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Abstract Ecosystem-based management efforts in coral
reefs typically focus on reducing fishing pressure. How-
ever, independent of overfishing, tourism can degrade coral
reefs through coastal development, as well as the physical
presence of tourists within the ecosystem, the effects of
which remain poorly understood. We combined a 3-year
dataset on coral and algal cover with a more extensive
survey of the benthic community to examine the effect of
intensive tourism on a coral reef in Akumal Bay, Mexico.
Results from our 3-year dataset indicated that near the
peak snorkeling area in the bay, coral cover decreased by
79 % from summer 2011 through summer 2014, a period
in which the number of monthly snorkelers increased by
more than 400 %. Our summer 2013 survey of the benthic
community between sites within a zone of dense snorkeler
traffic versus site at a nearby control location revealed neg-
ative effects of intensive tourism on particular coral mor-
phologies and on the abundance of herbivorous reef fishes.
Our results suggest that uncontrolled tourism, including
accelerating growth in the number of snorkelers, is likely
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contributing to the decline of the coral reef in Akumal Bay,
where further expansions in tourism are planned. Indeed,
the ecosystems threatened by overexploitation via tourism
in the Mayan Riviera also form the basis for the regional
tourism industry. Thus, long-term ecological monitoring
coupled with the establishment and enforcement of regula-
tions on tourism may be essential for the sustainability of
coral reefs, as well as the socioeconomic benefits they pro-
vide in Mexico.

Introduction

The structure and function of coral reefs center on the bal-
ance between corals, upon which the greater community
is based, and algae, which compete with corals for benthic
substrate (McCook et al. 2001; Smith et al. 2006; Rasher
and Hay 2010). Herbivores consume benthic algae and can
thus play an integral role in structuring the benthic com-
munity (Bellwood et al. 2004; Hughes et al. 2010). Conse-
quently, over-exploitation of herbivorous reef fishes and the
resultant release of benthic algae from consumer pressure is
believed to be a ubiquitous mechanism through which coral
reefs are declining globally (Burkepile and Hay 2006). As
a result, ecosystem-based management approaches in coral
reefs have focused overwhelmingly on reducing fishing
pressure, with little attention being paid to other ecologi-
cally threatening human activities (Pandolfi et al. 2005).
However, the rising industry of tourism in and around
coral reefs can drive coral reef degradation through coastal
development and through the presence of tourists within
the reef (Hawkins and Roberts 1992; Leujak and Ormond
2008; Uyarra et al. 2009).

It is understood that coastal development can increase
the frequency and magnitude of terrestrial runoff events
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that drive nutrient enrichment and sedimentation, both of
which can tip the scales in favor of benthic algal domina-
tion over corals (Birrell et al. 2005; Fabricius 2005; Muth-
ukrishnan and Fong 2014). However, the ecological role of
tourists as visitors within coral reefs is far less understood.
While within-reef tourism has the potential to provide an
environmentally and economically sustainable alterna-
tive to the exploitation of fisheries (Honey 2008; Claudet
et al. 2010), snorkel or SCUBA-based reef tourism could
also drive ecological degradation through direct, physi-
cal contact with reef corals (e.g., touching, trampling, boat
anchoring; Harriot et al. 1997; Saphier and Hoffmann
2005; Uyarra et al. 2009; Krieger and Chadwick 2013), re-
suspension of sediment that can harm reef corals (Rogers
1990; Birrell et al. 2005), inputs of nutrient-based human
waste that promotes algal growth (Fabricius 2005), or mod-
ification of the behavior of reef fishes that perceive tour-
ists or boats as threats (Graham and Cooke 2008). Through
diverse mechanisms, excessive snorkel or SCUBA-based
tourism may undermine the sustainability of both coral
reefs and, consequently, tourism industries, upon which
many developing nations depend.

Tourism in the Mayan Riviera, Mexico, contributes sig-
nificantly to the Mexican economy and is growing rapidly.
The number of hotel rooms in the state of Quintana Roo
(home to the Mayan Riviera) increased by nearly 80,000
between 1975 and 2010 (Baker et al. 2013; INEGI 2014).
An increasingly popular tourist destination in this area, par-
ticularly for snorkeling, is the town of Akumal (Mayan for
“place of the turtle”), which hosts an abundant sea turtle
population just offshore in Akumal Bay. Year round, Aku-
mal Bay draws buses and boats full of snorkelers, which
grow in number annually. While sea turtles attract snorkel-
ers to Akumal Bay, snorkel tours and the growing tourism
infrastructure on land may degrade coral reefs that support
these turtle populations, as well as a vast diversity of other
marine life. Despite potentially broad socioeconomic con-
sequences, the ecological effects of tourism in Akumal Bay
remain largely unknown (but see Roy 2004; Mutchler et al.
2007; Baker et al. 2013).

Snorkel tours concentrate almost exclusively on the
north side of Akumal Bay, because this side (1) experi-
ences high densities of green sea turtles, grazing on sea-
grass habitat; (2) has permanent moorings to guide tour
boats into the lagoon; (3) has direct road access for tour
buses; and (4) is closer to public restaurants and shops.
The coral reef habitat that is just south of this ‘snorkeler
hotspot’ is seldom visited by snorkelers. This explicit spa-
tial pattern in snorkeler use combined with the temporal
pattern of increasing tourism in Akumal Bay provides a
unique opportunity to address questions regarding the
effects of tourism on coral reefs. Here, we report on our
in situ investigation of the benthic community in response
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to differences in tourism over time and space in the coral
reef of Akumal Bay.

Materials and Methods
Monitoring benthic cover (2011-2014)

Beginning in the summer of 2011, the conservation
organization Centro Ecolégico Akumal (CEA) extended
their long-term monitoring program (began in 2006) to
include the backreef of Akumal Bay, where snorkeling
has become increasingly popular. Benthic survey data
were collected from patch reefs in the backreef using the
point-contact method of either 100 points from each of
six 10-m-long transects per site (for years 2011-2012,
following the AGRRA protocol; Lang et al. 2010) or 120
points from each of five 30-m-long transects per site (for
years 2013-2014, following the MBRS protocol; Almada-
Villela et al. 2003). These sampling methods yielded 600
substrate contact points, each of which was identified to
functional group, providing a measure of relative cover of
the benthos for each site for each sampling phase. For each
of the 1-3 annual sampling phases, the 56 transects were
haphazardly deployed within each site, which covered an
approximate area of 100 m>. We compared two backreef
sites of similar depth (1.4-3.8 and 1-2.2 m, respectively)
and environmental conditions within Akumal Bay: one near
and one far from the major snorkel tourism traffic zone.
The long-term site nearer to the high-tourism area in the
bay (LT-near) was monitored from summer 2011 through
summer 2014, and the long-term site further from the high-
tourism area in the bay (LT-far) was monitored from fall
2012 through summer 2014. In addition, CEA conducted
daily monitoring of Akumal Bay snorkeler use from 0800
to 1700 h from January 2011 through the summer of 2014.
Time and date of water entry of snorkelers, and the total
number of tourists and accompanying guides snorkeling
in the bay were recorded by a research assistant aided (via
radio communication) by lifeguards located at 2-3 observa-
tion points along the shoreline of Akumal Bay.

Benthic community survey (2013)

In May of 2013, we conducted surveys of benthic taxa,
including reef fishes, within patch reef sites subjected to
high and low levels of snorkel-based tourism in Akumal
Bay, Mexico (denoted as ‘Lo’ and ‘Hi’, for low and high
tourism sites, respectively, in Fig. 1). We chose our two site
categories [i.e., central location: few tourists (control) vs.
northern location: many tourists (impact)] based on daily
tourist counts (over 7 days) made at 1500 h, a peak hour for
tourist activity identified in previous surveys by CEA. Each
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Fig.1 Map of our study region (a) and study location in Akumal
Bay, Mexico (b), 20.3945° N x 87.3137° W, including the sites from
our multi-year monitoring (LT-far & LT-near) and our 2013 benthic

day, we counted tourists in the water (including snorkelers
and swimmers, though the former was the overwhelmingly
dominant group) and on the beach by walking (three times)
the length of beach parallel to the shoreline from the cen-
tral to the northern part of Akumal Bay. Within our control
and impact site categories, we selected three replicate sites
composed of a minimum of 140 m? of patch reef (hard sub-
strate), over which we conducted transects. We also chose
impact and control sites with the least possible differences
in depth (1-1.7 and 1-1.2 m) and distance from shoreline
(171-188 and 170-189 m, to the west shore), to minimize
factors that could confound tourism effects.

At each site, we deployed three 14 m transects parallel
to the shoreline. At six randomized points along each tran-
sect, we placed a 0.5 m? quadrat, within which we visu-
ally quantified relative benthic cover, including benthic
algae, live and dead hard coral, soft coral, and other sessile
invertebrates. We also measured the relative abundance of
reef fishes using 3 x 14 m belt transects conducted in two
replicate trials atop benthic survey transects at each site.
We allowed 5 min for fishes to acclimate to the presence
of the transect tape before conducting fish counts. Trials
were run on different days between the hours of 800—1000
at each site, to control for any differences in fish activity
throughout the day. We swam each transect at a fixed pace
(0.5 m min~") and counted and identified (at least to fam-
ily) all fishes present within the 42 m* area. To minimize
the likelihood of double counting fishes between transects,

LT-Near:

community survey (Lol, Lo2, Lo3, & Hil, Hi2, Hi3), where “Lo”
designates low-tourism sites and “Hi” designates high tourism sites.
The map was created using Google Earth

fish counts were conducted simultaneously at all three tran-
sects at each site, and thus, three researchers were required.
To control for observer bias, the same three researchers
conducted simultaneous fish counts across all sites.

Data analyses

All statistical modeling was conducted in R (R Core Team
2013). For the long-term monitoring data on benthic
cover, we analyzed the response of coral cover and algal
cover to the main effects of site and time, as well as the
interaction between these two factors, using linear mod-
els. We log-transformed the coral cover data [log(x + 1)]
to meet model assumptions of normality and homosce-
dasticity. For long-term snorkel-based tourist monitoring,
we analyzed the effect of time on monthly tourist num-
bers using a linear model with a quadratic term. For data
from the 2013 benthic community survey, we used linear
models to compare daily tourist counts between our two
site types, and we used linear mixed effects models within
the R package nlme (Pinheiro et al. 2013), to measure the
response of corals, algae, and fishes to snorkel-based tour-
ism (impact vs. control; fixed effect), treating study site
and transect as nested random effects. Data were trans-
formed and/or weighted based on variance, as needed, to
meet model assumptions of normality and homoscedas-
ticity (see Table 1 for data transformations and variance
weighting functions used).
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Table 1 Summary of data
analyses performed in R (R
Core Team 2013) on data from
our multi-year monitoring and
benthic community survey in
Akumal Bay

Approach Response Factor Coefficient p Significance
Multi-year monitoring Hard coral cover* Time (mo.) —0.366 <0.001  #**
(‘near’ site only; all dates)  Snorkelers —0.000068 0.013 *
Algal cover Time (mo.) 0.42 0.074
(‘near’ site only; all dates)  Snorkelers 0.00078 0.12
Hard coral cover* Site —0.53 0.0093 **
(‘near’ and ‘far’ sites; Time (mo.)  0.0059 0.38
fall 2012 to fall 2014) Site/time ~ —0.033 0.17
Algal cover Site 1.53 0.78
(‘near’ and ‘far’ sites; Time (mo.)  0.76 0.023 *
fall 2012 to fall 2014) Site/time 0.2 0.77
Benthic community survey No. of tourists in water* Site 2.46 <0.0001 ***
No. of tourists on beach*  Site 1.00 0.020 *
Branching coral cover'® Site —0.84 0.068
Mounding coral cover”® Site -3 0.47
Plating coral cover Site —7.6 0.014 *
Dead coral cover® Site 0.19 0.039 *
Algal cover™ Site 0.21 0.64
No. of macroalgal spp.*®  Site 0.11 0.18
No. of fishes** Site —-0.35 0.19
No. of fish families Site 0.28 0.67
No. of herbivorous fishes*" Site —-0.52 0.052

Monitoring data were analyzed using linear models (fixed effects only), and benthic community survey
data were analyzed using linear mixed effects models, treating site and transect as nested random effects

(Pinheiro et al. 2013)

Significance codes: 0 “****(0.001 “***0.01 “**0.05 0.1

* Data were log-transformed; © Data were square-root transformed; ¥ Data were arcsine square-root trans-
formed; " Variance was modeled with an exponential function (Pinheiro et al. 2013); A Variance was mod-
eled with a power function (Pinheiro et al. 2013)

Results

All statistical models met assumptions of normality and
homoscedasticity, as verified by model residual plots. The
number of snorkelers in Akumal Bay grew at an accelerat-
ing rate over a period encompassing our study (> = 0.71,
p < 0.0001): monthly snorkelers increased over fourfold in
3 years, peaking at <5000 in the summer of 2011 to over
20,000 in the summer of 2014 (Fig. 2). The results from
our multi-year monitoring data of the site nearer to the
high-tourism area of the bay, from summer 2011 through
summer 2014, showed that time had a significant negative
effect on coral cover (r2 = 0.29, p < 0.001), with an aver-
age loss of 79 %, from 16.7 to 3.5 % coral cover (Fig. 3).
Time had a marginally significant positive effect on algal
cover (¥ = 0.086, p = 0.076; Fig. 3). Similarly, the num-
ber of snorkelers for each benthic survey month had a sig-
nificant negative effect on coral cover (7 = 0.16, p =0.01)
and a positive, albeit insignificant, effect on algal cover
(? = 0.064, p = 0.1). Regarding our multi-year monitoring
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Fig. 2 The number of monthly snorkelers visiting north Akumal Bay

over our study period
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Fig. 3 The mean (£95 % CI) percentage of substrate covered in
coral (solid line, light gray error bars) and benthic algae (dotted line,
dark gray error bars) from summer 2011 through summer 2014 from
random transects taken from a site near the major snorkel tourism
traffic zone in north Akumal Bay

data for both high and low (control) tourism sites (fall 2012
through summer 2014), for coral cover, the main effect of
site was significant (p = 0.009), with the location nearer to
the snorkeling hotspot having lower coral cover (Fig. 4).
The main effect of time on coral cover was insignificant
(p = 0.4). Conversely, for algal cover, the main effect of site
was insignificant (p = 0.8), while the main effect of time
was significant (p = 0.03), indicating an average annual
increase in algal cover of 9.1 % in Akumal Bay (Fig. 4).
There was no significant interaction between site and time
for coral (p = 0.2) or algal cover (p = 0.8), indicating that
changes in coral or algal cover over time did not differ sig-
nificantly between the sites for the 2 years that they were
both monitored (from fall 2012 through summer 2014).
Results from our summer 2013 benthic community sur-
vey complemented our monitoring data by providing more
specific insights regarding benthic communities between
control and impact sites (summarized in Fig. 5; Table 1).
First, our daily tourist counts validated our site category
assignments, indicating significantly greater numbers of
tourists in the water (13-fold greater; p < 0.001) and on
the beach (3.5-fold greater; p = 0.020) for the impact rela-
tive to the control location. We observed a negative effect
of high tourism on hard coral cover for all coral morpholo-
gies; though this effect was insignificant for mounding cor-
als [37.3 % decrease (from control to tourism sites), from
8.94 to 5.61 % cover; p = 0.5], it was marginally signifi-
cant for branching corals (90.4 % decrease, from 1.26 to
0.12 % cover; p = 0.07) and significant for plating corals
(93.4 % decrease, from 8.1 to 0.54 %; p = 0.01). High-
tourism locations also had significantly higher dead coral
cover (50.5 % increase, from 38.1 to 57.4 %; p = 0.04) and
a higher abundance (15.2 % increase, from 17.1 to 19.7 %
cover) and number of taxa (77 % increase, from 24.6 to
43.5 taxa) of benthic algae, though these latter effects were

>

% coral cover

% algal cover

- further from tourism
= nearer to tourism

20

Aug. Sept.
2014 2014
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2013 2013 2014
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2012 2013 2013

Fig. 4 The mean (£95 % CI) percentage of substrate covered in
coral (a) and benthic algae (b) from fall 2012 through summer 2014
from random transects taken from a near site (solid line, dark gray
error bars) and a far site (dotted line, light gray error bars) relative to
the major snorkel tourism traffic zone in north Akumal Bay

insignificant (p = 0.6 and 0.2, respectively). Finally, high
tourism had insignificant effects on the abundance of reef
fishes and the number of reef fish families but a margin-
ally significant negative effect on the abundance of herbivo-
rous reef fishes (73.9 % decrease, from 41.0 to 23.6 fishes;
p = 0.05).

Discussion

Our data establish a link between tourism and declines
in coral cover over time (Figs. 2, 3; Table 1) and space
(Fig. 5) in Akumal Bay, Mexico. In particular, our data sug-
gest that snorkel-based tourism in the bay may reduce coral
cover, though the magnitude of this effect was trait depend-
ent, with more structurally reinforced mounding morpholo-
gies of coral showing greater resilience than more fragile
branching or plating morphologies (Fig. 5). Thus, tourism
within coral reefs may affect the species composition of
corals, which serve different functional roles in the system
and could, consequently, have different feedbacks on other
members of the community (e.g., fishes and invertebrates
that reside in/under branching/plating corals). Moreover,
our data indicate that fish abundance (particularly that of
herbivores; Fig. 5) is also negatively affected by snorkel-
based tourism, suggesting that the accelerating growth
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Fig. 5 Characteristics of corals,
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rate of snorkelers in Akumal Bay (Fig. 2) could elicit top-
down (consumer-mediated) controls on the composition of
the benthic community indirectly, through reef fish habitat
loss (i.e., coral declines), or directly, through trait-mediated
effects on herbivorous fishes (Preisser et al. 2005; Madin
et al. 2010a, b). These effects could occur in combination
with bottom-up effects (e.g., nutrient pollution, sedimenta-
tion) that favor the growth of benthic algae that increased
in Akumal Bay over time (Fig. 4) and that threaten corals
and the stability of the greater ecosystem (Bellwood et al.
2004).

Several mechanisms could have driven the patterns we
observed in our data, and though our site categories of
low and high tourism were inherently clustered in space
(Fig. 1), we expect confounding factors to have played a
minor role in our observed effects of tourism. First, while
coastal development can enhance nutrient runoff, this is
unlikely to have driven differences between our high tour-
ism and control sites, because Akumal Bay is situated atop
a karstic groundwater system, which diffuses wastewater
widely (Mutchler et al. 2007; Nicholls 2008; Baker et al.
2013). For example, Baker et al. (2013) showed a correla-
tion between levels of regional tourism and excess nitrogen
accumulated in the tissues of sea fans >1 km offshore, on
the forereef outside of Akumal Bay. Thus, if nutrients of
terrestrial origin affected our study sites, they likely had
similar effects across sites, which were proximate in space
(Fig. 1). Moreover, large-scale nutrient runoff effects could
explain the general increase over time of algal cover in the
bay (Figs. 2, 3), as well as the lack of significant site dif-
ferences (multi-year monitoring sites) regarding changes in
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coral or algal cover over time (Fig. 4; Table 1). Conversely,
snorkel tourists directly deposit nutrient waste into the reef
through urination, which could potentially lead to local-
ized spikes in nutrients that could facilitate algal produc-
tion (though insignificant increases in algal abundance and
richness provided weak evidence for this effect; Fig. 5) or
inhibit coral growth directly (Fabricius 2005; Gil 2013).
Differences in water flow and storm surge between our
sites could have contributed to the patterns in our responses,
though we expect that these contributions did not bias our
results. First, all of our study sites were generally close in
space and at similar depths within a tidally protected back-
reef location with relatively calm wave action (Fig. 1).
Nonetheless, water flow from wave action in calm backreef
habitats can dissipate significantly with distance from the
reef crest (Hench et al. 2008), and while our 2013 com-
munity survey sites were similarly distant from the reef
crest, our multi-year survey site near the high-tourism zone
of the bay was positioned closer to the reef crest than our
other long-term site (Fig. 1). Because increased water flow
can enhance coral growth and survival and reduce harmful
effects of sediment, nutrients or algae on corals (Nakamura
and van Woesik 2001; Brown and Carpenter 2013; Comeau
et al. 2014; Gowan et al. 2014), we would expect flow to
increase coral cover at our multi-year survey site near the
high-tourism zone relative to the control site (further from
the reef crest), a pattern that opposes what we observed
(Fig. 4). Thus, it is unlikely that flow confounded the effect
of tourism on our multi-year monitoring data. In addition,
while storm surge can drive pronounced increases in flow
that could affect parts of Akumal Bay differently (e.g., the
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south vs. east-facing shore, Fig. 1), over our study period
only one major storm system (tropical storm Rina) passed
over Akumal (on October 28, 2011), but did not elicit
observable changes in either coral or algal cover (Fig. 3).
While differences in flow due to oceanographic and mete-
orological processes were unlikely to have qualitatively
affected our results, snorkelers can have localized effects
on water flow that cause re-suspension of sediments into
the water column. Resultant increases in sedimentation
can reduce coral survival and recruitment and also facili-
tate algal overgrowth (Rogers 1990; Birrell et al. 2005).
Moreover, physical disturbances from snorkelers inciden-
tally coming into contact with corals can damage coral
tissue and skeletons and thus could have caused observed
increases in dead coral cover (Fig. 5; Hawkins and Roberts
1992; Krieger and Chadwick 2013).

While fishing reduces fish abundance and species rich-
ness in many coral reef systems (Bellwood et al. 2004;
Hughes et al. 2010), the fishing industry in Akumal Bay
is almost exclusively an offshore enterprise, due, at least
in part, to competition with lucrative and dominant snor-
kel-based tour operations. However, non-fishing snorkel-
ers may nonetheless affect the behavior and thus the local
abundances of fishes (Di Franco et al. 2013), which may
perceive Akumal’s snorkel tourists (which generally do
not feed fish) as predators. Indeed, we observed fewer reef
fishes (particularly herbivores) at high snorkel-based tour-
ism sites, an effect that could be driven by trait-mediated
effects of snorkel tourists (Preisser et al. 2005). However,
reef fish declines in sites with high snorkel tourism could
also be driven by associated declines in corals (Fig. 5),
which provide both refuge and settlement cues to reef
fishes (Paddack et al. 2009; Dixson et al. 2014). No mat-
ter the mechanism, reductions in the abundance or foraging
behavior of herbivorous reef fishes could release algae from
grazing pressure (Preisser et al. 2005), the effects of which
we may have only begun to observe in our data, showing
positive, though insignificant, effects of intensive tourism
on the abundance and richness of algae (Fig. 5; Table 1).
Furthermore, recent work has shown that the combina-
tion of reduced herbivore densities and high sedimentation
(which can be driven by snorkelers) can have synergistic
negative effects on coral cover (Muthukrishnan and Fong
2014).

Tourism in Akumal remains entirely unregulated, and
there are imminent plans to expand the tourism enter-
prise, including hotels and snorkel tours, to the south side
of Akumal Bay. This pattern of development is charac-
teristic of the greater region of the Mayan Riviera, where
tourism continues to grow and expand rapidly, now
reaching far south of Cancun toward the Belize border
(Rioja-Nieto and Sheppard 2008; Figueroa-Zavala et al.
2015). Tourism based on ecological attractions is an

essential component of the economy in many developing
nations (Honey 2008) such as Mexico, where tourism in
Quintana Roo forms the backbone of the economy. How-
ever, our data suggest that rapidly growing tourism in
this region may be unsustainable, as tourism in Akumal
Bay is linked to ecological degradation of the valuable
coral reef ecosystem. This ecological degradation can not
only have adverse effects on various resident organisms
in the reef system (including charismatic sea turtles) but
can also have important feedbacks on tourism itself. For
example, studies show that reef tourists place the great-
est value on coral cover, complexity and fish abundance
(Uyarra et al. 2009), which show negative responses to
tourism in Akumal Bay (Figs. 3, 5). Additionally, proxi-
mate environmental effects of tourism could interact with
ultimate stressors brought on by global climate change,
potentially further increasing the susceptibility of coastal
tourism hotspots to costly ecological degradation (Bridge
et al. 2014; Foster et al. 2014). For these reasons, it is
imperative that long-term monitoring efforts in Akumal
Bay be continued and expanded to include additional
locations throughout the bay and in nearby sister bays.
The insights gained from monitoring and other scientific
efforts can be used to inform tourism regulations, with
the goal of ecological preservation for long-term socio-
economic sustainability.

Acknowledgments We thank Marine Botany-Mexico (Univer-
sity of Texas at Austin) instructors P. Bucolo, S. Fredriksen, D. Erd-
ner, L. Rocha, and S. Wilson, and students L. Baum, M. Becker, S.
Cathey, C. Chaloupka, S. Garza, H. Graham, J. Griffin, W. Hall, S.
Killian, M. Lopez, K. Mendenhall, S. Setta, K. Thompson, C. Wood,
and J. Young, who assisted with data collection. We are grateful to P.
Sanchez-Navarro and the greater Centro Ecolégico Akumal organiza-
tion, as well as L. Bush Wolfe (Hotel Akumal Caribe) for field logisti-
cal support, lecture and laboratory space, and housing. This study was
partially funded by an undergraduate research initiative sponsored by
The University of Texas at Austin Executive Vice President and Prov-
ost’s 2013 Initiative for International Studies to KD. MAG was sup-
ported by a National Science Foundation Graduate Research Fellow-
ship award (DGE-0802270) and a Florida Sea Grant Fellowship.

References

Almada-Villela P, Sale P, Gold-Bouchot G, Kjerfve B (2003) Man-
ual of methods for the MBRS synoptic monitoring program. In:
Mesoamerican Barrier Reef Systems Project (MBRS), Belize
City, Belize, Project Coordinating Unit, Coastal Resources
Multi-Complex Building, pp 1-155

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

Bellwood DR, Hughes TP, Folke C, Nystrom M (2004) Confronting the
coral reef crisis. Nature 429:827-833. doi:10.1038/nature02691

Birrell C, McCook L, Willis B (2005) Effects of algal turfs and
sediment on coral settlement. Mar Pollut Bull 51:408-414.
doi: 10.1016/j.marpolbul.2004.10.022

@ Springer


http://dx.doi.org/10.1007/s00338-013-1040-2
http://dx.doi.org/10.1038/nature02691
http://dx.doi.org/10.1016/j.marpolbul.2004.10.022

Mar Biol

Bridge TCL, Ferrari R, Bryson M, Hovey R, Figueira WF, Williams
SB, Pizarro O, Harborne AR, Byrne M (2014) Variable responses
of benthic communities to anomalously warm sea temperatures
on a high-latitude coral reef. PLoS One. doi:10.1371/journal.
pone.0113079

Brown AL, Carpenter RC (2013) Water-flow mediated oxygen
dynamics within massive Porites—algal turf interactions. Mar
Ecol Prog Ser 490:1-10. doi:10.3354/meps10467

Burkepile DE, Hay ME (2006) Herbivore versus nutrient control of
marine primary producers: context-dependent effects. Ecology
87:3128-3139

Claudet J, Lenfant P, Schrimm M (2010) Snorkelers impact on
fish communities and algae in a temperate marine pro-
tected area. Biodivers Conserv 19:1649-1658. doi:10.1007/
$10531-010-9794-0

Comeau S, Edmunds PJ, Lantz CA, Carpenter RC (2014) Water flow
modulates the response of coral reef communities to ocean acidi-
fication. Sci Rep. doi:10.1038/srep06681

Di Franco A, Baiata P, Milazzo M (2013) Effects of recreational scuba
diving on Mediterranean fishes: evidence of involuntary feeding?
Mediterr Mar Sci 14:15-18

Dixson DL, Abrego D, Hay ME (2014) Chemically mediated behavior
of recruiting corals and fishes: a tipping point that may limit reef
recovery. Science 345:892-897. doi:10.1126/science.1255057

Fabricius KE (2005) Effects of terrestrial runoff on the ecology of
corals and coral reefs: review and synthesis. Mar Pollut Bull
50:125-146. doi:10.1016/j.marpolbul.2004.11.028

Figueroa-Zavala B, Correa-Sandoval J, Ruiz-Zarate M-A, Weissen-
berger H, Gonzélez-Solis D (2015) Environmental and socio-
economic assessment of a poorly known coastal section in the
southern Mexican Caribbean. Ocean Coast Manag 110:25-37.
doi:10.1016/j.ocecoaman.2015.02.010

Foster T, Short JA, Falter JL, Ross C, McCulloch MT (2014) Reduced
calcification in Western Australian corals during anomalously
high summer water temperatures. J Exp Mar Biol Ecol 461:133—
143. doi:10.1016/j.jembe.2014.07.014

Gil MA (2013) Unity through nonlinearity: a unimodal coral-nutrient
interaction. Ecology 94:1871-1877. doi:10.1890/12-1697.1

Gowan JC, Tootell JS, Carpenter RC (2014) The effects of water
flow and sedimentation on interactions between massive
Porites and algal turf. Coral Reefs 33:651-663. doi:10.1007/
s00338-014-1154-1

Graham AL, Cooke SJ (2008) The effects of noise disturbance from
various recreational boating activities common to inland waters
on the cardiac physiology of a freshwater fish, the largemouth
bass (Micropterus salmoides). Aquat Conserv Mar Freshw Eco-
syst 18:1315-1324. doi:10.1002/aqc.941

Harriot VJ, Davis D, Banks SA (1997) Recreational diving and its
impact in marine protected areas in eastern Australia. Ambio
26:173-179

Hawkins JP, Roberts CM (1992) Effects of recreational SCUBA div-
ing on fore-reef slope communities of coral reefs. Biol Conserv
62:171-178

Hench JL, Leichter JJ, Monismith SG (2008) Episodic circulation and
exchange in a wave-driven coral reef and lagoon system. Limnol
Oceanogr 53:2681-2694. doi:10.4319/10.2008.53.6.2681

Honey M (2008) Ecotourism and sustainable development: who owns
paradise?, 2nd edn. Island Press, Washington

Hughes TP, Graham NAJ, Jackson JBC, Mumby PJ, Steneck RS
(2010) Rising to the challenge of sustaining coral reef resilience.
Trends Ecol Evol 25:633-642. doi:10.1016/j.tree.2010.07.011

INEGI (2014) Cuaderno de informacién oportuna regional. Instituto
Nacional de Estadistica y Geografia (INEGI), Mexico, pp 1-219

Krieger J, Chadwick N (2013) Recreational diving impacts and the use of
pre-dive briefings as a management strategy on Florida coral reefs.
J Coast Conservation 17:179-189. doi:10.1007/s11852-012-0229-9

@ Springer

Lang JC, Marks KW, Kramer PA, Kramer PR, Ginsburg RN (2010)
AGRRA protocols version 5.4. Atlantic and Gulf Rapid Reef
Assessment Program, Florida, pp 1-31

Leujak W, Ormond RFG (2008) Quantifying acceptable levels of visi-
tor use on Red Sea reef flats. Aquat Conserv Mar Freshw Eco-
syst 18:930-944. doi: 10.1002/aqc.870

Madin EMP, Gaines SD, Madin JS, Warner RR (2010a) Fishing indi-
rectly structures macroalgal assemblages by altering herbivore
behavior. Am Nat 176:785-801. doi:10.1086/657039

Madin EMP, Gaines SD, Warner RR (2010b) Field evidence for per-
vasive indirect effects of fishing on prey foraging behavior. Ecol-
ogy 91:3563-3571. doi:10.1890/09-2174.1

McCook LJ, Jompa J, Diaz-Pulido G (2001) Competition between
corals and algae on coral reefs: a review of evidence and mecha-
nisms. Coral Reefs 19:400—417

Mutchler T, Dunton KH, Townsend-Small A, Fredriksen S, Rasser
MK (2007) Isotopic and elemental indicators of nutrient sources
and status of coastal habitats in the Caribbean Sea, Yucatan Pen-
insula, Mexico. Estuar Coast Shelf Sci 74:449-457

Muthukrishnan R, Fong P (2014) Multiple anthropogenic stressors
exert complex, interactive effects on a coral reef community.
Coral Reefs 33:911-921. doi:10.1007/s00338-014-1199-1

Nakamura T, van Woesik R (2001) Water-flow rates and passive dif-
fusion partially explain differential survival of corals during
the 1998 bleaching event. Mar Ecol Prog Ser 212:301-304.
doi:10.3354/meps212301

Nicholls TA (2008) Decadal-scale changes in coral reefs in Quintana
Roo, Mexico. All Graduate Theses and Dissertations. Paper 238.
http://digitalcommons.usu.edu/etd/238

Paddack MJ, Reynolds JD, Aguilar C, Appeldoorn RS, Beets J, Bur-
kett EW, Chittaro PM, Clarke K, Esteves R, Fonseca AC, For-
rester GE, Friedlander AM, Garcia-Sais J, Gonzalez-Sanson G,
Jordan LKB, McClellan DB, Miller MW, Molloy PP, Mumby
PJ, Nagelkerken I, Nemeth M, Navas-Camacho R, Pitt J, Polunin
NVC, Reyes-Nivia MC, Robertson DR, Rodriguez-Ramirez A,
Salas E, Smith SR, Spieler RE, Steele MA, Williams ID, Wor-
mald CL, Watkinson AR, Cote IM (2009) Recent region-wide
declines in Caribbean reef fish abundance. Curr Biol 19:590—
595. doi:10.1016/j.cub.2009.02.041

Pandolfi JM, Jackson JBC, Baron N, Bradbury RH, Guzman HM,
Hughes TP, Kappel CV, Micheli F, Ogden JC, Possingham HP,
Sala E (2005) Are U.S. coral reefs on the slippery slope to slime?
Science 307:1725-1726. doi:10.1126/science.1104258

Pinheiro J, Bates D, DebRoy S, Sarkar D, R Development Core
Team (2013) nlme: Linear and Nonlinear Mixed Effects Mod-
els. R package version 3.1-111. http://CRAN.R-project.org/
package=nlme

Preisser EL, Bolnick DI, Benard MF (2005) Scared to death? The
effects of intimidation and consumption in predator-prey interac-
tions. Ecology 86:501-509. doi:10.1890/04-0719

R Core Team (2013) R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna

Rasher DB, Hay ME (2010) Chemically rich seaweeds poison cor-
als when not controlled by herbivores. Proc Natl Acad Sci USA
107:9683-9688. doi:10.1073/pnas.0912095107

Rioja-Nieto R, Sheppard C (2008) Effects of management strategies
on the landscape ecology of a Marine Protected Area. Ocean
Coast Manag 51:397—404. doi:10.1016/j.ocecoaman.2008.01.009

Rogers CS (1990) Responses of coral reefs and reef organisms to
sedimentation. Mar Ecol Prog Ser 62:185-202. doi:10.3354/
meps062185

Roy RE (2004) Akumal’s reefs: stony coral communities along
the developing Mexican Caribbean coastline. Rev Biol Trop
52:869-881

Saphier AD, Hoffmann TC (2005) Forecasting models to quan-
tify three anthropogenic stresses on coral reefs from marine


http://dx.doi.org/10.1371/journal.pone.0113079
http://dx.doi.org/10.1371/journal.pone.0113079
http://dx.doi.org/10.3354/meps10467
http://dx.doi.org/10.1007/s10531-010-9794-0
http://dx.doi.org/10.1007/s10531-010-9794-0
http://dx.doi.org/10.1038/srep06681
http://dx.doi.org/10.1126/science.1255057
http://dx.doi.org/10.1016/j.marpolbul.2004.11.028
http://dx.doi.org/10.1016/j.ocecoaman.2015.02.010
http://dx.doi.org/10.1016/j.jembe.2014.07.014
http://dx.doi.org/10.1890/12-1697.1
http://dx.doi.org/10.1007/s00338-014-1154-1
http://dx.doi.org/10.1007/s00338-014-1154-1
http://dx.doi.org/10.1002/aqc.941
http://dx.doi.org/10.4319/lo.2008.53.6.2681
http://dx.doi.org/10.1016/j.tree.2010.07.011
http://dx.doi.org/10.1007/s11852-012-0229-9
http://dx.doi.org/10.1002/aqc.870
http://dx.doi.org/10.1086/657039
http://dx.doi.org/10.1890/09-2174.1
http://dx.doi.org/10.1007/s00338-014-1199-1
http://dx.doi.org/10.3354/meps212301
http://digitalcommons.usu.edu/etd/238
http://dx.doi.org/10.1016/j.cub.2009.02.041
http://dx.doi.org/10.1126/science.1104258
http://CRAN.R-project.org/package=nlme
http://CRAN.R-project.org/package=nlme
http://dx.doi.org/10.1890/04-0719
http://dx.doi.org/10.1073/pnas.0912095107
http://dx.doi.org/10.1016/j.ocecoaman.2008.01.009
http://dx.doi.org/10.3354/meps062185
http://dx.doi.org/10.3354/meps062185

Mar Biol

recreation: anchor damage, diver contact and copper emis- Uyarra MC, Watkinson AR, Cote IM (2009) Managing dive tourism

sion from antifouling paint. Mar Pollut Bull 51:590-598. for the sustainable use of coral reefs: validating diver perceptions

doi: 10.1016/j.marpolbul.2005.02.033 of attractive site features. Environ Manag 43:1-16. doi:10.1007/
Smith JE, Shaw M, Edwards RA, Obura D, Pantos O, Sala E, Sandin $00267-008-9198-z

SA, Smriga S, Hatay M, Rohwer FL (2006) Indirect effects of
algae on coral: algae-mediated, microbe-induced coral mortality.
Ecol Lett 9:835-845. doi:10.1111/1.1461-0248.2006.00937.x

@ Springer


http://dx.doi.org/10.1016/j.marpolbul.2005.02.033
http://dx.doi.org/10.1111/j.1461-0248.2006.00937.x
http://dx.doi.org/10.1007/s00267-008-9198-z
http://dx.doi.org/10.1007/s00267-008-9198-z

	Rapid tourism growth and declining coral reefs in Akumal, Mexico
	Abstract 
	Introduction
	Materials and Methods
	Monitoring benthic cover (2011–2014)
	Benthic community survey (2013)
	Data analyses

	Results
	Discussion
	Acknowledgments 
	References




