainties (95% 

confidence interval) in each sampling period mean were estimated using bootstrap sampling (500 

draws). During the daylight hours, SPLs increased and were more likely to be impacted by boat 

noise, especially at fished sites or SPAs that are open access for recreational use (97) (Figure S1-

S2). Therefore, comparisons between the FKNMS study sites focused on analyzing differences 

in SPLs during crepuscular hours (e.g., sunrise and sunset).  

A series of 7-day temporal windows of mean SPLs the week after each RVC survey were 

generated to add variation in the samples used to correlate the reef fish and habitat data from 

RVC surveys, which were tested against the reef fish acoustic data (Table 2). In general, the 

mean SPLs for the L2 band were highest during crepuscular hours compared to the mean daily, 

daytime, and nighttime SPLs at all sites (Figure S3-S4). Analysis of SPLs represented by the L2 

low-frequency band (1.2-2 kHz) during crepuscular hours also allowed for inferences to be made 

about the exchange of schooling grunts and snappers on and off the sampled fore-reef sites.  

 
Statistical Approach 
 

Statistical analyses were completed in R Studio (version 2022.07.01) to address each 

hypothesis related to the response variables of total fish data (i.e., density, biomass, H’, S’,J’ ) 
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and the target group (i.e., density, biomass). Several analyses of covariance (ANCOVA) models 

tested the significance of fish response variables as a function of each habitat metric interactions 

with location and sampling period. The coefficient estimates and variable interaction produced 

from each ANCOVA model were plotted to observe overall main and interaction effects. When 

site (Model 1) or sampling period (Model 2) was insignificant, these metrics were removed from 

the model and not reported.  For the RVC only data, a total of 14 statistical models were applied, 

ten tested overall fish response variables, and four models tested the target fish group (see 

below).  

Total Fish Data ANCOVA model  

Model notation is interpreted as the dependent variable’s statistical relationship ‘ ~’to the 

independent variable and covariate interactions ‘*’ 

Model 1 Fish response variable (density, biomass, H’, S’,J) ~ Site * depth * surface hard relief * 

vertical hard relief 

Model 2 Fish response variable (density, biomass, H’, S’,J)  ~ Date * depth * surface hard relief 

* vertical hard relief 

Target Group Fish Data ANCOVA model 

Model 1: Target group response variable (density, biomass) ~ Site * depth * surface hard relief 

* vertical hard relief 

Model 2: Target group response variable (density, biomass) ~ Date * depth * surface hard relief 

* vertical hard relief 

 

Since each SPL corresponded to both diver surveys at each location, site was not a 

significant variable used in the soundscape model for the L1 frequency band. Therefore, 
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ANCOVA models were used to observe the response of mean SPLs for the L1(0.1-3kHz) and L2 

(1.2-2kHz) frequency bands as a function of date with habitat metrics (Model 1) and fish 

response variables (Model 2) used as covariates. The models used to explore the relationship 

between the soundscape, RVC fish and habitat data were built as follows:  

L1 (0.1-3kHz) frequency band ANCOVA model 

Model 1: mean L1 SPLs ~ Date * depth * surface hard relief * vertical hard relief 

Model 2: mean L1 SPLs ~ Date * fish biomass * fish density * species richness * species 

diversity  

L2 (1.2-2kHz) frequency band ANCOVA model 

Model 1: 1 mean L2 SPLs ~ Date * depth * surface hard relief * vertical hard relief 

Model 2: 1 mean L2 SPLs ~ Date * target group density * target group biomass 

 
Results 

The Response of reef fish biodiversity to sampling location, time of sampling and reef habitat 
characteristics 
 
Reef fish biodiversity and time of sampling. – A total abundance of 14,143 reef fish were 

observed during RVC surveys between 2017 and 2018 across three management zones in the 

FKNMS: 7,852 in 2017 (37 families, 103 species) and 6,291 in 2018 (29 families, 95 species).  

Mean reef fish density(± SE) was highly variable within and among sites across each seasonal 

sample period, ranging from 0.20 (± 0.05) m-2 to 1.75 (± 0.03) m-2 , although there was minimal 

difference between annual mean reef densities of 0.72 (± 0.01) m-2 and 0.71 (± 0.02)  m-2 in 

2017 and 2018 respectively (Table 3). In 2017, the highest mean reef fish density (± SE) was 

observed at fished site NFS with a mean reef fish density of 1.45 (± 0.07) m-2 in July followed 

by ecological reserve WSB’s mean reef fish density of 1.38 (±0) m-2 (Figure 2A).  Following the 
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passage of Hurricane Irma in September 2017, most sites surveyed in December 2017 decreased 

in mean reef fish density with the largest decrease, > 60% occurring at protected site LKP and 

fished sites N1M, NFS, and WDR. Research-only area LKU was the only site to increase by > 

80%, but also had the lowest overall mean reef fish densities ( < 0.06 m-2) for each sample period 

in for 2017. Although three sites, LKU, LKP, and WDR were successfully surveyed in February 

2018, this sample period resulted in the highest mean reef fish densities of 1.75 (± 0.03) m-2 at 

LKU and 1.61 (± 0.13) m-2 at WDR. 

Mean reef fish biomass (± SE) varied within sites across each sample period, and despite 

the occurrence of the hurricane, all sites mean reef fish biomass generally ranged from 10 (± 

4.48) g-m-2  to 209.14 (± 193.82)  g-m-2  between 2017 and 2018 (Figure 2B). The highest mean 

fish biomass recorded during our sampling periods occurred at two sites during December 2018, 

LKU 363.86 (± 354.05)  g-m-2  and  NFS 359.19 (± 248.13)  g-m-2 . Prior to hurricane Irma, 

mean species richness (number of species per m-2 ; ± SE) was similar among sites ranging from 

16 (± 2.04) to 24 (±2.89) with minimal variation in mean species richness within sites, except 

for WDR which had the highest mean species richness of 30 (± 8.54) (Figure 2C). Following the 

hurricane, mean species richness at WDR and LKP decreased by 50%, and NFS decreased by 

30%. In 2018, within site variation increased in mean species richness for all sites and several 

sites showed a slight trend where mean species richness gradually increases in late winter 

(February) and late summer (September) while decreasing during the spring-summer season 

(May/June/July). 

Mean species diversity (± SE) was higher in 2017 than 2018 with mean values of 2.16 

(± 0.18) and 1.99 (± 0.21) respectively (Figure 2D). All sites sampled in December 2017 after 

the hurricane increased in species diversity and the largest increase occurred at research only 
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area ESB which had a mean species diversity of 1.51 (± 0.15) in July and increase to 2.13 (± 

0.01) in December. ESB mean species diversity gradually increased in 2018 peaking at 2.52 (± 

0.15) in September 2018. In contrast, all other sites drastically decreased in 2018 and showed a 

similar trend to mean species richness in which mean species diversity gradually increased and 

peaks in late summer before decreasing in winter. There was little difference in annual mean 

evenness (± SE) between 2017 and 2018 which was 0.73 (± 0.05) and 0.72 (± 0.08) 

respectively (Figure 2E). There was high variation in mean evenness within and among sites 

across each sampling period, but generally the highest scores were at protected site LKP and the 

two research only areas LKU and ESB. In December 2017, all sites increased in mean evenness 

except research only area LKU which slightly decreased from 0.81 (± 0) to 0.79 (± 0.01). WSB 

had the highest overall mean evenness of 0.9 (± 0.03) recorded in September 2018 followed by 

ESB with a mean evenness of 0.87 (± 0.02) in June 2018. The lowest mean evenness of 0.52 (± 

0.06) was recorded at LKU in February 2018 followed by WDR with a mean evenness of 0.53 

(± 0.05) recorded in December 2018.  

All sites observed species of the concern within the target group during RVC surveys but 

varied in presence/absence throughout the seasonal sampling periods. The total abundance of the 

target group was 263 in 2017 (18 species) and 236 in 2018 (16 species). Haemulidae were more 

abundant species during both years with a total abundance of 155 (11 species) in 2017 and 140 

(10 species) in 2018. Lutjanidae had a total abundance of 108 (7 species) in 2017 and decreased 

to a total abundance of 96 (6 species) in 2018. Mean fish density and mean fish biomass 

drastically increased in between 2017 and 2018 for both families, but Haemulidae had the 

highest annual mean fish density of 0.19 m-2 and mean fish biomass of 38.93 (± 2.24) in 2018 

(Table 4). LKU had the highest mean fish density for Haemulidae at 1.43 (± 0.15) m-2 in 
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February 2018 followed by NFS with a mean fish density of 0.62 (± 0.07) m-2 in December 

2018. The highest mean fish biomass for Haemulidae was observed at fished sites NFS and 

WDR in December 2018 at 177.12 (± 42.97) g-m-2   and 117.81 (± 19.84) g-m-2, respectively. 

Lutjanidae had the highest mean fish density at SDK reaching 0.61 (± 0.13) m-2 in September 

2018 at protected site SDK while the highest mean fish biomass of 195.19 (± 122.29) g-m-2 was 

observed at LKP in June 2018. 

 

Predicting reef fish biodiversity. – In general, water depth was the main driver separating sites 

based on habitat features (S5). LKP was the deepest site (>7 m) and WSB was the shallowest site 

(~4 m); however, all sites showed high within-site variation in vertical hard relief and surface 

hard relief providing little site separation based solely on the latter habitat features. In support of 

the site-specific habitat features and seasonal trends in the reef fish biodiversity indices, the reef 

fish response metrics varied in significance between Model 1 (pooled by site) and Model (pooled 

by date) and did reflect the overall importance of within and among site variation in data 

collected by RVC surveys.  Reef fish biomass varied significantly among sites when pooled by 

sampled date (F = 4.82, p =0.03, 𝛼 = 0.05).  In contrast, species richness did vary significantly 

among sample date when pooled by site (F = 3.61, p =0.02, 𝛼 = 0.05), and increased with 

increasing depth (F = 3.46, p =0.02, 𝛼 = 0.05. Additionally, species richness increased 

significantly at sites with deeper depths (> 6m) and higher ranges in surface hard relief (> 2.5 

4m) (F = 12.66, p <0.01, 𝛼 = 0.01).  Species richness showed the most the variation among 

sample date (F = 16.79, p <0.001, 𝛼 = 0.001) and several sites showed seasonal trends with 

increasing species richness in late winter and early fall, while decreasing during summer months 

(Figure 2C). This relationship was strengthened when sample date interacted with surface hard 
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relief (F = 10.59, p <0.01, 𝛼 = 0.01) and was the most significant when depth was added an 

additional covariate to the overall interactions (F = 13.42, p <0.001, 𝛼 = 0.001). This was 

supported by higher estimates of species richness at deeper sites such as LKP and NFS due to 

more variation in habitat features reminiscent to deep spur and groove channels (Figure 3A).  

Additionally, surface hard relief over time yielded a larger coefficient estimate than vertical hard 

relief and causing a stronger relationship between species richness and sample date (Figure 3B), 

therefore more significant interactions occurred when including surface hard relief in Model 2. 

Variations in vertical hard relief were significantly related to increases in species richness (F = 

5.49, p =0.02, 𝛼 = 0.05) but was not as strong as an indicator as other habitat metrics.  Species 

diversity also varied significantly with sample date (F = 4.42, p =0.04, 𝛼 = 0.05), but showed 

more significant relationships when interacting with both depth and vertical hard relief (F = 

10.15, p =0.01, 𝛼 = 0.01) due to high within-site variations for these habitat features.	For 

example, SDK had higher fish densities and biomass at deeper depths than other sites yet had 

similar results to most sites in terms of species richness and species diversity. Evenness was not 

significantly different among sites, but was significantly different among sample dates (F = 5.01, 

p =0.04, 𝛼 = 0.05) and showed the strongest relationship with variations in depth and vertical 

hard relief (F = 7.93, p =0.01, 𝛼 = 0.01) over time.  

WDR was also variable in terms of depth and had higher vertical hard relief (>3) than most sites.  

The target group, Haemulidae and Lutjanidae reef fish, density and biomass showed 

several strong relationships with habitat metrics when pooled by site or sample date (Table 5). 

Target group density (N m-2) did vary among sites, although site alone as a factor was not a 

strong predictor. Target group density among sites increased significantly with higher vertical 

hard relief values ranging from 2 – 4m (F = 4.04, p < 0.001, 𝛼 = 0.001). This interaction slightly 
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increased in significance when interacting with covariates surface hard relief and depth (F = 

6.48, p < 0.001, 𝛼 = 0.001) as most species were recorded at sites depths greater than 4m and 

when surface hard relief ranged from 0.5-1m (S6). Target group density showed stronger 

relationships with variations among sample date (F = 11, p < 0.001, 𝛼 = 0.001) and weakened 

relationships with changes in depth and vertical hard relief (F = 4.69, p =0.03, 𝛼 = 0.05) over 

time. For example, the site-specific coefficient estimates for LKP and LKU target group density 

had strong effects when interacting with surface hard relief, yet negatively impacted sites with 

lower values in surface hard relief such as NFS and SDK (Figure 4A). However, significant 

interaction effects that included sample date, depth, and vertical hard relief essentially weakened 

the effects of surface hard relief over time (Figure 4B). In general, all habitat features were 

important predictors for target group biomass (g m-2) within both models, but varied in 

significance when observing changes in biomass across sites and over time. Target group 

biomass did vary significantly among sites with the strongest relationship occurring when depth 

interacted with surface hard relief (F = 14.9, p <0.001, 𝛼 = 0.001).  Although depth was site 

specific, depth’s interaction with variations in vertical hard relief demonstrated a strong 

relationship with increases in target group biomass (F = 10.9, p =0.001, 𝛼 = 0.01). Like the site-

based target group density model coefficients, the target group biomass coefficient estimates also 

highlighted site-based effects for LKU, WDR WSB as these sites differed in depth but were 

similar in both surface hard and vertical relief structures (Figure 4C). Sample date was an 

important predictor for increases in target group biomass and complemented similar seasonal 

patterns in greater species presence at sites with deeper depths  and high variations in vertical 

hard relief. However, the coefficient estimate for surface hard relief was relatively large as this 

metric showed high within site variation and in general negatively affected the strength of habitat 
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features in the predicting target group biomass over time (Figure 4D). This is supported by the 

strongest interaction effect between depth and vertical hard relief (F = 12.3, p <0.001, 𝛼 =

0.001) when predicting target group biomass when compared to depth interacting with surface 

hard relief (F = 7.22, p =0.01, 𝛼 = 0.01). 

 

The response of the reef fish biophony to sampling location, time of sampling and reef habitat 

characteristics 

Mean SPLs were site-specific and fish biomass was highly variable across each sampling 

period. The highest mean SPLs of ~104 dB were recorded at WDR in December 2018 (Figure 

5A) and ESB in September 2018 (Figure 5F). LKP was the quietest site in comparison to all 

sampled sites with a mean maximum SPL of 99 dB during the September 2018 sample period 

(Figure 5G).  The December 2018 sample period had the highest mean fish biomass for all 

sample sites with LKU having the highest mean biomass 363.86 g-m-2 (Figure 5H) followed by 

NFS with a mean fish biomass of 359.19 g-m-2 (Figure 5C). Overall, WDR and SDK were the 

only sites to show a slight trend in increasing mean SPLs as reef fish biomass increased, while 

other sites such as NFS, WSB, LKP, and LKU had site-specific mean SPLs during sample 

periods when reef fish biomass was relatively low.  No sound data was collected for N1M and 

the site was only sampled once in June 2018 recording a mean biomass of 67.22 g-m-2 . 

Mean SPLs for the L1 frequency band (0.1 – 3kHz) associated with reef fish sound 

production during crepuscular hours did not show a distinct relationship with the fish or habitat 

metrics as mean SPLs were site-dependent (Figure S7). ANCOVA results for the mean L1 SPLs 

pooled by sample date showed stronger interaction effects with fish metrics (Model 2) than the 

habitat metrics (Model 1) (Table 7).  Depth was the only significant predictor in Model 1 (F = 
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19.04, p < 0.001, 𝛼 = 0.001) supporting previous results highlighting site separation based on 

differences in mean depth. Reef fish biomass (F = 16.9, p < 0.01, 𝛼 = 0.01) was a significant 

predictor in mean L1 SPLs and mean SPLs were highest when there also increases demonstrated 

by the significant interaction of reef biomass, fish density and species richness (F = 53.2, p < 

0.001, 𝛼 = 0.001).  

 

The response of the target group reef fish biophony to sampling location, time of sampling and 

reef habitat characteristics  

In general, there were no trends between RVC metrics used for the target fish group L2 

frequency band (1.2 – 2 kHz) SPLs during crepuscular hours; however, mean SPLs and target 

group biomass did have site-specific patterns in loudness as well as fish biomass (Figure S6). 

Most sites ranged in mean L2 SPLs between 95 – 98 dB with protected sites SDK, ESB, and 

WSB recording the highest mean variations in SPLs > 96 dB, while LKP and NFS had quieter 

ranges of mean L2 SPLs well below 93 dB (Figure 6). In general, two distinct temporal patterns 

in mean L2 SPLs either reflected seasonal variations or gradual increases in mean SPLs in 2018, 

but differences in target group biomass and the dominant reef fish family (Haemulidae vs 

Lutjanidae) were site dependent. For example, WDR, SDK, LKP, and LKU showed a seasonal 

trend where mean SPLs decreased in late winter (February) and early fall (September) and 

increased during the summer (June) and peak winter (December). However, WDR and LKU 

were consistently dominated by Haemulidae mean biomass across all sampling periods, while 

SDK was dominated by Lutjanidae until December surveys, and LKP was dominated by 

Lutjanidae mean biomass across all sampling periods (Figure 6B). NFS, WSB, and ESB showed 

a gradual increase in mean L2 SPLs between June and December 2018, but also differed in 
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dominance of species of concern. NFS was dominated by Haemulidae mean biomass across all 

sample periods (Figure 6C), while WSB was dominated by Lutjanidae mean fish biomass 

(Figure 6E). ESB was dominated by Haemulidae mean biomass for all sampling periods except 

for June 2018 (Figure 6F). 

 

 ANCOVA models for the L2 frequency band (1.2-2 kHz) associated with mean 

crepuscular SPLs produced by the target group identified more significant interactions between 

habitat metrics (Model 1) than target fish group metrics (Model 2) when pooled by sample date 

(F=28.3, p < 0.001, 𝛼 = 0.001) (Table 8). In Model 1, depth (F = 134.7, p < 0.001, 𝛼 = 0.001) 

was a stronger significant main effect than vertical hard relief (F = 10.8, p =0.001, 𝛼 = 0.01) in 

predicting L2 mean SPLs. However, the interaction of sample date and vertical hard relief 

yielded a stronger effect (F = 40.3, p < 0.001, 𝛼 = 0.001) than the interaction sample date and 

depth (F = 9.26, p = 0.002, 𝛼 = 0.01). Like the target group biomass models, surface hard relief 

was a less impactful covariate predictor and was only significant when interacting with sample 

date (F = 6.64, p =0.01, 𝛼 = 0.01) and depth (F = 4.07, p =0.04, 𝛼 = 0.05). Target group 

biomass was significant predictor for mean 2 SPLs (F = 4.52, p =0.04, 𝛼 = 0.05), but the 

strongest predictors resulted from the interaction of sample date, reef fish family (Lutjanidae vs 

Haemulidae), and target group density (F = 8.73, p =0.01, 𝛼 = 0.01) supporting the importance 

of changing dominance of reef fish families within the target group over time.  

 

 

 

 



   

89 
 

Discussion 

Spatiotemporal patterns in reef fish biodiversity, target group species, habitat complexity, and 

reserve type using reef visual census (RVC) surveys  

Although the coral reef sites within this study exist in the same region of the lower Florida 

Keys, localized coral reefs can vary at small spatial scales (83) in addition to large scale impacts 

from human interactions (i.e., reserve type, recreational use, restoration, fishing pressure), and 

extrinsic environmental factors such as proximity to deeper reef sites that also facilitate changes 

in species distribution and metapopulation dynamics (98). In the aftermath of Hurricane Irma, a 

rapid reconnaissance team of science divers from federal and state partners reported moderate to 

severe physical and environmental damage such as broken and abraded corals, and collapsed reef 

ledges at 51 sites in the FKNMS (99,100). In our two-year study, reef fish density decreased 

immediately following Hurricane Irma, but essentially recovered over time to similar mean 

annual densities while annual mean reef fish biomass relatively increased between 2017 and 

2018. However, there were localized impacts demonstrated by the differences in site-specific 

mean fish densities and biomass in response to the disturbance. Most sites surveyed immediately 

following  hurricane Irma suffered a substantial loss in reef fish density, except for research only 

LKU, which despite being in relatively close proximity (<16 km) to where Irma made landfall 

had a major increase in fish density. Mean species diversity and evenness was higher at research 

only area sites LKU and ESB, as well as the ecological reserve WSB and remained relatively 

resilient to changes in reef fish density and biomass. Although fished sites were structurally 

complex and supported relatively high densities and biomass of species in a manner similar to 

protected sites, protected sites that were also structurally complex served as an important factor 

in predicting reef fish biodiversity. Increases in  reef fish biomass and species diversity and 
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evenness after hurricane Irma suggests this fish community is relatively resilient to hurricane 

impacts.   

Historically, the FKNMS has been susceptible to episodic extreme weather events 

including tropical cyclones and hurricanes, therefore it is important to observe trends in reef fish 

communities and habitat quality over long temporal scales. A 14-year study in the FKNMS 

showed no significant difference in mean live coral cover between NTMRs and fished sites, yet 

trends in overall percent cover gradually declined from combined impacts of hurricane damage 

and disease outbreak with greater impacts at NTMRs than non-protected sites (101). A more 

recent, 19-year study observed that NTMR and high relief sites generally had higher reef fish 

abundance, biomass, and species diversity, yet also exhibited a decline in reef fish metrics after 

2008 from multiple stressors such as diminished habitat quality from coral disease outbreaks and 

varying fishing pressure (87). Variation in reef fish biodiversity across space and time may serve 

as an important buffer mechanism against ecosystem collapse and can enhance resilience 

processes such as promoting species diversity and recruitment/dispersal (102–105). Additionally, 

a 9-year monitoring study investigating spatiotemporal trends in reef fish biodiversity recovery 

following two severe natural disturbances, a crown-of-thorns outbreak and a hurricane at Moorea 

Island reef sites, found no impacts in total reef fish biomass, yet observed evidence of species-

specific compensatory changes in spatial distribution driven by responses to fluctuations in 

predator-prey interactions and habitat quality across sites (106).  

Target group abundance in this study decreased after hurricane Irma, yet mean target group 

density and biomass increased for both Lutjanidae and Haemulidae over the two-year study 

period. Both family groups also showed a slight trend in increasing mean density and biomass 

during the fall and winter months, with little to no impacts resulting from the passage of the 
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hurricane. Mean fish biomass corresponded more with site-specific habitat features than 

sampling period, and remained fairly consistent from pre- to post-hurricane impacts disturbance. 

Haemulidae were more abundant at several sites, which may be due to their schooling behavior 

and the occurrence of more diverse species or conspecifics within this reef fish family. 

Haemulids were also more prevalent at deeper depth sites with moderate to high relief such as 

LKU, NFS, and WDR, than more shallow sites such as WSB.  In contrast, Lutjanids generally 

had higher mean densities and mean biomass at protected sites with high relief such as SDK. As 

Lutjanids are important to commercial and recreational fishing, level of protection may be an 

important status for habitat utilization, site fidelity and foraging patterns across the FKNMS 

reserve network. Collectively, target group density and biomass did not show any major changes 

attributed to the impacts of the hurricane, but instead may reflect changes in habitat use and 

species distribution because of direct impacts to reef refugia and diminished environmental 

qualities such as heavy sedimentation and turbidity. 

Spatial heterogeneity in biodiversity can be weakened by frequent and severe disturbances 

resulting in spatial homogeneity as species composition at the community-level tends to reflect 

the survival of biological legacies (i.e., remaining coral structures, extirpation of local species, 

loss of specialists) after long-term impacts (107–109). Relevant studies on the behavioral 

response of schooling white grunts (H. plumieri) following a storm in the Bahamas recorded 

migrations up to 2 km from turbid waters to more suitable reef habitats (110–112). A more 

recent study used acoustic telemetry to investigate movement patterns of yellowtail snapper in 

Dry Tortugas network of marine reserves and found that yellowtail snapper migrated relatively 

short distances from home reefs (< 1.2 km), and site fidelity was size dependent (50). 



   

92 
 

Additionally, several studies support that the notion that crevice dwelling species can redistribute 

themselves after a hurricane disturbance (113,114).  

 

The relationship between reef fish biodiversity and the low frequency coral reef soundscape 

In our study, within-site mean SPLs within the low frequency (L1) band (0.1-3kHz) during 

crepuscular hours are site-specific and may not correspond to mean reef fish biomass. Rather, 

this SPL band may be a good indicator of seasonal changes in the local biological soundscape. 

However, mean L1 SPLs did correlate significantly with the interaction of mean reef fish density 

and species richness, and may provide insight into how changes in species presence and 

distribution are reflected by variations within underwater soundscape over time (46). Target 

group mean SPLs were generally not site-specific in this study, and there was a small change in 

loudness (∆2	𝑑𝐵) with depth when comparing among shallow sites with depths ranging from 4 – 

6m (i.e., ESB, WSB) to deeper reef sites with depths greater than 7m (i.e., LKP, NFS). Mean L2 

SPLs during crepuscular hours displayed seasonal trends of increased loudness in summer (June) 

and peak winter (December), or gradual increases in loudness leading to a peak in winter. 

Temporal patterns in the mean L2 frequency band did not reflect changes in relative abundance 

of reef fish families for the target group. However, mean biomass of Haemulidae and Lutjanidae 

was site dependent. Mean L2 SPLs were loudest during the same sampling period when mean 

fish biomass was highest for all sites except LKU. However, these sites differed in dominance 

between reef families such that LKP had higher mean fish biomass for Haemulidae while, 

Lutjanidae dominated mean fish biomass at LKU at lower. LKP and LKU are two neighboring 

marine zones (< 3 km) that differ in level of protection and are ~ 26 km northeast from the next 

nearest site, ESB.   
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Mixed schools of this study’s target group species and other cryptic reef species (i.e., 

Sciaenidae) that occupy a similar sound producing spectrum, habitat preference for complex reef 

structures (i.e., reef spurs, microhabitat, shelter), and actively forage at night may share the L2 

frequency band during crepuscular hours. A recent study found that the relationship between reef 

fish sound production via passive acoustic monitoring and remote sensing environmental data 

reflected temporal trends in the distribution of ecologically similar reef fish (i.e., behavior, diet, 

foraging patterns) (83). Similar passive acoustic monitoring studies have also recorded nighttime 

patterns in SPLs during multispecies spawning aggregations for several nocturnally active 

coastal fish species (115–117). In our study, WDR and SDK are adjacent, spur-and-groove reef 

sites that had seasonal trends in increased mean biomass and mean L2 SPLs associated with 

target group, yet Lutjanidae were distinctly more dominant at the protected site. In 2021, FWCC 

enforced a seasonal fishing closure at fished site WDR, located ~ 16 km from Key West, 

prohibiting fishing from April to late July to better protect spawning aggregations and 

recruitment for Mutton Snapper (Lutjanus analis), Gray Snapper (L. griseus), and Yellowtail 

Snapper (O. chrysurus) and Carangid species permit (Trachinotus falcatus) (118). Therefore, 

temporal patterns in the mean SPLs within the L2 frequency band associated with migratory 

crevice dwelling reef species that are also commercially or recreationally important may depend 

on the spatial scale, placement, and level of protection of the marine reserve. Future work may 

consider a three-way factorial ANOVA using marine zone type (fished, SPA, SUA) as a factor in 

observing how the biomass of species of concern and SPLs vary depending on habitat 

characteristics and relevant environmental data such as turbidity. 
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Conclusion 

Relatively small marine reserves (0.3-0.5 km2) can be pivotal in protecting reef building 

corals and resident reef fish species against local stressors (28,119) yet may be more susceptible 

or less resilient than larger marine reserves when impacted by extreme climatic changes or 

storms (120,121). Prior to hurricane Irma, reef fish biodiversity indices were relatively similar 

among sites and sampling periods. After Irma, there was a > 60% decrease in fish density for all 

sites except one research-only area. Conversely, reef fish species diversity, richness, and 

evenness increased after Irma with the greatest increase occurring at protected sites. Thus, 

although site-specific habitat and reef fish characteristics vary among different sites within the 

FKNMS, the network of relatively small reserves varying in level of protection may be 

beneficial for the emigration and redistribution of displaced marine fauna after severe 

disturbances such as hurricanes. Ultimately, the persistence of reef fish biodiversity and seasonal 

use of essential habitats for spawning provides a way to assess ecosystem recovery and overall 

resilience from acute, but severe ecosystem impacts unlike long-term chronic climatic impacts 

such as coral disease or thermal stress. The combined approach of traditional visual surveys with 

emerging tools such as photogrammetric habit mapping and underwater soundscape 

measurements can provide a relatively comprehensive assessment of reef health among varying 

levels of protection. 
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Figure 1. Study site map of zone D in the FKNMS and survey sites Western Dry Rocks (WDR), 
Sand Key SPA (SDK), Nine Foot Stake (NFS), Number 1 Marker (N1M), Western Sambo ER 
SPA (WSB), Eastern Sambo SUA (ESB), Looe Key SPA (LKP), and Looe Key SUA (LKU).  
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Table 1. Time periods used to compare acoustic sound pressure levels (SPLs) across sites. Time 
periods were based on archived astronomical data on local sunrise and sunset times (accessed via 
the US Naval Observatory Portal (www.usno.navy.mil/USNO) . 
 
Category Time period 
daily 24-hour period 
day only daylight hours 
night only nighttime hours 
crepuscular sunrise and sunset 
morning twilight before sunrise 
evening twilight after sunset 
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Table 2. Reef Visual Census (RVC) dates in Feb., June, Sept., and Dec. of 2018 and the 
associated 7-day window of soundscape data used to calculate the mean SPLs specific time 
periods outlined in Table 1. 
 

RVC Date 
Sound 
Window 

7-day 
Window 

1 2/26/18 1 3/5-3/12 
2 6/3/18 2 6/13-6/20 
3 9/25/18 3 10/2-10/9 
4 12/18/18 4 12/25-1/1 
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Table 3. Summary Table of RVC mean fish metrics density, biomass (g), species diversity (H’), 
species richness (S), and evenness (J’) pooled by year and month for each site Eastern Sambo 
SUA (ESB), Looe Key SPA (LKP), Looe Key SUA (LKU), Number 1 Marker (N1M), Nine 
Foot Stake (NFS), Sand Key SPA (SDK), Western Dry Rocks (WDR), and Western Sambo ER 
(WSB) 2017-2018. Mean density is the number of individuals per primary sampling unit divided 
by the number of divers. Mean biomass is in units of grams per meter squared. Standard error is 
denoted in parentheses. 
 

Site 

Mean 
Density    (N 
m-2) 

Mean Biomass 
(g m-2) 

Mean 
Species 
Diversity 
(H') 

Mean 
Species 
Richness (S) 

Mean 
Evenness 
(J) 

2017 0.72 (0/01) 106.67 (6) 2.16 (0.18) 20 (3.28) 0.73 (0.05) 
Feb 0.81 (0.02) 92.28 (15.57) 2.28 (0.16) 22 (2.49) 0.74 (0.04) 
ESB 0.82 (0.02) 87.42 (28.83) 2.32 (0.1) 24 (2.89) 0.73 (0.02) 
LKP 0.71 (0.06) 79.02 (27.33) 2.29 (0.08) 20 (3.27) 0.78 (0.07) 
LKU 0.58 (0.09) 143.63 (111.90 2.22 (0.1) 23 (0.41) 0.71 (0.03) 
NFS 0.46 (0) 56.87 (0) 2.29 (0) 19 (0) 0.78 (0) 
WDR 0.89 (0.07) 79.65 (45.49) 2.33 (0.34) 23 (3.51) 0.74 (0.07) 
WSB 1.38 (0) 103.96 (0) 2.16 (0) 18 (0) 0.75 (0) 
May 0.73 (0.04) 104.55 (12.77) 2.11 (0.22) 22 (4.05) 0.69 (0.05) 
ESB 0.77 (0.05) 79.26 (39.66) 2.23 (0.32) 24 (1.22) 0.70 (0.09) 
LKP 0.62 (0.06) 73.60 (40.91) 2.13 (0.11) 21 (2.86) 0.71 (0) 
LKU 0.40 (0.09) 36.02 (10.66) 2.29 (0.35) 19 (2.45) 0.78 (0.09) 
N1M 1.04 (0.12) 178.23 (109.87) 2.09 (0.25) 24 (2.04) 0.66 (0.06) 
NFS 0.64 (0.06) 66.77 (27.13) 2.25 (0.21) 20 (0.82) 0.75 (0.06) 
SDK 0.93 (0.16) 70.52 (46.11) 1.94 (0.24) 18 (1.2) 0.68 (0.08) 
WDR 0.98 (0.11) 78.04 (28.91) 2.19 (0.31) 30 (8.54) 0.66 (0.04) 
WSB 0.48 (0.07) 22.84 (5.08) 1.75 (0) 18 (1.63) 0.61 (0.02) 
Jul 0.91 (0.02) 138.38 (9.5) 2.08 (0.18) 20 (2.37) 0.69 (0.05) 
ESB 0.70 (0.02) 92.25 (8.6) 2.21 (0.15) 21 (0.41) 0.73 (0.03) 
LKP 0.94 (0.05) 160.40 (25.02) 2.16 (0.11) 22 (2.04) 0.70 (0.05) 
LKU 0.30 (0.01) 82.77 (29.15) 2.36 (0.10) 19 (2.04) 0.81 (0) 
N1M 1.26 (0.04) 109.37 (15.06) 2.15 (0.18) 23 (2.45) 0.69 (0.03) 
NFS 1.45 (0.07) 175.91 (68.88) 2.20 (0.05) 24 (4.9) 0.70 (0.02) 
SDK 1.00 (0.14) 103.89 (3.16) 1.98 (0.05) 21 (1.22) 0.66 (0.03) 
WDR 0.82 (0) 178.87 (0) 2.13 (0) 18 (0) 0.74 (0) 
WSB 0.79 (0.07) 16.24 (1.84) 1.51 (0.22) 16 (2.04) 0.55 (0.05) 
Dec 0.47 (0.02) 91.64 (9) 2.20 (0.15) 17 (2.92) 0.80 (0.03) 
ESB 0.59 (0.08) 125.87 (18.98) 2.30 (0.01) 21 (0.41) 0.76 (0.01) 
LKP 0.23 (0.05) 25.22 (3.28) 2.20 (0.14) 13 (0) 0.86 (0.05) 
LKU 0.55 (0.15) 42.46 (18.04) 2.23 (0.19) 18 (3.67) 0.79 (0.01) 
N1M 0.34 (0.02) 60.56 (32.2) 2.39 (0) 19 (1.22) 0.82 (0.02) 
NFS 0.45 (0.12) 40.85 (3.37) 2.22 (0.28) 17 (4.49) 0.81 (0.02) 
SDK 0.73 (0.10) 165.88 (64.4) 2.36 (0.11) 22 (3.67) 0.77 (0.01) 
WDR 0.23 (0.07) 9.99 (4.8) 1.75 (0.09) 9 (1.63) 0.81 (0.03) 
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Table 3 (continued) 

WSB 0.60 (0.02) 78.98 (44.48) 2.13 (0) 17 (0) 0.75 (0) 
2018 0.71 (0.02) 146.38 (19.49) 1.99 (0.21) 17 (2.69) 0.72 (0.08) 
Feb 1.38 (0.03) 114.91 (8.62) 1.89 (0.27) 19 (2.16) 0.64 (0.07) 
LKP 0.79 (0.14) 114.85 (8.59) 2.21 (0.22) 22 (0) 0.71 (0.07) 
LKU 1.75 (0.03) 110.74 (8.11) 1.40 (0.17) 15 (0) 0.52 (0.06) 
WDR 1.61 (0.13) 119.15 (34.20) 2.05 (0.21) 20 (2.45) 0.69 (0.04) 
Jun 0.40 (0.03) 104.98 (27.11) 1.92 (0.22) 13 (1.91) 0.75 (0.07) 
ESB 0.44 (0.16) 26.60 (4.28) 2.01 (0.12) 11 (2.04) 0.87 (0.02) 
LKP 0.54 (0.19) 209.14 (193.82) 1.82 (0.2) 12 (0.82) 0.74 (0.1) 
LKU 0.37 (0.02) 56.28 (1.26) 2.28 (0.3) 17 (2.45) 0.80 (0.60) 
N1M 0.44 (0.01) 67.22 (27.97) 1.22 (0.12) 9 (1.22) 0.58 (0.1) 
NFS 0.32 (0.03) 35.10 (2.05) 1.96 (0.07) 13 (0.82) 0.77 (0.05) 
SDK 0.41 (0.05) 122.68 (47.83) 1.85 (0.16) 13 (0) 0.72 (0.06) 
WDR 0.39 (0.07) 40.51 (1.26) 2.25 (0.08) 17 (1.22) 0.80 (0.05) 
WSB 0.26 (0.01) 72.33 (1.39) 2.00 (0.09) 15 (1.22) 0.75 (0.03) 
Sep 0.67 (0.02) 106.31 (8.44) 2.17 (0.19) 19 (2.48) 0.75 (0.08) 
ESB 0.44 (0.09) 54.82 (17.89) 2.52 (0.15) 22 (1.22) 0.82 (0.06) 
LKP 0.71 (0.04) 100.17 (4.54) 2.06 (0.02) 23 (0.41) 0.66 (0) 
LKU 0.82 (0.16) 61.10 (33.43) 2.25 (0.2) 20 (2.45) 0.76 (0.1) 
NFS 0.75 (0.10) 153.21 (0.7) 2.21 (0.16) 22 (4.08) 0.72 (0.01) 
SDK 1.14 (0.15) 162.99 (58.29) 1.82 (0.41) 20 (0.82) 0.61 (0.14) 
WDR 0.61 (0.01) 63.23 (11.4) 2.11 (0.11) 16 (0) 0.76 (0.04) 
WSB 0.23 (0.04) 42.37 (4.56) 2.26 (0.01) 13 (1.22) 0.90 (0.03) 
Dec 0.82 (0.02) 243.56 (51.38) 1.92 (0.18) 17 (2.57) 0.69 (0.08) 
ESB 0.85 (0.19) 59.75 (20.81) 2.08 (0.12) 19 (0) 0.71 (0.04) 
LKP 0.82 (0.23) 142.71 (90.24) 1.65 (0.39) 14 (1.63) 0.64 (0.18) 
LKU 0.20 (0.05) 363.86 (354.05) 1.91 (0.03) 10 (1.63) 0.84 (0.05) 
NFS 0.98 (0.14) 359.19 (248.13) 2.04 (0.11) 23 (0.41) 0.66 (0.04) 
SDK 0.65 (0.19) 133.86 (100.63) 2.21 (0.03) 17 (1.22) 0.79 (0.03) 
WDR 1.16 (0.2) 200.93 (0.76) 1.57 (0.19) 20 (1.22) 0.53 (0.05) 
WSB 1.10 (0.12) 201.09 (137.25) 1.97 (0.02) 20 (2.45) 0.66 (0.02) 
Grand 
Total 0.72 (0) 103.62 (6.20) 2.08 (0.2) 19 (3.17) 0.73 (0.06) 
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Figure 2. RVC fish metrics for mean density, biomass (g), species diversity (H’), species 
richness (S), and evenness (J’) for each site Eastern Sambo SUA (ESB), Looe Key SPA (LKP), 
Looe Key SUA (LKU), Number 1 Marker (N1M), Nine Foot Stake (NFS), Sand Key SPA 
(SDK), Western Dry Rocks (WDR),Western Dry Rocks (WDR), and Western Sambo ER (WSB) 
2017-2018. Mean density is the number of individuals per meter squared. Mean biomass is in 
units of grams per meter squared. Site symbols indicate level of protection: fished (squares), 
ER/SPA (circles), and SUA (diamonds). See Table 3 for data source.   
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Table 4. Summary Table of RVC 2018 mean fish metrics for the Target group fish families 
Haemulidae and Lutjanidae pooled by year and month for each site: Eastern Sambo SUA (ESB), 
Looe Key SPA (LKP), Looe Key SUA (LKU), Nine Foot Stake (NFS), Sand Key SPA (SDK), 
Western Dry Rocks (WDR), and Western Sambo ER (WSB). Mean density is the number of 
individuals per primary sampling unit divided by the number of divers. Mean biomass is in units 
of grams per meter squared. Standard error is denoted in paratheses ( ). 

Site Haemulidae   Lutjanidae   
Target 
Group   

  

Mean 
Density        
(N m-2) 

Mean 
Biomass (g 

m-2) 

Mean 
Density    
(N m-2) 

Mean 
Biomass (g 

m-2) 

Mean 
Density    
(N m-2) 

Mean 
Biomass (g 

m-2) 
2017 0.05 (0) 17.47 (0.95) 0.08 (0)  17.09 (1.06) 0.13 (0) 34.56 (0.96) 
Feb 0.04 (0) 9.06 (1.25) 0.09 (0) 15.26 (6.39) 0.13 (0.01) 24.32 (1.24) 

ESB 0.07 (0) 12.55 (1.82) 
0.13 

(0.01) 19.78 (4.04) 0.21 (0.01) 32.33 (3.1) 
LKP 0.01 (0) 1.29 (0) 0.11 (0) 16.62 (12.99) 0.12 (0.02) 17.91 (10.83) 

LKU 0.03 (0) 11.73 (2.34) 
0.10 

(0.02) 16.76 (3.43) 0.13 (0.01) 28.49 (2.91) 

NFS 0.05 (0) 20.70 (11.85) 
0.06 

(0.02) 18.03 (5.09) 0.10 (0.02) 38.73 (7.33) 

WDR 0.03 (0) 3.78 (0.6) 
0.07 

(0.01) 9.41 (6.71) 0.10 (0.01) 13.19 (4.02) 
WSB 0.03 (0) 12.98 (1.07) 0.07 (0) 10.78 (0) 0.10 (0.03) 23.76 (3.49) 

May 0.04 (0) 10.37 (1.08) 
0.06 

(0.01) 10.96 (2.71) 0.10 (0) 21.33 (1.71) 

ESB 0.04 (0) 7.77 (1.82) 
0.06 

(0.01) 6.10 (2.47) 0.10 (0.01) 13.87 (1.95) 
LKP 0.01 (0) 1.08 (0) 0.03 (0) 2.88 (0.31) 0.03 (0) 3.95 (0.04) 
LKU 0.03 (0) 5.63 (0.51) 0.01 (0) 1.58 (1.1) 0.04 (0) 7.21 (0.59) 
N1M 0.11 (0.02) 16.42 (6.17) 0.01 (0) 0.46 (0.28) 0.11 (0.02) 16.88 (5.56) 

NFS 0.01 (0) 1.01 (0.3) 
0.16 

(0.06) 23.64 (21.28) 0.16 (0.04) 24.65 (13.87) 

SDK 0.08 (0.01) 6.88 (2.03) 
0.11 

(0.01) 8.80 (4.28) 0.18 (0.01) 15.67 (3.06) 

WDR 0.03 (0) 16.67 (5.79) 
0.09 

(0.01) 12.93 (4.1) 0.12 (0.01) 29.6 (5.02) 

WSB 0.00 (0) 0.19 (0) 
0.03 

(0.01) 3.99 (3.19) 0.03 (0.01) 4.18 (2.7) 

Jul 0.05 (0) 23.13 (2.23)  
0.07 

(0.01) 23.28 (1.89) 0.12 (0.01) 46.41 (2.35) 

ESB 0.05 (0) 6.63 (0.58) 
0.04 

(0.01) 9.85 (5.08) 0.09 (0.01) 16.48 (3.02) 

LKP 0.01 (0) 2.01 (0.48) 
0.21 

(0.06) 59.02 (7.42) 0.22 (0.05) 61.04 (15.45) 

LKU 0.01 (0) 5.19 (1.69) 
0.04 

(0.01) 16.07 (5.02) 0.05 (0) 21.25 (4.05) 
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Table 4. (continued) 

N1M 0.14 (0.02) 51.87 (12.47) 
0.06 

(0.01) 9.21 (2.09) 0.19 (0.01) 61.07 (0) 

NFS 0.09 (0.01) 46.25 (10.86) 
0.04 

(0.01) 18.04 (13.36) 0.13 (0.01) 64.29 (10.88) 

SDK 0.08 (0.02) 25.02 (9.48) 
0.10 

(0.02) 24.54 (9.86) 0.18 (0.02) 49.56 (9.19) 

WDR 0.01 (0) 0.75 (0.01) 
0.06 

(0.04) 2.95 (0.16) 0.07 (0.03) 3.7 (0.64) 

WSB 0.01 (0) 1.44 (0.02) 
0.02 

(0.01) 1.47 (0.58) 0.03 (0) 2.91 (0.35) 

Dec 0.08 (0) 27.91 (2.69) 
0.09 

(0.01) 19.36 (2.18) 0.17 (0.02) 47.27 (2.39) 
ESB 0.17 (0.01) 64.37 (16.82) 0.12(0.03) 13.54 (4.12) 0.29 (0.02) 77.9 (14.43) 
LKP 0.02 (0) 4.21 (0.58) 0.03 (0) 5.57 (0.8) 0.05 (0) 9.78 (0.7) 

LKU 0.21 (0.03) 21.18 (3.53) 
0.12 

(0.01) 12.63 (4.03) 0.33 (0.02) 33.82 (3.56) 
N1M 0.06 (0) 17.06 (1.96) 0.03 (0) 5.22 (1.53) 0.09 (0) 22.28 (1.78) 
NFS 0.01 (0) 2.94 (0.51) 0.04 (0) 7.02 (1.16) 0.05 (0) 9.96 (1.01) 

SDK 0.16 (0.02) 55.13 (13.07) 
0.17 

(0.02) 55.73 (16.85) 0.33 (0.02) 
110.85 
(14.48) 

WDR 0.00 (0) 0.00 (0) 
0.03 

(0.01) 1.88 (1.38) 0.03 (0.03) 1.88 (1.38) 
WSB 0.00 (0) 2.55 (0) 0.18 (0.03 14.59 (2.41) 0.18 (0.04) 17.14 (4.23) 
(4.23)
2018 0.19 (0) 38.93 (2.24) 

0.17 
(0.01) 34.60 (6.23) 0.36 (0.01) 73.53 (4.44) 

Feb 0.57 (0.04) 41.73 (2.2) 
0.17 

(0.01) 14.80 (1.48) 0.74 (0.04) 56.53 (2.42) 

LKP 0.05 (0.01) 28.28 (6.52) 
0.31 

(0.04) 32.22 (5.57) 0.36 (0.01) 60.5 (5.93) 

LKU 1.43 (0.15) 75.94 (13.03) 
0.14 

(0.03) 4.31 (1.18) 1.57 (0.13) 80.25 (12.45) 

WDR 0.24 (0.04) 20.98 (6.37) 
0.06 

(0.01) 7.86 (1.10) 0.3 (0.03) 28.84 (4.6) 

Jun 0.05 (0) 12.48 (0.95) 
0.10 

(0.01) 43.38 (16.26) 0.15 (0.01) 55.87 (12.74) 

ESB 0.01 (0) 1.82 (0.72) 
0.09 

(0.02) 7.12 (4) 0.10 (0.02) 8.94 (3.07) 

LKP 0.01 (0) 1.72 (0.62) 
0.27 

(0.05) 
195.19 

(122.29) 0.28 (0.04) 
196.91 
(92.08) 

LKU 0.18 (0.02) 27.45 (5.86) 
0.05 

(0.01) 9.05 (2.25) 0.23 (0.01) 36.5 (4.84) 

N1M 0.01 (0) 3.69 (1.96) 
0.21 

(0.05) 26.16 (7.03) 0.23 (0.05) 29.85 (9.92) 
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Table 4 (continued) 

NFS 0.14 (0.02) 24.02 (5.09) 
0.05 

(0.01) 6.43 (2.71) 0.19 (0.02) 30.45 (4.44) 
SDK 0.01 (0) 1.09 (0) 0.03 (0) 6.55 (4.11) 0.04 (0.01) 7.64 (3.41) 

WDR 0.07 (0.01) 14.83 (3.49) 
0.07 

(0.01) 8.66 (3.45) 0.14 (0.01) 23.48 (3.22) 
WSB 0.00 (0) 0.29 (0) 0.02 (0) 1.16 (0.07) 0.03 (0) 1.45 (0.09) 

Sep 0.07 (0) 20.12 (2.59) 
0.24 

(0.02) 31.36 (3.13) 0.3 (0.01)  51.48 (3.19) 

ESB 0.06 (0) 16.14 (2.03) 
0.11 

(0.03) 13.32 (5.12) 0.17 (0.02) 29.46 (3.37) 

LKP 0.03 (0) 5.12 (0.83) 
0.31 

(0.05) 35.72 (8.34) 0.34 (0.04) 40.84 (6.48) 

LKU 0.12 (0.01) 25.93 (3.96) 
0.31 

(0.07) 20.06 (6.32) 0.43 (0.04) 45.99 (4.76) 

NFS 0.22 (0.02) 70.39 (17.64) 
0.26 

(0.03) 39.81 (4.36) 0.48 (0.03) 110.2 (13.89) 

SDK 0.03 (0) 0.07 (0) 
0.61 

(0.13) 75.54 (23.13) 0.64 (0.12) 75.61 (22.07) 
WDR 0.01 (0) 1.89 (0.58) 0.00 (0) 0.13 (0) 0.01 (0) 2.02 (0.59 

WSB 0.00 (0) 1.18 (0) 
0.04 

(0.01) 3.57 (1.6) 0.04 (0.01) 4.74 (1.23) 

Dec 0.31 (0.01) 82.77 (5.76) 
0.17 

(0.02) 38.96 (12.02) 0.48 (0.02) 121.73 (6.76) 
ESB 0.25 (0.03) 33.54 (10.25) 0.03 (0) 4.10 (0.85) 0.28 (0.03) 37.63 (8.58) 

LKP 0.02 (0) 3.16 (0.83) 
0.48 

(0.21) 90.62 (81.6) 0.50 (0.14) 93.78 (53.29) 

LKU 0.08 (0.02) 17.24 (4.5) 
0.05 

(0.01) 13.73 (6.38) 0.13 (0.01) 30.98 (5.04) 

NFS 0.62 (0.07) 
177.12 
(42.97) 0.05(0.01) 10.50 (3.55) 0.67 (0.06) 

187.62 
(35.88) 

SDK 0.39 (0.04) 78.92 (20.91) 
0.08 

(0.01) 16.85 (6.02) 0.47 (0.04) 95.77 (17.92) 

WDR 0.57 (0.06) 
117.81 
(19.84) 0.01 (0) 1.87 (1.4) 0.58 (0.06) 

119.68 
(20.77) 

WSB 0.26 (0.03) 68.85 (22.96) 
0.48 

(0.06) 96.08 (27.77) 0.74 (0.05) 
164.93 
(24.94) 

Grand 
Total 0.12 (0) 27.37 (1.88) 

0.12 
(0.02) 

2290.57 
(17.01) 0.23(0.03) 4781.49 
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Table 5. Results of ANCOVA model 1 (function of site) and model 2 (function of date) on reef 
fish biodiversity and habitat metrics were obtained by visual surveys between sites and sample 
date, and their interactions denoted by (*). The default significance level is 0.05 ‘*’;  ‘**’ 
denotes 0.01 significance; ‘***’ denotes 0.001 significance.  
 
Factor Interaction Df SS F P-value 
Fish Biomass (Model 2) Date 1 2.6e+09 4.82 0.03* 
Species Richness (Model 
1) 

Site 7 452.8 3.61 0.02* 

 Site * depth 7 433.9 3.46 0.02* 
 Depth * surface hard relief 1 226.7 12.66 <0.01** 
Species Richness (Model 
2) 

Date 1 341.9 16.79 <0.001*** 

 Vertical hard relief 1 111.8 5.49 0.02* 
 Date * depth 1 82.4 4.05 0.05* 
 Date * surface hard relief 1 215.5 10.59 <0.01** 
 Date * depth * surface hard 

relief 
1 273.2 13.42 <0.001*** 

Species Diversity (Model 
2) 

Date 1 0.42 4.42 0.04* 

 Surface hard relief 1 0.64 6.78 0.01* 
 Date * depth * surface hard 

relief 
1 0.66 6.96 0.01* 

 Date * depth * vertical hard 
relief 

1 0.96 10.15 <0.01** 

Evenness (Model 1) Depth 1 0.06 5.01 0.04* 
Evenness (Model 2) Date * depth * vertical hard 

relief 
1 0.95 7.93 0.01** 
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Table 6. Results of ANCOVA models 1 (function of site) and models 2 (function of date) on 
Target reef fish Haemulidae and Lutjanidae and habitat metrics obtained by visual surveys 
between sites and sample date and their interactions denoted by (*). The default significance 
level is 0.05 ‘*’;  ‘**’ denotes 0.01 significance; ‘***’ denotes 0.001 significance.  
Factor Interaction Df SS F P-value 
Target Fish Density 
(Model 1) 

Vertical hard relief 1 1444 3.9 0.05* 

 Site * vertical hard relief  7 10473 4.04 <0.001*** 
 Site * depth * surface hard relief * 

vertical hard relief 
4 9601 6.487 <0.001*** 

Target Fish Density 
(Model 2) 

Date 1 4609 11.07 <0.001*** 

 Depth * vertical hard relief 1 1804 4.33 0.04* 
 Date * depth * vertical hard relief 1 1950 4.69 0.03* 
Target Fish Biomass 
(Model 1) 

Site 7 2.81e+08 2.35 0.02* 

 Depth * surface hard relief 1 2.55e+08 14.95 <0.001*** 
 Site * vertical hard relief 7 3.10e+08 2.59 0.01* 
 Depth * vertical hard relief 1 1.87e+08 10.97 0.001** 
 Site * depth * surface hard relief 7 5.77e+08 4.83 <0.001*** 
Target Fish Biomass 
(Model 2) 

Date 1 1.95e+08 10.16 0.001** 

 Depth * surface hard relief 1 1.39e+08 7.22 0.01** 
 Depth * vertical hard relief 1 2.36e+08 12.3 <0.001*** 
 Date * depth * vertical hard relief 1 7.94e+07 4.13 0.04* 
 Date * depth * surface hard relief 1 8.71e+07 4.53 0.03* 
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Figure 3. Model plots of coefficient estimates 95% confidence level from habitat interactions for 
predicting species richness categorized by site (A) and sample date (B) for 2017-2018 RVC 
surveys. See Table 5 for description of site interactions listed on the y-axis for Fig 3A.  
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Figure 4. Model plots of coefficient estimates at the 95% confidence level from habitat 
interactions for predicting target group density categorized by site (A) and sample date (B) and 
target group biomass categorized by sites (C) and sample date (D) for 2018 RVC surveys. See 
Table 6 for description of site interactions listed on the y-axis for Fig 4A and 4C. 
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Figure 5. Box plots of mean fish biomass and line graph of mean SPLs crepuscular hours for the 
L1 frequency band (0.1-3kHz) for each sample period at sites: Western Dry Rocks (A), Sand 
Key SPA (B), Nine Foot Stake (C), Number 1 Marker (D), Western Sambo ER (E), Eastern 
Sambo SUA (F), Looe Key SPA ( G), and Looe Key SUA (H). Error bars for mean biomass 
represent 1 standard deviation and error bars for SPL represent the upper and lower quantiles. 
Note the change in y-axis values for each site. 
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Table 7. Results of ANCOVA models 1 (habitat metric interactions) and models 2 (fish metric 
interactions) on L1 (0.1-3kHz) frequency band SPLs  produced during crepuscular hours 
between sites and sample date, and their interactions denoted by (*). The default significance 
level is 0.05 ‘*’;  ‘**’ denotes 0.01 significance; ‘***’ denotes 0.001 significance.  
 
Factor Interaction D

f 
SS F P-value 

L1 Frequency Band 0.1-3kHz 
(Model 1) 

Date 1 18.
4 

8.5
9 

<0.01** 

 Depth 1 40.
8 

19.
0 

<0.001*
** 

L1 Frequency Band 0.1-3kHz 
(Model 2) 

Date 1 24.
7 

37.
5 

<0.001*
** 

 Fish biomass 1 11.
2 

16.
9 

<0.01** 

 Fish density 1 3.9
3 

5.9
5 

0.03* 

 Species richness 1 4.4
9 

6.8
1 

0.03* 

 Fish biomass : species richness 1 7.2
8 

11.
0 

0.01** 

 Fish biomass : species diversity 1 4.5
6 

6.9
1 

0.03* 

 Fish biomass : fish density : species 
richness 

1 35.
1 

53.
2 

<0.001*
** 

 Date : species richness : species 
diversity 

1 23.
2 

35.
1 

<0.001*
** 

 Fish density : species richness : 
species diversity 

1 9.0
9 

13.
8 

<0.01** 
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Figure 6.  Box plots of mean fish biomass for Haemulids (blue) and Lutjanids (cyan), and line 
graph of mean SPLs during crepuscular hours for the L2 frequency band (1.2-2kHz) for each 
sample period at sites: Western Dry Rocks (A), Sand Key SPA (B), Nine Foot Stake (C), 
Number 1 Marker (D), Western Sambo ER (E), Eastern Sambo SUA (F), Looe Key SPA ( G), 
and Looe Key SUA (H). Error bars for mean biomass represent 1 standard deviation and error 
bars for SPL represent the upper and lower quantiles.  
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Table 8. Results of ANCOVA models 1 (habitat metric interactions) and models 2 (fish metric 
interactions) on L2 (1.2-2kHz) frequency band SPLs  produced during crepuscular hours 
between sites and sample date, and their interactions with 0.05 significance.  The default 
significance level is 0.05 ‘*’;  ‘**’ denotes 0.01 significance; ‘***’ denotes 0.001 significance.  
 
Factor Interaction df SS F P-value 
L2 Frequency Band 1.2-
2kHz (Model 1) 

Date 1 99.9 43.02 <0.001*** 

 Depth 1 312.9 134.7 <0.001*** 
 Vertical hard relief 1 25.1 10.8 0.001** 
 Date * depth 1 21.5 9.26 0.002** 
 Date * surface hard relief 1 15.4 6.64 0.01** 
 Depth * surface hard relief  1 9.4 4.07 0.04* 
 Date * vertical hard relief 1 93.5 40.3 <0.001*** 
 Date * depth * surface hard relief * 

vertical hard relief 
1 12.2 5.26 0.02* 

L2 Frequency Band 1.2-
2kHz (Model 2) 

Date 1 143.5 28.3 <0.001*** 

 Biomass 1 22.9 4.52 0.04* 
 Date * Family * Density 1 44.3 8.73 <0.01** 
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DISSERTATION CONCLUSION 

The global decline in coral reefs continues to increase in the face of intensifying 

anthropogenic and climatic stressors (1, 2). In traditional disturbance ecology, the resulting 

ecosystem is a product of the biological legacies (i.e., remaining habitat structure, survival of 

species) shaping post-disturbance recovery processes and re-establishment of an ecologically 

functional ecosystem (3). This dissertation contributes to our understanding of the relationship 

between reef fish biodiversity, habitat complexity, and diverse spatial management zones 

(including non-regulated sites) within the Florida Keys National Marine Sanctuary (FKNMS). 

Data collected between 2017 and 2018 provided baseline data on several shallow fore-reef sites 

before versus after this system was impacted by a category 4 Hurricane (Irma). Additionally, this 

dissertation combined  traditional reef visual census (RVC) surveys, coral reef soundscapes and 

structure-from-motion photogrammetry to provide fine-scale spatiotemporal data that will inform 

management and restoration efforts. Moreover, this dissertation also addresses fundamental 

questions regarding some of the drivers of biodiversity and habitat complexity, and the 

implications of such features on resilience of coral reef systems to human interactions (i.e., 

fishing pressure, coral intervention, recreational use) and hurricanes. 

In Chapter 1, underwater soundscapes at two sites were used to characterize the impacts of 

Hurricane Irma on the biological coral reef soundscape, specifically the high-frequency band 

representative of snapping shrimp (7-20 kHz) and the low-frequency band associated with sound 

-producing reef fish (<3 kHz), and the underlying temporal patterns that reflect changes in 

species behavior and activity. Temporal patterns in reef fish chorusing during the daytime hour 

and snapping shrimp activity during crepuscular hours at a research-only area (ESB) appeared 

resilient to the acoustic energy exposure, change in environmental variables, and physical 
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damage caused by Hurricane Irma. There is limited quantitative research on specific impacts to 

soniferous reef fish groups by hurricanes, however this study helped fill this knowledge gap by 

partitioning the low-frequency band to distinguish between reef fish families that are similar in 

foraging behavior, habitat preference, hours of chorusing. Additionally, this study supports that 

notion that underwater soundscape work can be a complimentary ecological tool in 

characterizing small, yet important shifts in ecological communities during disturbances with 

localized impacts  (4-6).   

In Chapter 2, we characterized spatiotemporal variation of habitat metrics at eight fore-reef 

sites representing three management zones in the FKNMS using visual habitat surveys (2017–

2018) acquired before and after Hurricane Irma. Post-hurricane, five of those sites were surveyed 

using structure-from-motion photogrammetry to further investigate the effects of coral 

morphology on structural complexity. In general, protected reef sites harbored more mean live 

coral cover than fished sites, yet sites differed in the dominant coral taxa contributing to reef 

structural complexity. At the site level, the type of coral dominating an area and its morphology 

(i.e., encrusting dome, boulder, branching) may be more important factors in characterizing 

habitat complexity than mean live coral cover. Conversely, fished sites were structurally 

complex and were more characterized by hard-bottom habitat (i.e., ruggedness, percent rubble, 

vertical relief). Monitoring fine-scale habitat variations through high-resolution mapping 

methods (i.e., photogrammetry, digital elevation models) is beneficial in (i) assessing the 

effectiveness of marine protected areas (7-8), (ii) understanding the biological legacies that may 

preserve habitat complexity (i.e., survival of reef building coral taxa) (9), and (iii) in guiding 

place-based coral restoration efforts (10, 11). Combining traditional spatiotemporal monitoring 

methods such as visual habitat surveys with underwater photogrammetry across marine reserves 
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of varying levels of protection may enhance the ability of managers to monitor and promote 

resiliency (12).   

 In Chapter 3, we used a multidisciplinary approach combing RVC surveys and 

underwater soundscapes to explore the response of reef fish biodiversity indices (i.e., density, 

biomass, species richness, diversity, evenness) and two target group reef fish families, 

Haemulidae and Lutjanidae, to habitat characteristics, reserve location, and time of sampling 

before and after Hurricane Irma.  Mean SPLs during crepuscular hours for the reef fish 

associated low frequency band were site-specific and correlated with site and complex habitat 

features such depth and vertical hard relief.  The sampling period after the hurricane resulted in a 

> 60% decrease in fish density for most sites despite increases in species diversity, richness, and 

evenness after the hurricane. Mean fish density and mean fish biomass increased between 2017 

and 2018.  The distribution and biomass of the target group largely depended on presence of 

complex reef structures (i.e., vertical hard relief, surface hard relief) and protection status.  

Although the reef sites exist in the same region of the lower Florida Keys, localized reefs can 

vary in habitat features at small spatial scales and can reflect site-specific variation in reef fish 

biodiversity. Relatively small marine reserves (0.3-0.5 km2) can be pivotal in protecting reef 

building corals and resident reef fish species against local stressors such as fishing and 

recreational use (13-14). This dissertation identified important site-specific spatiotemporal 

changes in reef fish biodiversity that vary in magnitude due to protection status, and supports 

efforts in further understanding the effectiveness of a network of marine reserves 
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APPENDIX A: SUPPLEMENTARY MATERIALS ACCOMPANYING CHAPTER 1: 

HURRICANE IMPACTS ON A CORAL REEF SOUNDSCAPE 

 

S1 Fig. Fish call spectrograms. 
Representative waveforms (top) and spectrograms (bottom) for the L1 low frequency band 50-
300Hz: (A) Serranid growl, (B) fish “chirps”; and the L2 low frequency band 1200-1800Hz: (C) 
Haemulid “grunts”, (D) rapid aggregated “knocks”. Mean amplitudes were calculated using a 
bandpass filter 30-3000Hz and a steepness of 0.65. Spectrograms were calculated using a 
window length of 2048Hz with 50% overlap 
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S2 Fig. Illustration of trimmed sound pressure level time series. 
S1 Illustration of the trimmed sound pressure level time series applied to a section of the pre-
storm storm data from Eastern Sambo site. The red line in panel A) shows the original broadband 
time series generated by calculating the root-mean-square (rms) sound pressure level in each 2-
minute recording collected every 20 minutes. The blue line shows the time series after 
eliminating those files with the largest 2% of the amplitudes during the combined pre- and post-
storm window. These trimmed data were used in calculating daytime and nighttime means. The 
largest amplitude spikes removed by this process are associated with files that contain one or 
more fish bumps. These signals do not represent sound but can have a major influence on the 
calculated sound pressure levels. For example, the sound pressure level of the file shown in panel 
B) has a value of 113 dB rms re 1 μPa when averaged over the first 90 seconds of the file; this is 
consistent with expected background noise levels. However, when the series of fish bumps are 
included in the calculation, the amplitude rises by more than 30 decibels. Panel C) shows an 
individual bump signal. These signals are often clustered temporally, but typically occur in no 
more than 1 or 2 files per day. The trimming of the time series also removes a handful of files 
(3–4 per week) containing the sounds of a nearby small boat, as shown in panel D). The resulting 
trimmed time series better represents the underlying diurnal pattern of acoustic noise with the 
environment and is used to assess patterns of biophony. 
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APPENDIX B: SPATIOTEMPORAL VARIATION IN CORAL ASSEMBLAGES AND 

REEF HABITAT COMPLEXITY AMONG SHALLOW FORE-REEF SITES IN THE 

FLORIDA KEYS NATIONAL MARINE SANCTUARY 

 

Stage of Data 
Processing GoPro Hero4 Black/Silver (7168 cameras) 

Accuracy High/ Low* 
 

Key Point Limit 40,000 points  

Tie Point Limit 10,000 points  

Photo Alignment 6090/6574 (93%) cameras 
 

 
Est Image Quality 
(>0.50) Total tie points – 3,123,260  

Dense Cloud: 
Quality and Depth 
Filtering 

High  

Aggressive  

Depth Maps (6066)  

Mesh Building 

ST: Height Field  

SD: Dense Cloud (1,037,228,326  

FaceCount: High (207,445,665)  

Interpolation enabled  

Build Texture 

Mapping Mode: adaptive Orthophoto  

Blending Mode: Mosaic (default)  

Texture size/count: 4096  

Enable color correction  
 
Table S1. Example settings used to generate 3D models of Sand Key in Agisoft Metashape 
Professional. (*) Low settings were used if image alignment was not immediately successful; 
however, all models were aligned on high before generating the dense cloud or mesh building 
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Figure S1: Depth-transect profiles based on the DEM raster are shown for (a) Sand Key SPA 
(SDK), (b) Nine Foot Stake (NFS), (c) Western Sambo ER (WSB), (d) Eastern Sambo SUA 
(ESB), and (e) Looe Key SPA (LKP). Transect profiles are 30 m in length (west-east) with 3 m 
spacing between transects heading in a northerly direction 
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APPENDIX C: SUPPLEMENTARY MATERIALS ACCOMPANYING CHAPTER 3: 
SPATIOTEMPORAL PATTERNS IN REEF FISH BIODIVERSITY AND HABITAT 
UTILIZATION USING REEF VISUAL CENSUS SURVEYS AND UNDERWATER 
SOUNDSCAPES 
 
 

 
 
Figure S1. An example of a 7-day window of the mean SPLs in the L1 low frequency band (0.1-
3kHz) associated with soniferous reef fish activity. Each color line represents the mean SPL for 
specific time periods: daily/24hr (black), daytime hours (blue), nighttime hours (red), crepuscular 
hours (pink), morning twilight (blue dash), and evening twilight (red dash). 
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Figure S2. An example boxplot the mean SPLs in the L1 low frequency band (0.1-3kHz) for 
each sampling period over the 7-day window in Figure S1. The central red line represents the 
median and the 25th and 75th percentiles are shown as the upper and lower limits respectively. 
Outliers are denoted as red ‘+’ symbols. 
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Figure S3. An example of a 7-day window of the mean SPLs in the L2 low frequency band (1.2-
2kHz) associated with soniferous Haemulids and Lutjanids activity. Each color line represents 
the mean SPL for specific time periods: daily/24hr (black), daytime hours (blue), nighttime hours 
(red), crepuscular hours (pink), morning twilight (blue dash), and evening twilight (red dash). 
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Figure S4. An example boxplot the mean SPLs in the L2 low frequency band (1.2-2kHz) for 
each sampling period over the 7-day window in Figure S3. The central red line represents the 
median and the 25th and 75th percentiles are shown as the upper and lower limits respectively. 
Outliers are denoted as red ‘+’ symbols. 
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Figure S5.  Relationships between RVC habitat metrics (depth, vertical hard relief ‘v hard’, 
surface hard relief ‘s hard’) and RVC fish metrics (fish density ‘f abundance’, fish biomass ‘f 
biomass’, species richness ‘S’, species diversity ‘H) nested by sample date for each reef site. 
Height of group bars indicates the weight of that bin for each site. Site symbols indicate level of 
protection: fished (circles), ER/SPA (squares), SUA (stars).  
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Figure S6.  RVC habitat metrics associated with target (Haemulidae and Lutjanidae) density and 
biomass pooled by sample date. Height of group bars indicates the weight of that bin for each 
site.  Site symbols indicate level of protection: fish (squares), ER/SPA (circles), SUA (stars).  
 


