@° PLOS | ONE

Check for
updates

E OPEN ACCESS

Citation: Renfro B, Chadwick NE (2017) Benthic
community structure on coral reefs exposed to

intensive recreational snorkeling. PLoS ONE 12(9):

€0184175. https://doi.org/10.1371/journal.
pone.0184175

Editor: Chaolun Allen Chen, Academia Sinica,
TAIWAN

Received: March 30, 2017
Accepted: August 19, 2017
Published: September 5, 2017

Copyright: © 2017 Renfro, Chadwick. This is an
open access article distributed under the terms of
the Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information
files.

Funding: This study was funded by an Auburn
University Graduate Research Fellowship (http:/
graduate.auburn.edu/current-students/awards-
and-grants/graduate-research-and-travel-
fellowships/), and an International Women’s
Fishing Association Ryan Kelley Memorial
Scholarship (https://www.iwfa.org/scholarship),
both to BR. The funders had no role in study

RESEARCH ARTICLE
Benthic community structure on coral reefs
exposed to intensive recreational snorkeling

Bobbie Renfro, Nanette E. Chadwick*

Department of Biological Sciences, 101 Rouse Life Sciences Building, Auburn University, Auburn, Alabama,
United States of America

* chadwick@auburn.edu

Abstract

Chronic anthropogenic disturbances on coral reefs in the form of overfishing and pollution
can shift benthic community composition away from stony corals and toward macroalgae.
The use of reefs for recreational snorkeling and diving potentially can lead to similar ecologi-
cal impacts if not well-managed, but impacts of snorkeling on benthic organisms are not well
understood. We quantified variation in benthic community structure along a gradient of snor-
keling frequency in an intensively-visited portion of the Mesoamerican Barrier Reef. We
determined rates of snorkeling in 6 water sections and rates of beach visitation in 4 adjacent
land sections at Akumal Bay, Mexico. For each in-water section at 1—-3 m depth, we also
assessed the percent cover of benthic organisms including taxa of stony corals and macro-
algae. Rates of recreational snorkeling varied from low in the southwestern to very high
(>1000 snorkelers d”') in the northeastern sections of the bay. Stony coral cover decreased
and macroalgal cover increased significantly with levels of snorkeling, while trends varied
among taxa for other organisms such as gorgonians, fire corals, and sea urchins. We con-
clude that benthic organisms appear to exhibit taxon-specific variation with levels of recrea-
tional snorkeling. To prevent further degradation, we recommend limitation of snorkeler
visitation rates, coupled with visitor education and in-water guides to reduce reef-damaging
behaviors by snorkelers in high-use areas. These types of management activities, inte-
grated with reef monitoring and subsequent readjustment of management, have the poten-
tial to reverse the damage potentially inflicted on coral reefs by the expansion of reef-based
recreational snorkeling.

Introduction

Stony corals compete both among themselves and with other non-reef-building organisms for
dominance on tropical coral reefs [1]. Natural disturbances on coral reefs, such as storms, may
alter the species composition of benthic organisms, but usually do not shift the system away
from reef-builders [2,3]. In contrast, chronic anthropogenic disturbances including pollution
and overfishing can overwhelm the system and reduce the abundance of reef-building species
[2,4]. Macroalgae are major competitors for space with stony corals on tropical reefs [5,6]; they
are prevented from becoming dominant through the activities of grazing fishes and sea urchins
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[7], and the effects of naturally low levels of dissolved nutrients which limit their growth [8,9].
Dominance on coral reefs can shift toward algae and away from stony corals through localized
human activities such as overharvesting of herbivorous fishes, dumping of sewage, and exces-
sive use of fertilizers along adjacent coastlines, as well as large-scale processes including effects
of climate change and regional sea urchin die-offs [10-15]. High rates of SCUBA diving and
snorkeling may cause damage to stony corals ([16] and references therein), but their impacts
on the relative dominance of stony corals versus macroalgae remain largely unknown, thus far
examined in only one study [17].

Ecotourism in the form of recreational diving and snorkeling has been hailed as a solution
to the ecosystem degradation caused by extractive reef uses such as fishing and mining,
because it incentivizes the preservation and non-destructive use of reef resources [18]. The
development of diving tourism on coral reefs is potentially an ideal avenue for some tropical
countries to utilize their diverse marine resources while avoiding extractive processes that
degrade this important resource base. However, sustaining a recreational diving industry
requires regulation of the number of people who visit a given underwater habitat each year,
and of their actions as they interact with marine ecosystems [19-21]. Divers are willing to pay
more to visit healthy versus degraded coral reefs, and will avoid damaged reef areas if given the
choice [22,23], providing economic incentives for communities to manage their reefs to main-
tain biodiversity. Snorkelers and divers who receive pre-dive educational briefings, coupled
with in-water surveillance by dive guides, cause significantly less damage to coral reefs than do
less well-managed visitor groups [16]. However, in many regions recreational diving on coral
reefs remains unregulated and intense, causing degradation that risks collapse of both the eco-
system and the local diving industry that depends on it [17].

When snorkelers and divers accidentally contact the reef with their bodies, fins, or other
diving gear, they often cause damage by fracturing the skeletons and abrading the thin tissues
of living stony corals [16,24]. This physical damage weakens stony corals, making them more
susceptible to predators and diseases [25-27] that eventually may cause coral death and clear
reef space for macroalgal colonization [5,28]. The presence of snorkelers on coral reefs also
causes herbivorous fishes to exhibit escape behaviors, thereby reducing fish abundance on
reefs [17], as well as interfering with their grazing behavior [29]. Herbivores play a major role
on reefs by consuming macroalgae and reducing the ability of algae to compete for space with
stony corals [30]. Reefs that experience a severe reduction in herbivory may become domi-
nated by macroalgae rather than reef-building stony corals [6,31].

Reduction in the abundance of herbivorous fishes also may lead to an increase in the abun-
dance of sea urchins through competitive release, because both groups consume benthic algae
[32]. Sea urchins serve an important role as major reef herbivores [32,33]. Reefs where either
herbivorous fishes or urchins have been removed by overfishing or disease may be able to
maintain stony coral dominance due to the presence of the redundant herbivore group, but
these systems are likely to collapse when both groups are removed [31]. Urchins impact the
reef in complex ways; they play a role in stony coral degradation by scraping both juvenile
stony corals and macroalgae from reefs, leading to potentially rapid bioerosion of reef sub-
strate [34]. High abundances of sea urchins thus can cause damage to reef ecosystems [34,35].
Consequently, sea urchins may influence reef resilience either positively or negatively depend-
ing on their abundance relative to reef fishes, including the wrasses and triggerfishes which
consume them [36,37]. Assessment of sea urchin abundance as a component of the benthic
community therefore is needed to understand the complex cascade effects of human distur-
bances on coral reefs.

The Mesoamerican Barrier Reef System (MBRS, [38]) is the second largest contiguous coral
reef tract in the world, spanning much of the western edge of the Caribbean Sea along the
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Fig 1. Maps of (a) Yucatan Peninsula showing major tourist cities, and (b) Akumal Bay showing areas sampled in the present study. In (a),
the extent of the Mesoamerican Barrier Reef System (MBRS) is shown as a shaded area along the coastlines of 4 countries: Mexico, Belize,
Guatemala, and Honduras. The study site at Akumal is underlined and marked with a rectangle to indicate the area shown in detail in (b). The detail
map in (b) presents the 10 bay sections in which visitor abundances were quantified, each identified by letter in the upper left corner of the section
(delineated by dashed lines): 4 sections on land along the beach, sampled for beach visitors (A-D), and 6 in the water, sampled for snorkeling visitors
(E-J). G to J are inner bay sections that parallel the on-land sections A to D, and E and F are reef crest sections along the mouth of the outer bay.
Shown also are patch reefs #1—10 sampled for coral reef benthic community composition: 2 reefs in each of the 4 inner bay sections, and 1 reef eachin
the 2 outer bay sections. The landward edge of the sandy beach is delineated by a solid grey line, the water’s edge (coastline) by a solid black line, and
the coral reef crest by a dotted line. For details and site comparisons see text here and maps in [17,43,46].

https://doi.org/10.1371/journal.pone.0184175.9001

coastlines of southeastern Mexico, Belize, Guatemala and Honduras (Fig 1A). Coastal tourism
associated with the MBRS has been rising over the past several decades in Mexico, beginning
with the conception of Cancun as a pre-planned tropical tourism mecca [38,39]. Continuing
growth associated with the tourism industry has expanded the human population in the
region > 15-fold in 40 y, to ~ 1.5 million in 2013 [40,41], mostly in the cities of Cancun and
Playa del Carmen [42,43]. The tourism industry recently has expanded down the coastline
toward less congested towns such as Akumal (~ 105 km south of Cancun), which is experienc-
ing rapid growth due to resident sea turtle populations that have attracted busloads of snorkel-
ers [17]. Coral reefs in the most intensively-visited portions of Akumal Bay are beginning to
exhibit signs of degradation [17], but patterns of alteration in their benthic community struc-
ture remain mostly unquantified. Information is needed to provide baseline values for tracking
potential changes in the structure of these reefs as rates of visitation continue to change, espe-
cially in low-use areas of the bay that have not been visited frequently. Akumal Bay is a major
feeding and nesting site for green and loggerhead sea turtles, which frequent both seagrass
beds and patch reefs in the bay [43,44]. In 2016, Akumal Bay was declared a refuge for pro-
tected marine species by PROFEPA (Federal Attorney for Environmental Protection under
the Mexican Government [45]). The reefs of this bay thus represent a model system for assess-
ment of variation in coral reef condition with levels of recreational snorkeling, as well as for
the evaluation of sustainable reef management practices.

PLOS ONE | https://doi.org/10.1371/journal.pone.0184175 September 5, 2017 3/22


https://doi.org/10.1371/journal.pone.0184175.g001
https://doi.org/10.1371/journal.pone.0184175

@° PLOS | ONE

Variation in reef community structure with intensive snorkeling

Here we quantify variation in the benthic community structure of patch reefs in Akumal
Bay with levels of in-water recreational snorkeling and on-land beach use by visitors. We ana-
lyze patterns of space use exhibited by stony corals, macroalgae, and other benthic organisms
in relation to levels of snorkeling. We then discuss the implications of these patterns for the
sustainable management of recreational snorkeling on coral reefs.

Materials and methods
Study sites

The present study was conducted during May to July 2015 on coral reefs in Akumal Bay, Quin-
tana Roo, Mexico (20°24°00”N, 87°19’16”W, Fig 1). This bay contained shallow coral patch
reefs that were interspersed with sea grass beds, and bordered by a fairly continuous reef crest
along the seaward margin [17,44,46,47]. Benthic sampling for the present study focused on the
patch reefs and did not examine the sea grasses (phanerogams) in this bay. The reef crest pro-
tected the bay from high levels of water motion, creating a shallow inner area that usually
exhibited calm water conditions and attracted large numbers of recreational snorkelers [44].
SCUBA diving was prohibited inside the bay (Centro Ecologico Akumal [CEA], http://
ceakumal.org/). CEA issued the permission for access to the study locations. These field studies
did not involve contact with any endangered or protected species.

Most tourism infrastructure and the main street of Akumal were located along the north-
eastern bay; most visitors thus entered the beach in this area and remained in the north bay.
This created a gradient of both on-land beach use and in-water snorkeling activity, from high
in the northeast (~357 visitors in the water and on the beach within ~ 300 x 300 m area during
maximum use at 15:00 h each day in the High Use zone, as measured in 2013) to low in the
southwest bay (< 65 visitors in the water and on the beach within ~ 300 x 300 m area at 15:00 h,
in the Low Use zone; CEA; [17]). Based on these data and our preliminary observations, we par-
titioned the on-land beach area into 4 sections of approximately equal distance along the shore-
line (sections A-D), and the in-water area into 4 adjacent inner bay sections containing patch
reefs plus 2 outer bay sections along the continuous reef crest (sections E-], Fig 1B), for quantifi-
cation of variation in visitation levels. We included the 2 outer bay sections because similar to
the inner bay sections, they also contained patch reefs and preliminary observations indicated
that they received limited visitation, even though they differed in physical conditions from the 4
inner bay sections. Statistical analyses of trends were conducted among all 6 sections, and also
among only the 4 inner bay sections (see below). Each of the 4 on-land sections was ~150 x 50
m area, and each of the 6 in-water sections was ~150 x 250 m area; some extended further out
to sea than did others, due to curvature of the shoreline and reef crest (Fig 1B). To provide
enhanced information on patterns of visitor use, the previous High and Low Use zones [17]
each were divided into 2 inner bay sections (I, ], and G, H, respectively), and we added 2 outer
bay sections. These 6 in-water sections corresponded to 15 even more finely-divided quadrats
examined in a separate study for sea anemone and crustacean abundances [46]: Section E corre-
sponded to Quadrats 14 and 15; Section F to Quadrat 13; Section G to Quadrats 5, 6, 11, and 12;
Section H to Quadrats 3, 4, 8, and 9; Section I to Quadrats 2 and 8; and Section ] to Quadrats 1
and 7 (compare Fig 1B with map in [46]).

Within each of the 4 inner bay water sections (G, H, I, J), we selected 2 patch reefs to quan-
tify benthic community structure. Patch reefs were selected based on their similarity in size
(~150 m? area), depth (1.3-1.7 m deep), and distance from shore (~ 120-200 m distant), to
ensure that reefs exposed to roughly similar physical conditions were sampled within each sec-
tion (reefs #3-10, Fig 1B). We also selected 1 patch reef in each of the 2 outer bay reef crest sec-
tions (E and F) that were similar to each other in size (~ 150 m? area), depth (2.5-3.0 m deep),
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and distance from shore (~ 250-300 m distant, reefs #1-2 in Fig 1B; data from inner vs. outer
bay sites were analyzed together and separately, see Data Analyses). Only 1 reef site per outer
bay section was selected, near the edge of each section because few live patch reefs occurred
near the reef crest due to previous damage from hurricanes Emily and Wilma [48,49]. Reef
sites (#1-10), beach sections (A-D), and bay sections (E-J) each were numbered (or alphabet-
ized) within each group from relatively low to high levels of visitor use, based on the data col-
lected below.

Patterns of visitor abundance

We defined visitors as all people occurring within a given section of land or water during each
observation period. We recorded patterns of visitor abundance in the 4 beach and 6 bay sec-
tions during 7 periods each day for 5 d, to allow spatial comparison of visitation rates between
these 2 areas. Five dates for conducting visitor abundance surveys (10, 12, 26, 29, and 30 July,
2015) were selected because they were sunny (rather than rainy which deterred people from
visiting the bay), and also were dates during which the beach contained relatively low levels of
washed-up macroalgae Sargassum sp. [50], which on other days partially obstructed visitor
entry into the water. As such, visitor abundances reported here likely represent maximal daily
values during summer 2015. Our preliminary observations indicated that spatial patterns of
visitor use quantified using this method were representative of similar patterns revealed by
long-term visitor monitoring at this site [17].

On each of the 5 selected dates, 2 observers (B. Renfro and a field assistant) walked the
entire length of the beach area (from section D to A) at the start of every other daylight hour
between sunrise and sunset (06:00, 08:00, 10:00, 12:00, 14:00, 16:00, and 18:00; N = 7 periods
d™, for the first 10-20 min of each 2-h period). One observer counted all visitors on each sec-
tion of the beach, while the other simultaneously counted all visitors (wading, floating, swim-
ming, or snorkeling) in the adjacent inner bay water section, and in the 2 outer bay water
sections. The coordinated counting of visitors on land and in the water prevented double
counting of any who moved between sections during a given period. It was difficult to identify
the presence of a snorkel on some in-water visitors, especially those located in the outer bay
near the reef crest. However, most persons observed in the water appeared to use a mask and
snorkel and thus to function as snorkelers (rather than as waders or swimmers), so here are
referred to interchangeably as snorkelers or as in-water visitors.

Coral reef community structure

We quantified benthic community composition on the 10 selected patch reefs by deploying 10
line transects parallel to shore on each reef. Each transect was 10-15 m long depending on
patch reef shape, and was deployed parallel to the other transects ~1 m apart (methods adapted
from [51]), beginning at the near-shore edge of the reef. Along each transect, 3 points were
selected using a random number generator, then at each point, a 1-m” quadrat gridded with
string to contain 100 10-cm” cells was placed carefully on the reef surface. The identity of the
substrate that occupied the most area within each cell was recorded for each of 4 major cate-
gories (stony corals, macroalgae, other sessile organisms, and non-living substrate) within 3
quadrats per transect x 10 transects per reef (after [16,52,53]). Stony corals were defined as scler-
actinian reef-building corals, and were identified to species as: Agaricia agaricites, A. tenuifolia,
Diploria clivosa, D. strigosa, Montastraea cavernosa, Orbicella annularis, O. faveolata, Porites
astreoides, P. divaricata, P. furcata, P. porites, Siderastrea siderea, Acropora cervicornis, or A. pal-
mata (the 14 most common stony coral species in Akumal Bay, as indicated by preliminary
observations), or grouped as other stony coral species (identified using [54]). Macroalgae were
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identified as belonging to 4 growth forms: crustose coralline algae (CCA), erect calcified macro-
algae (CMA), erect fleshy macroalgae (FMA), or turf algae [55]. Other sessile organisms were
classified in 5 groups: gorgonians (including soft corals and sea fans), fire corals (defined as
hydrocorals in the genus Millepora), sponges, sea anemones, or zoanthids (zoantharians)
[55,56]. No other organisms occupied the majority of any 10-cm? cell surveyed, see above. Non-
living substrate was recorded in 3 categories: sand, rubble, or dead stony coral not colonized by
turf algae. We examined the cells within each quadrat from directly overhead, so that horizontal
percent cover was estimated for all categories, including for organisms that also extended verti-
cally into the water column, such as some stony and soft corals and sea fans.

Within each sampled quadrat, we also assessed the abundances of sea urchins (long-spine
sea urchins Diadema antillarum, and other less-common sea urchins grouped together, after
[57]). If more than half the body of a sea urchin occurred within a given quadrat, it was
counted as present [33]. Reef crevices below the quadrat were examined thoroughly to detect
the presence of sea urchins.

Data analyses

We analyzed visitor abundances by focusing on the peak-use periods of 14:00 h on the beach
and 16:00 h in the water (see Results), to reveal patterns during the maximal-use periods each
day. Visitor abundances were not normally distributed among days (Q-Q Plots, Shapiro-Wilk
normality test), so we employed a Generalized Linear Model (GLM) assuming a Poisson distri-
bution for count data in R version 3.1.3 [58], to determine variation in visitor abundance
among sections of the bay. The Poisson regression assumption of equidispersion was verified
using the dispersion test in R package AER. In cases where over-dispersion was found, the
model was re-fit with quasipoisson distribution to account for the data dispersion pattern.
Post-hoc comparisons among bay sections were made using Tukey’s Honest Significant Dif-
ference (HSD) test, with R function Simultaneous Tests for General Linear Hypotheses.

To assess patterns of benthic community structure, we calculated the mean percent cover of
each benthic category within each of the 10 transects examined per reef, by averaging values
from the 3 quadrats examined per transect, to yield 10 benthic samples per reef. We ranked
the 10 reefs from low to high in terms of their exposure to snorkelers in each water section of
the bay, based on the snorkeler count data (see above), and the location of each reef within
each section. The northern patch reef within each section received more snorkelers than did
the southern reef, because it was closer to the adjacent section where higher relative snorkeler
levels were observed. This ranking of reef sites allowed more fine-scale spatial analysis than
did use of the absolute snorkeler count data, which were recorded only for each large section
of the bay (Fig 1B). Benthic cover in each category for each sample was regressed on the ranked
snorkeling level for each reef site, by fitting an ordinary least squares regression (OLS) in R.
We also regressed benthic cover on the ranked snorkeling levels of only the 8 inner bay sites
(ie. excluding the 2 outer bay sites #1-2, see Fig 1), to examine variation among only the inner
bay sites, which all occurred at the same water depth (see above). Residuals were examined
using normal Q-Q plots and Shapiro-Wilk normality test. Data were transformed where neces-
sary to fit model assumptions. Raw data are presented in a Supporting Information file (S1
Table. All results are presented as means + standard error unless otherwise noted.

Results
Patterns of visitor abundance

During the morning hours on all observed days, visitor abundance was low both on land and
in the water. Visitor abundance increased toward afternoon to a daily peak at 14:00 h on the
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Fig 2. Spatial and temporal variation in visitor abundance at Akumal Bay, Mexico, during July 2015.
Shown are numbers of visitors (x + SE, N =5 d) observed every 2 h between sunrise (06:00) and near sunset
(18:00) in: (a) 4 on-land beach sections, and (b) 6 in-water sections (also referred to as snorkelers). See map
(Fig 1) and text for details.

https://doi.org/10.1371/journal.pone.0184175.g002

beach and 16:00 h in the water, when 536 + 74 and 414 =+ 44 visitors were observed on land (all
beach sections combined) and in the water (all in-water sections combined), respectively, and
then declined sharply toward sunset (Fig 2).

During peak beach use at 14:00 h, visitor levels varied significantly among on-land sections
of the bay (GLM, p < 0.001). On-land visitor occupancy in the northeastern section D, where
the public accessed the beach from the main road in Akumal, was significantly higher than in
all 3 other beach sections (p < 0.001 for pairwise comparisons, Table 1A). In contrast, sections
C and B, where the beach transitioned from a public to a private area, exhibited moderate visi-
tor abundances that did not significantly differ from each other (p = 0.98, Table 1A). Section
A, which was a private beach for a large resort hotel in the southwest end of the bay, possessed
significantly lower visitor abundances than did the other 3 beach sections (p < 0.01 for pair-
wise comparisons, Table 1A).
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Table 1. Results of simultaneous tests for general linear hypotheses of variation in visitor abundance among sections of Akumal Bay, Mexico.
Shown are Z and P values respectively for post-hoc pairwise comparisons between bay sections: (a) on land during peak use at 14:00 each day in 4 sections
(A-D), and (b) in the water during peak use at 16:00 each day in 6 sections (E-J).

(a) On-land A

B 3.481
<0.01
3.220
<0.01
7.282
<0.001

(b) In-water E

F 1.263
0.77
1.533
0.59
3.496
<0.01
4.181
<0.001
5.588 7.506 7.827 8.349 7.042
<0.001 <0.001 <0.001 < 0.001 <0.001

https://doi.org/10.1371/journal.pone.0184175.t001
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Abundances of visitors in the water (snorkelers) were ~ 23% lower than those on the beach
at all times of day, and varied significantly among in-water sections (GLM, p < 0.00l). In the most
frequently-visited northeastern section J, 262 + 33 snorkelers were observed in the water during
peak use at 16:00 h, with > 1,000 snorkelers visiting this area over the course of an entire day (Fig
2B). Snorkeler abundance in section J was significantly higher than in all other in-water sections
(p < 0.001 for all pair-wise comparisons, Table 1B). In contrast, mid sections of the inner bay (I
and H) received relatively moderate numbers of snorkelers that differed significantly from all
other in-water sections, but not from each other (p = 0.14, Table 1B). The southern and outer bay
sections (E, F, and G) contained low in-water snorkeler abundances that differed from those in all
other sections, but not significantly from each other (p = 0.59-0.99 for pairwise comparisons,
Table 1B; < 10 snorkelers in the water at 16:00, for a total of < 36 snorkelers d*). Overall, in-
water snorkeler abundances appeared to vary strongly with time of day, distance from shore, and
distance along the shore from the main public access point in the northeastern bay.

Coral reef community structure

The percent cover of live stony corals on patch reefs was low (4.0-19.4%, range of mean values
per reef), while macroalgal cover was ~ 2-20x higher (55.0-85.9%). Percent cover ranged 4.0-
17.2% for other benthic organisms, and 6.0-20.8% for non-living substrates (N = 10 patch
reefs). Live stony coral cover decreased significantly with snorkeler abundance; in contrast,
macroalgal cover showed the inverse pattern of significant increase with snorkeler abundance
on the reefs (Fig 3). Both trends remained significant when examining variation among only
reefs in the inner bay, which all occurred at the same water depth (see Methods), and the R*
values of the relationships increased (Table 2).

Stony corals with mounding growth forms occupied more space (1.5-9.9% cover) than
did other types of stony corals, and did not vary significantly with snorkeler abundance. In
contrast, stony corals with branching and plating (foliaceous) morphologies covered less reef
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Fig 3. Variation in the percent cover of stony corals (left) and macroalgae (right) among patch reefs ranked by level of snorkeling in
Akumal Bay, Mexico. N = 10 transects examined per reef.

https://doi.org/10.1371/journal.pone.0184175.9003

area (0.21-7.67% and 0.35-5.57% cover, respectively), and both decreased significantly with
levels of snorkeling (Fig 4). These trends remained the same when considering variation
among only the 8 inner bay sites (Table 2). At the species level, mounding stony corals exhib-
ited contrasting trends: colonies of the symmetrical brain coral Diploria strigosa decreased sig-
nificantly in percent cover with snorkeling level, while boulder star corals Orbicella annularis
increased significantly (Fig 4), however both trends became non-significant when considering
only variation among inner bay sites (Table 2). In contrast, the percent cover of mustard hill
corals Porites astreoides increased significantly with snorkeling level among the inner bay sites,
but not when the outer bay sites were included.

Colonies of branching elkhorn coral Acropora palmata and foliaceous thin leaf lettuce coral
Agaricia tenuifolia decreased significantly with snorkeling level, although A. palmata did so
only slightly, and only when considering variation among all reef sites. Colonies of branching
finger coral Porites porites exhibited the opposite trend (Fig 4), which remained significant
among only the inner bay sites (Table 2). None of the other 9 identified stony coral species, or
the other grouped stony corals, exhibited significant trends with snorkeling level.

Three of the 5 major types of non-coral sessile animals (zoanthids [zoantharians], Millepora
fire corals, and gorgonians) decreased significantly with increasing snorkeling level (Fig 5), but
the trend remained significant for only gorgonians among reefs in the inner bay (Table 2).
Two types of benthic organisms (sea anemones and sponges) occurred at such low percent
cover on the examined patch reefs, that their patterns could not be analyzed statistically.

Turf algae were the dominant benthic organisms on many of the patch reefs examined
(21.50-73.27% cover); erect calcified macroalgae (CMA, 0.33-9.73% cover) and other macro-
algal types were rare. Turf algae and CMA both increased significantly in percent cover with
levels of snorkeling, although CMA only slightly so. Crustose coralline algae (CCA) and erect
fleshy macroalgae (FMA), while uncommon, both decreased significantly with snorkeling level
(Fig 6). All but one of the macroalgal trends remained significant when considering variation
among only the inner bay sites (Table 2).

Long-spined sea urchins Diadema antillarum occurred at abundances of 0-3 individuals m”
2 (range of mean values per reef), and were most common on the offshore patch reefs (#1-2)
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Table 2. Results of ordinary least squares regression (OLS) analysis of variation in the percent cover of benthic organisms among patch reefs
ranked by level of snorkeling in Akumal Bay, Mexico. All categories of organisms were quantified as percent cover except for sea urchins, which were
assessed as abundance of individuals. Seagrasses (phanerogams) did not occur on the patch reefs and were not included in the present table. Columns
include values for all 10 patch reefs examined in the bay, except for the last 2 columns which show values for only the 8 inner bay patch reefs, excluding the 2
outer bay patch reefs (see map Fig 1B for reef locations). The percent cover of both M. cavernosa and A. palmata was too low to be analyzed statistically for
variation among only the 8 inner bay sites. Mounding, branching, and plating corals were defined as all species belonging to each of these 3 major growth
forms of stony corals. A Data log4o-transformed, 1 Data square root-transformed. See text for details.

Type of benthic organism SE T R? P R? P
inner bay only inner bay only

Live stony corals” 0.013 3.244 0.097 <0.01 0.111 <0.01
Mounding corals’ 0.038 0.399 0.002 0.69 0.012 0.33
Branching corals’ 0.034 -3.044 0.086 <0.01 0.061 <0.05
Plating corals® 0.034 -3.025 0.085 <0.01 0.092 <0.01
A. agaricites 0.067 -1.222 0.015 0.22 0.028 0.14
A. tenuifolia® 0.034 -2.847 0.076 <0.01 0.039 0.08
D. clivosa 0.003 -0.877 0.008 0.38 0.001 0.77
D. strigosa 0.064 -4.084 0.145 <0.001 0.035 0.10
O. annularis® 0.036 2.491 0.060 <0.05 0.004 0.56
O. faveolata® 0.036 1.445 0.021 0.15 <0.001 0.98
M. cavernosa 0.030 -1.818 0.033 0.07 N/A N/A
P. astreoides™ 0.021 -0.385 0.002 0.70 0.055 <0.05
P. divaricata 0.025 -0.652 0.004 0.52 0.0001 0.93
P. furcata 0.055 -0.600 0.004 0.55 0.027 0.15
P. porites” 0.009 3.579 0.116 <0.001 0.089 <0.01
S. siderea 0.034 -0.581 0.003 0.56 0.009 0.41
A. cervicornis 0.039 -0.922 0.009 0.36 0.045 0.06
A. palmata 0.145 -2.838 0.076 <0.01 N/A N/A
Other stony corals 0.021 -0.092 0 0.93 0.0001 0.91
Millepora fire corals 0.049 -4.085 0.146 <0.001 0.002 0.68
Gorgonians® 0.042 -2.048 0.041 <0.05 0.097 <0.01
Total algae 0.497 5.027 0.205 <0.001 0.208 <0.001
Turf algae 0.537 -9.104 0.458 <0.001 0.205 <0.001
Calcified macroalgae’ 0.037 2.772 0.073 <0.01 0.113 <0.01
Fleshy macroalgae® 0.031 -3.336 0.102 <0.01 0.099 <0.01
Crustose coralline algae’ 0.055 -5.776 0.254 <0.001 0.028 0.13
Zoanthids (zoantharians) 0.019 -2.139 0.045 <0.05 0.002 0.67
D. antillarum' sea urchins 0.023 -2.739 0.071 <0.01 0.061 <0.05
Other sea urchins’ 0.018 4.053 0.147 <0.001 0.079 <0.01

https://doi.org/10.1371/journal.pone.0184175.t002

as well as on those near the northeastern edge of the study site (reefs #8-10). Their abundance
decreased slightly but significantly with levels of snorkeling (Fig 7). Two other species of sea
urchins (purple urchins Arbacia punctulata and slatepencil urchins Eucidaris tribuloides) were
observed; both of the latter species grouped together occurred at abundances of 0-2 individu-
als m™%. They exhibited the opposite trend to that of D. antillarum, in that their grouped abun-
dance increased slightly but significantly with snorkeling level (Fig 7); trends for all sea
urchins remained significant when analyses included only the inner bay sites (Table 2).

Discussion

This study reveals high rates of recreational snorkeling on some patch reefs at Akumal Bay,
Mexico. Live stony coral cover decreased significantly and macroalgal cover increased
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Fig 4. Growth form (a,b) and species-level (c-f) variation in the percent cover of stony corals among patch reefs ranked by level of
snorkeling in Akumal Bay, Mexico. N = 10 transects examined per reef.

https://doi.org/10.1371/journal.pone.0184175.9004

significantly with increased levels of snorkeling visitation on reefs in this bay. The intensive
snorkeling activity in some areas of the bay (> 1,000 in-water visitors d ') thus may negatively
impact many of the stony corals, potentially opening reef space for algal colonization and lead-
ing to these reefs becoming macroalgal-dominated, as known for some other coral reefs
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Fig 5. Variation in the percent cover of non-coral sessile animals (a: Milleporafire corals, b:
zoanthids [zoantharians], and c: gorgonians) among patch reefs ranked by level of snorkeling in
Akumal Bay, Mexico. N = 10 transects examined per reef.

https://doi.org/10.1371/journal.pone.0184175.9005

exposed to human pressure [52,59]. In-water visitation during peak use hours of the day
approximately doubled over a 2 y period in high-use sections of this bay, from ~170 snorkelers
at 15:00 in 2013 (High Use zone; CEA; [17]) to ~ 340 snorkelers at 16:00 in 2015 (sections I
and ], present study). Even more rapid growth occurred in the once low-use sections of this
bay, of ~ 400% increase in 2 y with ~ 14 snorkelers at 15:00 in 2013 (Low Use zone; CEA; [17])
to 57 at 16:00 in 2015 (sections G and H, present study). Further increases in abundances of
snorkelers in the bay were observed during subsequent observations in 2016 (B. Renfro, pers.
obs.; CEA). This bay has begun to receive high levels of in-water visitation only in recent

years [17,60,61], which may explain in part why many types of reef organisms, including sea
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Fig 6. Growth form variation in the percent cover of macroalgae among patch reefs ranked by level of snorkeling in Akumal Bay,
Mexico. CCA = Crustose coralline algae, CMA = Calcified macroalgae, FMA = Fleshy macroalgae. N = 10 transects examined per reef.

https://doi.org/10.1371/journal.pone.0184175.9006
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Fig 7. Variation in the abundance of Diadema antillarum and other sea urchin species grouped (Arbacia punctulata and Eucidaris
tribuloides) among patch reefs ranked by level of snorkeling in Akumal Bay, Mexico. N = 10 transects examined per reef.

https://doi.org/10.1371/journal.pone.0184175.9007

anemones, symbiotic crustaceans [46], and stony corals (present study) remain abundant on
some reefs in this bay. The geomorphology of Akumal Bay also likely creates conditions that
cause variation in benthic composition among the patch reefs [43]. If the trend of growing
snorkeler pressure is reversed soon and managed at sustainable levels [18], both the living
coral reefs in this bay, and the tourism industry that depends on them, potentially can be
preserved.

Recent completion of a beach resort hotel along the mid-bay likely contributed to expan-
sion of the once clearly high- versus low-use sections [12], into a very high use section at the
northeast end, a moderate and growing-use mid section, and a shrinking section of low use in
the southwest of this bay. This expansion occurred despite designation by CEA of a U-shaped
snorkeling route in the northeast bay (sections I and J in Fig 1), designed to spatially concen-
trate human-reef contact and thus relieve pressure on patch reefs in the remainder of the bay,
thereby aligning future visitor use with the previously-documented high and low use areas
[12]. The designated snorkeler route often was not followed in 2015 due to lack of enforcement
(B. Renfro, pers. obs.). Our results confirm that intensive snorkeling activity expanded
between 2013 and 2015 into reefs of the mid bay (section H, Fig 1), and that as of 2015, live
stony coral cover was low not only in sections J and I but also in H, relative to more extensive
stony coral in the southern bay where snorkelers had not yet become abundant. The observed
shift in community structure from stony corals to dominance by macroalgae likely contributes
to reduced biodiversity, because macroalgae inhibit stony coral settlement and subsequent reef
accretion, limiting the formation of complex coral reef habitats that support diverse organisms
[62,63]. In contrast, coral reef sea anemones and their crustacean associates remain relatively
abundant in section H, indicating that they may be more resilient to intensive reef visitation
than are stony corals, on at least a short-term basis [46].

The species-specific trends in stony coral cover observed here may have been caused by sev-
eral factors. The relatively high percent cover of mounding coral Orbicella annularis on some
patch reefs was unexpected, given the decline of this species recently throughout the Caribbean
[64-66]. However, colonies of O. annularis alter their reproductive strategies to asexually
reproduce more in areas of high disturbance [67], which potentially could boost the percent
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cover of this species where divers disturb the benthos. In the U.S. Virgin Islands, colonies of O.
annularis recently have exhibited similar trends of increased but localized recruitment, support-
ing the idea that this species could be resilient and recovering in some regions of the Caribbean
[68]. Small branching corals Porites porites also occurred on patch reefs with high snorkeling
levels, despite the tendency of their skeletons to fracture when kicked or bumped by visitors
[16]. Colonies of P. porites dominate some disturbed coral reefs [69], and are considered to be
weedy corals with rapid growth that may permit them to quickly colonize space opened by the
decline of other stony coral species, allowing this stony coral to become a “winner” on rapidly
changing reefscapes [66,70]. Colonies of elkhorn coral Acropora palmata were once abundant at
Akumal, as evidenced by their large branching skeletal remains on both the reef crest and
deeper portions of the inner bay (B. Renfro, pers. obs.). Both A. palmata and staghorn corals A.
cervicornis historically dominated reefs throughout the Caribbean Sea [71], but have declined
drastically due to the compounding influences of anthropogenic and natural disturbances
[72,73], including hurricanes Emily and Wilma which both hit the Yucatan Peninsula in 2005
[48,49]. The relationships examined here between the remaining acroporid percent cover and
snorkeling level disappeared when the outer bay (reef crest) sites were removed, indicating their
percent cover may be driven more by outer-inner bay physical gradients than snorkeler pres-
sure. Colonies of Agaricia tenuifolia are weedy corals which colonize open space rapidly and
may take over reefs after acroporids die off [74-76]. However, breakage of the fragile, leafy
plates of A. tenuifolia can outpace rapid skeletal growth [74,77]. Colonies of the symmetrical
brain coral Diploria strigosa have been predicted to dominate Caribbean reefs as “winners” in
the face of growing anthropogenic disturbance [70,78]. Their larval settlement is impaired by
the presence of macroalgae [79], so the high algal cover observed here in heavily-visited bay sec-
tions could deter D. strigosa recruitment. Whatever the causes, our data on high variability
among stony coral types in their relationships with snorkeling intensity on these reefs suggest
that reef-builders may exhibit species-level complexity in their responses to human contact.

The patterns documented here in the cover of both turf algae and erect calcified macroalgae
(CMA) are similar to those reported from other coral reefs exposed to intense human activity
[80-82], and in particular to in-water visitation [17]. Macroalgae may expand in percent cover
when reef space opens for colonization following the decline of competing stony corals
[31,83], and also when they are released from top-down control due to the overharvest [5,6] or
disturbance [29] of herbivorous fishes. The presence of snorkelers leads to an immediate
reduction in the percent time that herbivorous fishes spend foraging on macroalgae in Akumal
Bay [29], possibly acting as a mechanism driving some of the percent cover trends in algae
reported here. Conversely, crustose coralline algae (CCA), which serves as important substrate
for juvenile stony coral settlement, exhibited trends similar to those observed in other reef sys-
tems [80,81]. In-water visitors increase sedimentation on coral reefs by disturbing adjacent
soft substrates [84], and may reduce CCA through this mechanism, because the percent cover
of CCA decreases with reef sediment load [85]. The variation observed here in fleshy macroal-
gal percent cover was unexpected, given that it typically increases with human disturbance on
coral reefs as part of a shift to overall macroalgal dominance [81,86]. Further investigation is
needed to determine factors impacting the abundance of fleshy macroalgae in this bay. We
conclude that complex factors interacting with the biology of each reef species may synergisti-
cally contribute to the variation observed here among some of the benthic taxa, in their percent
cover patterns relative to levels of recreational snorkeling. Effects of indirect, multi-level eco-
logical interactions need be taken into account in future studies that examine community
trends in relation to visitation on coral reefs.

The abundance of long-spined sea urchins Diadema antillarum was highly variable within
some of the examined reef sites, so it is not possible to make firm conclusions about impacts of
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snorkeler activity. These sea urchins were once major herbivores on reefs in the Caribbean,
together with some fishes [31,87]. During the 1980s they experienced a mass die off due to
disease [87], and are now slowly recovering in some areas [33,88] including Mexico [57]. The
relatively high observed abundance of D. antillarum urchins on the outer reef crest could be
due in part to the presence of large A. palmata skeletons that provide more protective crevice
habitat than available at inner bay sites, potentially exacerbated by snorkeler breakage of stony
corals in the inner bay. In contrast, abundances of the 2 other sea urchin species exhibited
patterns which could relate to their small body size and robust, short spines, making them rela-
tively insensitive to disturbance by snorkelers. The latter urchins also likely require less com-
plex habitat (smaller reef holes) for protection than do D. antillarum, allowing them to inhabit
the relatively low-relief reefs of the inner bay. Studies are needed to further assess the potential
effects of recreational snorkeling and related disturbances on sea urchins.

The trends observed here for fire corals, gorgonians and zoanthids (zoantharians) indicate that
these 3 types of reef cnidarians could be sensitive to reef disturbances caused by intensive snorkel-
ing activity. Some studies have reported that gorgonians are not much affected by anthropogenic
disturbances [56,89], while others have quantified negative diver impacts [90]. Some fire corals
possess delicate, easily-fractured skeletons and respond to disturbance similarly to delicate
branching stony corals (scleractinians) [91], in that they are easily broken by divers [84,90].
Mechanisms causing the observed trend for zoanthids (zoantharians) are not clear; as a group,
zoanthids do not exhibit consistent trends in relation to anthropogenic disturbances [92-94].
Identification of members of these groups to the genus or species level in future studies would
allow clearer conclusions to be drawn about their trends in relation to anthropogenic impacts.

Other factors in addition to recreational snorkeling pressure potentially contributed to the
trends in the benthic communities recorded here. The inner and outer bay sites differed
slightly in depth below sea level (~ 1.5 m depth difference) and distance from shore (~ 120-
200 m vs. ~ 250-300 m distant, respectively), but even when outer bay sites were excluded
from analyses, significant trends remained for many of the benthic organisms examined.
Freshwater seeps in Akumal Bay also release nutrients from polluted groundwater in the adja-
cent watershed [95], leading to stony coral growth inhibition and death [96]. However, fresh-
water seeps at Akumal occur mostly in the mid to south bay where snorkeling is infrequent,
resulting in elevated nutrients in those areas relative to the north bay [43] where snorkeling
activity is most intense. Dissolved nutrient levels vary along the Quintana Roo coast of the
Yucatan Peninsula [47], and also fluctuate among years with levels of tourist visitation [97].
Local variation within Akumal Bay in levels of nutrient pollution and elevated sea tempera-
tures both exhibit north-south spatial patterns opposite to that of snorkeling levels within the
bay [43], so neither can fully explain the benthic community patterns reported here. The north
end of Akumal Bay also contains boating lanes and mooring zones whose effects may impact
nearby patch reefs. Boat noise disrupts the settlement behavior of larval coral reef fishes [98],
and the chemicals and heavy metals used in antifouling paints and boat cleaning agents can
leach into the surrounding water, causing damage to adjacent reef ecosystems [99]. Boat traffic
and facilities in the north bay thus may disturb reef organisms and act synergistically with
snorkeling to impact the reef benthos. Much of the boat and automobile traffic at the north
end the bay brings in recreational snorkelers and thus is linked spatially to the intensive snor-
keling activity ([17] B. Renfro pers. obs.). Chemical and noise pollution from these transporta-
tion sources are unlikely to be the sole agents responsible for the coral reef patterns reported
here, because some of the benthic reef damage was observed in the form of stony coral skeletal
fracture and tissue abrasion, both known to be inflicted by snorkelers [16,24].

We conclude that the most intensively-visited coral reefs in Akumal Bay probably have
exceeded their carrying capacity for recreational snorkeling, and that they exhibit low stony
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coral and high macroalgal cover relative to other parts of the bay. Levels of visitation in inten-
sively-used section J (> 1,000 snorkelers day ™, up to ~ 300,000 year ') were 50 times higher
than the carrying capacity estimated for coral reefs of ~ 5000-6000 guided dives site™ year™
[84]. Government limitation of recreational use to the snorkeling paths set up by CEA could
prevent the spread of this reef degradation, and allow areas outside the snorkeling zones to
recover. Additional management actions could include the local hotels encouraging guests to
participate in guided dives, and the restriction of snorkel gear rental to individuals entering
the water with a guide. Both of these management actions would support the education and
employment of local residents as trained snorkel guides. Tour groups led by educated guides
who conduct pre-dive briefings and manage visitor behaviors in-water cause significantly less
damage to reefs than less well-managed groups [16]. The employment of local snorkeling
guides would both limit negative impacts to the environment as well as boost the local econ-
omy [18]. Akumal residents who work as in-water guides appear to be passionate about their
reef resources and more committed to regulating snorkeler behavior than are the non-local
guides who bring in daily busloads of snorkelers from Cancun (B. Renfro, pers. obs.). Due to
the presence of important sea turtle and coral reef resources in Akumal Bay, in 2016 the Mexi-
can government decreed this area as a refuge for protected marine species; then in 2017, the
bay temporarily was closed to in-water snorkeling activities [100]. If this governmental action
is accompanied by the enforcement of sustainable management practices, these coral reefs
may survive the massive incursion of tourist activity that appears to be extending from Cancun
southwards along the Yucatan coastline.

Effective carrying capacities for recreational snorkeling on coral reefs can be reached
through various means, such as spatially limiting human-reef contact to mapped snorkel tour
routes, utilizing in-water guides who provide pre-dive educational briefings as well as inter-
vene when snorkelers exhibit reef-damaging behaviors, and limitation of the total number of
snorkelers visiting each reef site. Regular scientifically-based monitoring of the reef benthos
and fish communities subsequently can be used to support and direct adjustments to these
management efforts. The patterns of recreational snorkeling and reef community structure
described here have implications for other coral reef areas exposed to intensive visitation.
They reveal that benthic reef organisms may exhibit complex, species-specific variation with
in-water snorkeling pressure, and that targeted monitoring of key species is needed to provide
scientifically-based support for the management of heavily-visited reefs.

Supporting information

S1 Table. Raw data on (a) visitation rates within examined sections of Akumal Bay,
Mexico, (b) percent cover of benthic organisms, and (c) abundance of sea urchins on coral
reefs surveyed in the bay. See map Fig 1 and text for details.

(XLSX)

Acknowledgments

We thank B. Figueroa-Zavala and the staff of the Centro Ecologico Akumal (CEA) for provid-
ing facilities and scientific collaboration. M. L. Becker, S. Lee, and W. Hall assisted in the col-
lection of field data. This study was funded by an Auburn University Graduate Research
Fellowship, and an International Women’s Fishing Association Ryan Kelley Memorial Schol-
arship, both to BR. This work was submitted in partial fulfillment of the requirements for an
M.Sc. degree to BR. This is publication #164 of the Auburn University Marine Biology
Program.

PLOS ONE | https://doi.org/10.1371/journal.pone.0184175 September 5, 2017 17/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0184175.s001
https://doi.org/10.1371/journal.pone.0184175

@° PLOS | ONE

Variation in reef community structure with intensive snorkeling

Author Contributions

Conceptualization: Bobbie Renfro, Nanette E. Chadwick.

Formal analysis: Nanette E. Chadwick.

Investigation: Bobbie Renfro.

Methodology: Bobbie Renfro, Nanette E. Chadwick.

Resources: Nanette E. Chadwick.

Writing - original draft: Bobbie Renfro, Nanette E. Chadwick.

Writing - review & editing: Bobbie Renfro, Nanette E. Chadwick.

References

1.

10.

11.

12.

13.

14.

15.

16.

Chadwick NE, Morrow KM. Competition among sessile organisms on coral reefs. In: Dubinsky Z,
Stambler N, editors. Coral Reefs: An Ecosystem in Transition. Dordrecht: Springer Netherlands;
2011. pp. 347-371. Available: http://www.springerlink.com/index/10.1007/978-94-007-0114-4_20

Connell JH. Diversity in tropical rain forests and coral reefs. Science. 1978; 199: 1302—-1310. https://
doi.org/10.1126/science.199.4335.1302 PMID: 17840770

Galzin R, Lecchini D, Lison de Loma T, Moritz C, Parravicini V, Siu G. Long term monitoring of coral
and fish assemblages (1983-2014) in Tiahura reefs, Moorea, French Polynesia. Cybium Rev Int D’Ich-
tyologie. 2016; 40: 1—11.

McClanahan T, Polunin N, Done T. Ecological states and the resilience of coral reefs. Conserv Ecol.
2002; 6: 18.

McCook L. Competition between corals and algal turfs along a gradient of terrestrial influence in the
nearshore central Great Barrier Reef. Coral Reefs. 2001; 19: 419-425. https://doi.org/10.1007/
s003380000119

McManus JW, Polsenberg JF. Coral-algal phase shifts on coral reefs: Ecological and environmental
aspects. Prog Oceanogr. 2004; 60: 263—279. https://doi.org/10.1016/j.pocean.2004.02.014

Mumby PJ. Fishing, trophic cascades, and the process of grazing on coral reefs. Science. 2006; 311:
98-101. https://doi.org/10.1126/science.1121129 PMID: 16400152

Littler M, Littler D, Tityanov E. Comparisons of N-limited and P-limited productivity between high gra-
nitic islands versus low carbonate atolls in the Seychelles archipelago—A test of the relative-domi-
nance paradigm. Coral Reefs. 1991; 10: 199-209.

Miller MW, Hay ME. Coral-seaweed-grazer-nutrient interactions on temperate reefs. Ecol Monogr.
1996; 66: 323—-344. https://doi.org/10.2307/2963521

Burkepile DE, Hay ME. Herbivore vs. nutrient control of marine primary producers: Context-dependent
effects. Ecology. 2006; 87: 3128-3139. PMID: 17249237

Andersson AJ, Gledhill D. Ocean acidification and coral feefs: Effects on breakdown, dissolution, and
net ecosystem calcification. Annu Rev Mar Sci. 2013; 5: 321-348. https://doi.org/10.1146/annurev-
marine-121211-172241 PMID: 22881351

Edmunds PJ, Brown D, Moriarty V. Interactive effects of ocean acidification and temperature on two
scleractinian corals from Moorea, French Polynesia. Glob Change Biol. 2012; 18: 2173—2183. https://
doi.org/10.1111/j.1365-2486.2012.02695.x

Falkenberg LJ, Connell SD, Russell BD. Disrupting the effects of synergies between stressors:
improved water quality dampens the effects of future CO , on a marine habitat. Frid C, editor. J Appl
Ecol. 2013; 50: 51-58. https://doi.org/10.1111/1365-2664.12019

Kleypas JA, Buddemeier RW, Gattuso J-P. The future of coral reefs in an age of global change. IntJ
Earth Sci. 2001; 90: 426—437. https://doi.org/10.1007/s005310000125

Griffith GP, Fulton EA, Gorton R, Richardson AJ. Predicting interactions among fishing, ocean warm-
ing, and ocean acidification in a marine system with whole-ecosystem models. Conserv Biol. 2012; 26:
1145—-1152. https://doi.org/10.1111/j.1523-1739.2012.01937.x PMID: 23009091

Krieger JR, Chadwick NE. Recreational diving impacts and the use of pre-dive briefings as a manage-
ment strategy on Florida coral reefs. J Coast Conserv. 2013; 17: 179-189. http://dx.doi.org/10.1007/
5$11852-012-0229-9

PLOS ONE | https://doi.org/10.1371/journal.pone.0184175 September 5, 2017 18/22


http://www.springerlink.com/index/10.1007/978-94-007-0114-4_20
https://doi.org/10.1126/science.199.4335.1302
https://doi.org/10.1126/science.199.4335.1302
http://www.ncbi.nlm.nih.gov/pubmed/17840770
https://doi.org/10.1007/s003380000119
https://doi.org/10.1007/s003380000119
https://doi.org/10.1016/j.pocean.2004.02.014
https://doi.org/10.1126/science.1121129
http://www.ncbi.nlm.nih.gov/pubmed/16400152
https://doi.org/10.2307/2963521
http://www.ncbi.nlm.nih.gov/pubmed/17249237
https://doi.org/10.1146/annurev-marine-121211-172241
https://doi.org/10.1146/annurev-marine-121211-172241
http://www.ncbi.nlm.nih.gov/pubmed/22881351
https://doi.org/10.1111/j.1365-2486.2012.02695.x
https://doi.org/10.1111/j.1365-2486.2012.02695.x
https://doi.org/10.1111/1365-2664.12019
https://doi.org/10.1007/s005310000125
https://doi.org/10.1111/j.1523-1739.2012.01937.x
http://www.ncbi.nlm.nih.gov/pubmed/23009091
http://dx.doi.org/10.1007/s11852-012-0229-9
http://dx.doi.org/10.1007/s11852-012-0229-9
https://doi.org/10.1371/journal.pone.0184175

@° PLOS | ONE

Variation in reef community structure with intensive snorkeling

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Gil MA, Renfro B, Figueroa-Zavala B, Penié |, Dunton KH. Rapid tourism growth and declining coral
reefs in Akumal, Mexico. Mar Biol. 2015; 162: 2225-2233. https://doi.org/10.1007/s00227-015-2748-z

Honey M. Ecotourism and Sustainable Development: Who Owns Paradise? 2nd ed. Washington, D.
C.: Island Press; 2008.

Brown K, Turner RK, Hameed H, Bateman IAN. Environmental carrying capacity and tourism develop-
ment in the Maldives and Nepal. Environ Conserv. 1997; 24: 316-325.

Shi L. Evaluation of Shangri-La County’s tourism resources and ecotourism carrying capacitiy. Int J
Sustain Dev World Ecol. 2005; 22: 103—109.

lliopoulou-Georgudaki J. Sustainable tourism management and development of a Greek coastal
municipality. Int J Sustain Dev World Ecol. 2016; 23: 143—-153.

Wielgus J, Balmford A, Lewis TB, Mora C, Gerber LR. Coral reef quality and recreation fees in marine
protected areas. Conserv Lett. 2010; 3: 38—44. https://doi.org/10.1111/j.1755-263X.2009.00084.x

Wielgus J, Chadwick-Furman NE, Dubinsky Z, Shechter M, Zeitouni N. Dose—response modeling of
recreationally important coral-reef attributes: A review and potential application to the economic valua-
tion of damage. Coral Reefs. 2002; 21: 253-259. https://doi.org/10.1007/s00338-002-0243-8

Barker NHL, Roberts CM. Scuba diver behaviour and the management of diving impacts on coral
reefs. Biol Conserv. 2004; 120: 481—489. https://doi.org/10.1016/j.biocon.2004.03.021

Guzner B, Novplansky A, Shalit O, Chadwick NE. Indirect impacts of recreational scuba diving: Pat-
terns of growth and predation in branching stony corals. Bull Mar Sci. 2010; 86: 727-742.

van de Water JAJM, Lamb JB, van Oppen MJH, Willis BL, Bourne DG. Comparative immune
responses of corals to stressors associated with offshore reef-based tourist platforms. Conserv Phy-
siol. 2015; 3: cov032. https://doi.org/10.1093/conphys/cov032 PMID: 27293717

Lamb JB, True JD, Piromvaragorn S, Willis BL. Scuba diving damage and intensity of tourist activities
increases coral disease prevalence. Biol Conserv. 2014; 178: 88-96.

McCook L, Jompa J, Diaz-Pulido G. Competition between corals and algae on coral reefs: A review of
evidence and mechanisms. Coral Reefs. 2001; 19: 400—417. https://doi.org/10.1007/s003380000129

Renfro B. Impacts of diving tourists on coral reef community structure and herbivorous reef fish forag-
ing behavior [Internet]. M.Sc. Thesis, Auburn University. 2016. Available: https://holocron.lib.auburn.
edu/handle/10415/5263

DelLoach N. Reef Fish Behavior: Florida Caribbean Bahamas. 1sted. New World Publications, Inc.;
1999.

Hughes T. Catastrophes, phase shifts, and large-scale degradation of a Caribbean coral reef. Science.
1994; 265: 1547-1551. https://doi.org/10.1126/science.265.5178.1547 PMID: 17801530

Aronson RB, Precht WF. Herbivory and algal dynamics on the coral reef at Discovery Bay, Jamaica.
Limnol Oceanogr. 2000; 45: 251-255.

Carpenter RC, Edmunds PJ. Local and regional scale recovery of Diadema promotes recruitment of
scleractinian corals. Ecol Lett. 2006; 9: 271-280. https://doi.org/10.1111/j.1461-0248.2005.00866.x
PMID: 16958892

Bak RPM. Sea urchin bioerosion on coral reefs: Place in the carbonate budget and relevant variables.
Coral Reefs. 1994; 13: 99—-103.

Cabanillas-Teran N, Loor-Andrade P, Rodriguez-Barreras R, Cortés J. Trophic ecology of sea urchins
in coral-rocky reef systems, Ecuador. Peerd. 2016; 4: e1578. https://doi.org/10.7717/peerj.1578
PMID: 26839748

McClanahan TR. Recovery of a coral reef keystone predator, Balisapus undulatus, in East African
marine parks. Biol Conserv. 2000; 94: 191-198.

McClanahan TR, Muthiga NA. Patterns of predation on a sea urchin, Echinometra methaei (de Blain-
ville), on Kenyan coral reefs. J Exp Mar Biol Ecol. 1989; 126: 77-94.

Almada-Villela PC, Sale PF, Gold-Bouchot G, Kjerfve B. Mesoamerican Barrier Reef Systems project:
Manual of methods for the MBRS synoptic monitoring program. Selected methods for monitoring
physical and biological parameters for use in the mesoamerican region [Internet]. Mesoamerican Bar-
rier Reef System project coordinating unit coastal resources Belize City; 2003. Available: http:/
eprints.eriub.org/31/

Torres RM, Momsen JD. Gringolandia: the construction of a new tourist space in Mexico. Ann Assoc
Am Geogr. 2005; 95: 314-335. https://doi.org/10.1111/j.1467-8306.2005.00462.x

INEGI. IX Censo general de poblacion [Internet]. Instituto Nacional de Estadistica, Geografia e Infor-
matica (INEGI), Quintana Roo, Estados Unidos Mexicanos; 1970. Available: http://www.inegi.org.mx/
prod_Serv/contenidos/espanol/bvinegi/productos/censos/poblacion/1970/EUM/IXCGPRG70I.pdf

PLOS ONE | https://doi.org/10.1371/journal.pone.0184175 September 5, 2017 19/22


https://doi.org/10.1007/s00227-015-2748-z
https://doi.org/10.1111/j.1755-263X.2009.00084.x
https://doi.org/10.1007/s00338-002-0243-8
https://doi.org/10.1016/j.biocon.2004.03.021
https://doi.org/10.1093/conphys/cov032
http://www.ncbi.nlm.nih.gov/pubmed/27293717
https://doi.org/10.1007/s003380000129
https://holocron.lib.auburn.edu/handle/10415/5263
https://holocron.lib.auburn.edu/handle/10415/5263
https://doi.org/10.1126/science.265.5178.1547
http://www.ncbi.nlm.nih.gov/pubmed/17801530
https://doi.org/10.1111/j.1461-0248.2005.00866.x
http://www.ncbi.nlm.nih.gov/pubmed/16958892
https://doi.org/10.7717/peerj.1578
http://www.ncbi.nlm.nih.gov/pubmed/26839748
http://eprints.eriub.org/31/
http://eprints.eriub.org/31/
https://doi.org/10.1111/j.1467-8306.2005.00462.x
http://www.inegi.org.mx/prod_Serv/contenidos/espanol/bvinegi/productos/censos/poblacion/1970/EUM/IXCGPRG70I.pdf
http://www.inegi.org.mx/prod_Serv/contenidos/espanol/bvinegi/productos/censos/poblacion/1970/EUM/IXCGPRG70I.pdf
https://doi.org/10.1371/journal.pone.0184175

@° PLOS | ONE

Variation in reef community structure with intensive snorkeling

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

INEGI. Cuaderno de informacion oportuna regional, 117 [Internet]. Instituto Nacional de Estadistica,
Geografia e Informatica (INEGI), Estados Unidos Mexicanos; 2013. Available: http://www3.inegi.org.
mx/sistemas/biblioteca/ficha.aspx?upc=702825000919

INEGI. México en Cifras. In: Instituto Nacional de Estadistica, Geografia e Informatica (INEGI), Esta-
dos Unidos Mexicanos [Internet]. 2010 [cited 3 Dec 2015]. Available: http://www3.inegi.org.mx/
sistemas/mexicocifras/default.aspx?e=23

Hernandez-Terrones LM, Null KA, Ortega-Camacho D, Paytan A. Water quality assessment in the
Mexican Caribbean: Impacts on the coastal ecosystem. Cont Shelf Res. 2015; 102: 62—72. https://doi.
org/10.1016/j.csr.2015.04.015

Molina Hernandez A, van Tussenbroek B. Patch dynamics and species shifts in seagrass communi-
ties under moderate and high grazing pressure by green sea turtles. Mar Ecol Prog Ser. 2014; 517:
143-157. https://doi.org/10.3354/meps11068

DOF. ACUERDO por el que se establece con el nombre de Bahia de Akumal el area de refugio para
la proteccion de las especies que se indican, la porcién marina que se sefiala en el Estado de Quin-
tana Roo. In: Diario Oficial de la Federacion (DOF) [Internet]. 7 Mar 2016 [cited 19 Apr 2016]. Avail-
able: http://www.dof.gob.mx/nota_detalle.php?codigo=5428829&fecha=07/03/2016

Colombara A, Quinn D, Chadwick NE. Habitat segregation and population structure of Caribbean sea
anemones and associated crustaceans on coral reefs at Akumal Bay, Mexico. Bull Mar Sci. 2017; 93
(4): 000—-000. https://doi.org/10.5343/bms.2017.1020

Mutchler T, Dunton KH, Townsend-Small A, Fredriksen S, Rasser MK. Isotopic and elemental indica-
tors of nutrient sources and status of coastal habitats in the Caribbean Sea, Yucatan Peninsula,
Mexico. Estuar Coast Shelf Sci. 2007; 74: 449-457. https://doi.org/10.1016/j.ecss.2007.04.005

Alvarez-Filip L. Impact of Hurricanes Emily and Wilma on the coral community of Cozumel Island,
Mexico. Bull Mar Sci. 2009; 84: 295-306.

Mulcahy N, Kennedy DM, Blanchon P. Hurricane-induced shoreline change and post-storm recovery:
northeastern Yucatan Peninsula, Mexico. J Coast Res. 2016; 2: 1192—1196.

Universidad Nacional Autonoma de Mexico (UNAM) Reef System Unit. Sargassum. In: Universidad
Nacional Autonoma de Mexico: Instituto de Ciencias del Mar y Limnologia, Puerto Morelos, Mexico [Inter-
net]. 2 Sep 2015 [cited 29 May 2016]. Available: http://www.icmyl.unam.mx/arrecifes/Sargazo.html

Dickens LC, Goatley CHR, Tanner JK, Bellwood DR. Quantifying relative diver effects in underwater
visual censuses. PLoS ONE. 2011; 6: €18965. https://doi.org/10.1371/journal.pone.0018965 PMID:
21533039

Hawkins JP, Roberts CM, Van't Hof T, De Meyer K, Tratalos J, Aldam C. Effects of recreational scuba
diving on Caribbean coral and fish communities. Conserv Biol. 1999; 13: 888—-897.

Mantelatto MC, Fleury BG, Menegola C, Creed JC. Cost-benefit of different methods for monitoring
invasive corals on tropical rocky reefs in the southwest Atlantic. J Exp Mar Biol Ecol. 2013; 449: 129—
134. https://doi.org/10.1016/j.jembe.2013.09.009

Humann P, DeLoach N. Reef Coral Identification: Florida, Caribbean, Bahamas. 3rd ed. Jacksonville,
Florida: New World Publications, Inc.; 2002.

Stuhldreier |, Sanchez-Noguera C, Roth F, Jiménez C, Rixen T, Cortés J, et al. Dynamics in benthic
community composition and influencing factors in an upwelling-exposed coral reef on the Pacific coast
of Costa Rica. PeerJ. 2015; 3: e1434. https://doi.org/10.7717/peerj.1434 PMID: 26623190

Oliver LM, Fisher WS, Dittmar J, Hallock P, Campbell J, Quarles RL, et al. Contrasting responses of
coral reef fauna and foraminiferal assemblages to human influence in La Parguera, Puerto Rico. Mar
Environ Res. 2014; 99: 95-105. https://doi.org/10.1016/j.marenvres.2014.04.005 PMID: 24840256

Jordan-Garza AG, Maldonado MA, Baker DM, Rodriguez-Martinez RE. High abundance of Diadema
antillarum on a Mexican reef. Coral Reefs. 2008; 27: 295-295. https://doi.org/10.1007/s00338-007-
0338-3

R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria [Internet]. 2015. Available: http://www.R-project.org/

Muthukrishnan R, Fong P. Multiple anthropogenic stressors exert complex, interactive effects on a
coral reef community. Coral Reefs. 2014; 33: 911-921. https://doi.org/10.1007/s00338-014-1199-1
CEA. Our Story | Centro Ecologico Akumal. In: Centro Ecoldgico Akumal [Internet]. 2015 [cited 16 Feb
2017]. Available: http://communicationsceak.wixsite.com/ceaorg/story

Roy RE. Akumal’s reefs: Stony coral communities along the developing Mexican Caribbean coastline.
Rev Biol Trop. 2004; 52: 869-881. PMID: 17354396

Jones GP, McCormick MI, Srinivasan M, Eagle JV. Coral decline threatens fish biodiversity in marine
reserves. Proc Natl Acad Sci U S A. 2004; 101: 8251-8253. https://doi.org/10.1073/pnas.0401277101
PMID: 15150414

PLOS ONE | https://doi.org/10.1371/journal.pone.0184175 September 5, 2017 20/22


http://www3.inegi.org.mx/sistemas/biblioteca/ficha.aspx?upc=702825000919
http://www3.inegi.org.mx/sistemas/biblioteca/ficha.aspx?upc=702825000919
http://www3.inegi.org.mx/sistemas/mexicocifras/default.aspx?e=23
http://www3.inegi.org.mx/sistemas/mexicocifras/default.aspx?e=23
https://doi.org/10.1016/j.csr.2015.04.015
https://doi.org/10.1016/j.csr.2015.04.015
https://doi.org/10.3354/meps11068
http://www.dof.gob.mx/nota_detalle.php?codigo=5428829&fecha=07/03/2016
https://doi.org/10.5343/bms.2017.1020
https://doi.org/10.1016/j.ecss.2007.04.005
http://www.icmyl.unam.mx/arrecifes/Sargazo.html
https://doi.org/10.1371/journal.pone.0018965
http://www.ncbi.nlm.nih.gov/pubmed/21533039
https://doi.org/10.1016/j.jembe.2013.09.009
https://doi.org/10.7717/peerj.1434
http://www.ncbi.nlm.nih.gov/pubmed/26623190
https://doi.org/10.1016/j.marenvres.2014.04.005
http://www.ncbi.nlm.nih.gov/pubmed/24840256
https://doi.org/10.1007/s00338-007-0338-3
https://doi.org/10.1007/s00338-007-0338-3
http://www.R-project.org/
https://doi.org/10.1007/s00338-014-1199-1
http://communicationsceak.wixsite.com/ceaorg/story
http://www.ncbi.nlm.nih.gov/pubmed/17354396
https://doi.org/10.1073/pnas.0401277101
http://www.ncbi.nlm.nih.gov/pubmed/15150414
https://doi.org/10.1371/journal.pone.0184175

@° PLOS | ONE

Variation in reef community structure with intensive snorkeling

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Graham NA, Wilson SK, Jennings S, Polunin NV, Bijoux JP, Robinson J. Dynamic fragility of oceanic
coral reef ecosystems. Proc Natl Acad Sci. 2006; 103: 8425—-8429. https://doi.org/10.1073/pnas.
0600693103 PMID: 16709673

Edmunds PJ, Elahi R. The demographics of a 15-year decline in cover of the Caribbean reef coral
Montastraea annularis. Ecol Monogr. 2007; 77: 3—-18.

Bruckner A, Hill R. Ten years of change to coral communities off Mona and Desecheo Islands, Puerto
Rico, from disease and bleaching. Dis Aquat Organ. 2009; 87: 19-31. https://doi.org/10.3354/
dao02120 PMID: 20095238

Davies PS. A rapid method for assessing growth rates of corals in relation to water pollution. Mar Pollut
Bull. 1990; 21: 346-348.

Foster NL, Baums IB, Sanchez JA, Paris CB, Chollett I, Agudelo CL, et al. Hurricane-driven patterns
of clonality in an ecosystem engineer: The Caribbean coral Montastraea annularis. PLoS ONE. 2013;
8: €53283. https://doi.org/10.1371/journal.pone.0053283 PMID: 23308185

Edmunds PJ, Ross CLM, Didden C. High, but localized recruitment of Montastraea annularis complex
in St. John, United States Virgin Islands. Coral Reefs. 2011; 30: 123—130. https://doi.org/10.1007/
s00338-010-0676-4

Greenstein BJ, Curran HA, Pandolfi JM. Shifting ecological baselines and the demise of Acropora cer-
vicornis in the western North Atlantic and Caribbean Province: a Pleistocene perspective. Coral Reefs.
1998; 17: 249-261.

Edmunds PJ. Population biology of Porites astreoides and Diploria strigosa on a shallow Caribbean
reef. Mar Ecol Prog Ser. 2010; 418: 87-104.

Adey W. Coral reef morphogenesis: A multidimensional model. Science. 1978; 202: 831-837. https:/
doi.org/10.1126/science.202.4370.831 PMID: 17752443

Larson EA, Gilliam DS, Lépez Padierna M, Walker BK. Possible recovery of Acropora palmata (Scler-
actinia: Acroporidae) within the Veracruz Reef System, Gulf of Mexico: a survey of 24 reefs to assess
the benthic communities. Rev Biol Trop. 2014; 62: 299-308.

Croquer A, Cavada-Blanco F, Zubillaga AL, Agudo-Adriani EA, Sweet M. |s Acropora palmata recov-
ering? A case study in Los Roques National Park, Venezuela. Peerd. 2016; 4: e1539. https://doi.org/
10.7717/peerj.1539 PMID: 26839742

Chornesky EA. The ties that bind: Inter-clonal cooperation may help a fragile coral dominate shallow
high-energy reefs. Mar Biol. 1991; 109: 41-51.

Aronson R, Hilbun N, Bianchi T, Filley T, McKee B. Land use, water quality, and the history of coral
assemblages at Bocas del Toro, Panama. Mar Ecol Prog Ser. 2014; 504: 159—-170. https://doi.org/10.
3354/meps10765

Céceres SM, Sanchez Mufioz JA. Growth strategies of an abundant reef-building coral in the southern
Caribbean (Undaria tenuifolia). Rev Acad Colomb Cienc Exactas Fisicas Nat. 2015; 39: 348. https://
doi.org/10.18257/raccefyn.195

Hasler H, Ott JA. Diving down the reefs? Intensive diving tourism threatens the reefs of the northern
Red Sea. Mar Pollut Bull. 2008; 56: 1788—1794. https://doi.org/10.1016/j.marpolbul.2008.06.002
PMID: 18701118

Flood VS, Pitt JM, Smith SR. Historical and ecological analysis of coral communities in Castle Harbour
(Bermuda) after more than a century of environmental perturbation. Mar Pollut Bull. 2005; 51: 545—
557. https://doi.org/10.1016/j.marpolbul.2005.07.010 PMID: 16242159

Miller M, Valdivia A, Kramer K, Mason B, Williams D, Johnston L. Alternate benthic assemblages on
reef restoration structures and cascading effects on coral settlement. Mar Ecol Prog Ser. 2009; 387:
147-156. https://doi.org/10.3354/meps08097

Smith JE, Brainard R, Carter A, Grillo S, Edwards C, Harris J, et al. Re-evaluating the health of coral
reef communities: baselines and evidence for human impacts across the central Pacific. Proc R Soc B
Biol Sci. 2016; 283: 20151985. https://doi.org/10.1098/rspb.2015.1985 PMID: 26740615

Sandin SA, Smith JE, DeMartini EE, Dinsdale EA, Donner SD, Friedlander AM, et al. Baselines and
degradation of coral reefs in the northern Line Islands. PLoS ONE. 2008; 3: e1548. https://doi.org/10.
1371/journal.pone.0001548 PMID: 18301734

Barott K, Williams G, Vermeij M, Harris J, Smith J, Rohwer F, et al. Natural history of coral-algae com-
petition across a gradient of human activity in the Line Islands. Mar Ecol Prog Ser. 2012; 460: 1—12.
https://doi.org/10.3354/meps09874

Birrell CL, McCook LJ, Willis BL, Diaz-Pulido GA. Effects of benthic algae on the replenishment of cor-
als and the implications for the resilience of coral reefs. Ocean Mar Biol Annu Rev. 2008; 46: 25-63.

Zakai D, Chadwick-Furman NE. Impacts of intensive recreational diving on reef corals at Eilat, north-
ern Red Sea. Biol Conserv. 2002; 105: 179—-187.

PLOS ONE | https://doi.org/10.1371/journal.pone.0184175 September 5, 2017 21/22


https://doi.org/10.1073/pnas.0600693103
https://doi.org/10.1073/pnas.0600693103
http://www.ncbi.nlm.nih.gov/pubmed/16709673
https://doi.org/10.3354/dao02120
https://doi.org/10.3354/dao02120
http://www.ncbi.nlm.nih.gov/pubmed/20095238
https://doi.org/10.1371/journal.pone.0053283
http://www.ncbi.nlm.nih.gov/pubmed/23308185
https://doi.org/10.1007/s00338-010-0676-4
https://doi.org/10.1007/s00338-010-0676-4
https://doi.org/10.1126/science.202.4370.831
https://doi.org/10.1126/science.202.4370.831
http://www.ncbi.nlm.nih.gov/pubmed/17752443
https://doi.org/10.7717/peerj.1539
https://doi.org/10.7717/peerj.1539
http://www.ncbi.nlm.nih.gov/pubmed/26839742
https://doi.org/10.3354/meps10765
https://doi.org/10.3354/meps10765
https://doi.org/10.18257/raccefyn.195
https://doi.org/10.18257/raccefyn.195
https://doi.org/10.1016/j.marpolbul.2008.06.002
http://www.ncbi.nlm.nih.gov/pubmed/18701118
https://doi.org/10.1016/j.marpolbul.2005.07.010
http://www.ncbi.nlm.nih.gov/pubmed/16242159
https://doi.org/10.3354/meps08097
https://doi.org/10.1098/rspb.2015.1985
http://www.ncbi.nlm.nih.gov/pubmed/26740615
https://doi.org/10.1371/journal.pone.0001548
https://doi.org/10.1371/journal.pone.0001548
http://www.ncbi.nlm.nih.gov/pubmed/18301734
https://doi.org/10.3354/meps09874
https://doi.org/10.1371/journal.pone.0184175

@° PLOS | ONE

Variation in reef community structure with intensive snorkeling

85.

86.

87.

88.

89.

90.

91.
92.

93.

94,

95.

96.

97.

98.

99.

100.

Fabricius K, De’ath G. Environmental factors associated with the spatial distribution of crustose coral-
line algae on the Great Barrier Reef. Coral Reefs. 2001; 19: 303-309. https://doi.org/10.1007/
s003380000120

Graham NAJ, Jennings S, MacNeil MA, Mouillot D, Wilson SK. Predicting climate-driven regime shifts
versus rebound potential in coral reefs. Nature. 2015; 518: 94-97. https://doi.org/10.1038/
nature14140 PMID: 25607371

Lessios HA. Mass mortality of Diadema antillarum in the Caribbean: what have we learned? Annu Rev
Ecol Syst. 1988; 371-393.

Miller RJ, Adams AJ, Ogden NB, Ogden JC, Ebersole JP. Diadema antillarum 17 years after mass
mortality: is recovery beginning on St. Croix? Coral Reefs. 2003; 22: 181-187. https://doi.org/10.1007/
s00338-003-0301-x

Lyons PJ, Arboleda E, Benkwitt CE, Davis B, Gleason M, Howe C, et al. The effect of recreational
SCUBA divers on the structural complexity and benthic assemblage of a Caribbean coral reef. Biodi-
vers Conserv. 2015; 24: 3491-3504. https://doi.org/10.1007/s10531-015-1009-2

Chadwick-Furman NE. Effects of SCUBA diving on coral reef invertebrates in the U.S. Virgin Islands:
implications for the management of diving tourism. Proc 6th Int Conf Coelenterate Biol Ed JC Den Har-
tog Natl Natuurhistorisch Mus Leiden Neth. 1997; 91—100.

Lewis JB. Biology and ecology of the hydrocoral Millepora on coral reefs. Adv Mar Biol. 2006; 1-55.

Yang S-Y, Bourgeois C, Ashworth CD, Reimer JD. Palythoa zoanthid “barrens” in Okinawa: examina-
tion of possible environmental causes. Zool Stud. 2013; 52: 39.

Cruz ICS, de Kikuchi RKP, Longo LL, Creed JC. Evidence of a phase shift to Epizoanthus gabrieli
Carlgreen, 1951 (Order Zoanthidea) and loss of coral cover on reefs in the Southwest Atlantic. Mar
Ecol. 2015; 36: 318-325. https://doi.org/10.1111/maec.12141

Santos GS, Burgos DC, Lira SMA, Schwamborn R. The impact of trampling on reef macrobenthos in
northeastern Brazil: how effective are current conservation strategies? Environ Manage. 2015; 56:
847-858. https://doi.org/10.1007/s00267-015-0552-7 PMID: 26070896

Umezawa Y, Miyajima T, Kayanne H, Koike . Significance of groundwater nitrogen discharge into
coral reefs at Ishigaki Island, southwest of Japan. Coral Reefs. 2002; 21: 346-356.

Koop K, Booth D, Broadbent A, Brodie J, Bucher D, Capone D, et al. ENCORE: The effect of nutrient
enrichment on coral reefs. Synthesis of results and conclusions. Mar Pollut Bull. 2001; 42: 91—-120.
PMID: 11381890

Baker DM, Rodriguez-Martinez RE, Fogel ML. Tourism’s nitrogen footprint on a Mesoamerican coral
reef. Coral Reefs. 2013; 32: 691-699. https://doi.org/10.1007/s00338-013-1040-2

Holles S, Simpson S, Radford A, Berten L, Lecchini D. Boat noise disrupts orientation behaviour in a
coral reef fish. Mar Ecol Prog Ser. 2013; 485: 295-300. https://doi.org/10.3354/meps10346

Saphier AD, Hoffmann TC. Forecasting models to quantify three anthropogenic stresses on coral
reefs from marine recreation: Anchor damage, diver contact and copper emission from antifouling
paint. Mar Pollut Bull. 2005; 51: 590-598. https://doi.org/10.1016/j.marpolbul.2005.02.033 PMID:
16291181

CEA. January/February 2017 Newsletter | Centro Ecologico Akumal. In: Centro Ecologico Akumall
[Internet]. 2017 [cited 29 Mar 2017]. Available: http://myemail.constantcontact.com/January-
February-2017-Newsletter.html?soid=1119303485374&aid=B7Mr05nL9Xw.

PLOS ONE | https://doi.org/10.1371/journal.pone.0184175 September 5, 2017 22/22


https://doi.org/10.1007/s003380000120
https://doi.org/10.1007/s003380000120
https://doi.org/10.1038/nature14140
https://doi.org/10.1038/nature14140
http://www.ncbi.nlm.nih.gov/pubmed/25607371
https://doi.org/10.1007/s00338-003-0301-x
https://doi.org/10.1007/s00338-003-0301-x
https://doi.org/10.1007/s10531-015-1009-2
https://doi.org/10.1111/maec.12141
https://doi.org/10.1007/s00267-015-0552-7
http://www.ncbi.nlm.nih.gov/pubmed/26070896
http://www.ncbi.nlm.nih.gov/pubmed/11381890
https://doi.org/10.1007/s00338-013-1040-2
https://doi.org/10.3354/meps10346
https://doi.org/10.1016/j.marpolbul.2005.02.033
http://www.ncbi.nlm.nih.gov/pubmed/16291181
http://myemail.constantcontact.com/January-February-2017-Newsletter.html?soid=1119303485374&aid=B7Mr05nL9Xw
http://myemail.constantcontact.com/January-February-2017-Newsletter.html?soid=1119303485374&aid=B7Mr05nL9Xw
https://doi.org/10.1371/journal.pone.0184175

