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RESUMEN

Los ecosistemas marinos han experimentado pérdida de habitat, biodiversidad y
funcidn globalmente en respuesta a la creciente poblacién y actividad humana, siendo
los arrecifes coralinos uno de los ecosistemas mas amenazados. Los arrecifes del
Caribe se han degradado dramaticamente en las ultimas décadas, mostrando una
disminucién en la cobertura de coral vivo y el deterioro de los servicios ecosistémicos
asociados. La pérdida de los corales suele provocar un aumento rapido de las
macroalgas, a la vez que disminuye la capacidad de recuperacion de las comunidades
de corales. Tales cambios de fase son particularmente evidentes en el Caribe, donde la
capacidad herbivora se ha reducido sustancialmente debido a la sobrepesca y brotes

de enfermedades masivas a través del tiempo.

El establecimiento de Areas Marinas Protegidas (AMP) ha sido ampliamente adoptado
para limitar actividades extractivas, asi como de mejorar la resiliencia ecosistémica de
los arrecifes coralinos. Si bien es cierto que la proteccion tiene un impacto
generalmente positivo en las poblaciones de peces, los beneficios para las
comunidades de coral siguen siendo inciertos. La proteccion marina podria beneficiar a
los corales directamente e indirectamente a través de la proteccion de los peces
herbivoros. En consecuencia, la evaluacion de la capacidad de los peces herbivoros
para consumir las algas y beneficiar a los corales ayuda a entender la eficacia de la
proteccion para los arrecifes. De esta manera, en esta investigaciéon se hace uso de
técnicas para investigar el efecto de la herbivoria y la proteccion marina en las

comunidades coralinas sobre tres escalas espaciales: (1) el Arrecife Mesoamericano de



México, Belice, Guatemala y Honduras; (2) el Caribe Mexicano; (3) un arrecife

protegido del Parque Nacional Arrecife de Puerto Morelos, México.

Encuentro que la herbivoria y la proteccion marina juegan papeles importantes en el
Arrecife Mesoamericano. El efecto de la herbivoria por peces sobre la condicién
bentdnica del arrecife varia espacialmente y temporalmente. Mediante un estudio
experimental de exclusion de herbivoros en Puerto Morelos, muestro que a escala fina
los peces herbivoros pueden controlar las macroalgas y su ausencia resulta en la
proliferacion de macroalgas y la supresion de crecimiento coralino. Ademas, mediante
censos de 48 sitios, revelo que la cobertura de coral actual en el Caribe Mexicano esta
correlacionada positivamente con la biomasa de peces herbivoros y negativamente con
la cobertura de macroalgas. Sin embargo, a través de un analisis de datos de
monitoreo de largo plazo muestro que a nivel de todo el Arrecife Mesoamericano hubo
un patrén claro de aumento en la cobertura de corales y macroalgas entre 2005y 2014

mientras la biomasa de peces herbivoros no cambiaba.

Ademas encuentro que el efecto de la proteccidon marina en las comunidades coralinas
es mas consistente que la herbivoria por peces. Muestro que la proteccion tiene un
efecto positivo en la cobertura coralina actual en el Caribe Mexicano, ademas en el
cambio (aumento) de la cobertura coralina del Arrecife Mesoamericano entre 2005 y
2014. Sin embargo, la cobertura coralina es significativamente menor en sitios del
Caribe Mexicano con altos niveles de amenaza de desarrollo costero, contaminacion y
dafio marino. Este hallazgo, ademas de la falta de relacion entre los peces herbivoros y
el aumento de macroalgas en el Arrecife Mesoamericano, sugiere que factores

externos como los nutrientes y la sedimentacion terrigenos juegan un papel importante

Vi



en la dinamica arrecifal. Esta tesis tiene implicaciones importantes para el manejo de
los arrecifes de la regidn y sugiere que, ademas de la proteccion marina, los politicos y
administradores locales correspondientes deberian aplicar controles mas estrictos
sobre el desarrollo costero y el tratamiento de aguas residuales si se quiere mantener o

mejorar la condicion de las comunidades de coral.
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ABSTRACT

Marine ecosystems globally have experienced loss of habitat, biodiversity and function
in response to growing human activity, and coral reefs have been particularly affected.
Caribbean reefs have deteriorated dramatically in recent decades with declines in live
coral cover and associated ecosystem services. The loss of corals often causes a rapid
increase in macroalgae which in turn reduces coral community resilience. Such phase
shifts are particularly evident in the Caribbean, where herbivore capacity has been

reduced substantially from historical levels due to overfishing and disease outbreaks.

The establishment of Marine Protected Areas (MPAs) has been widely adopted to limit
extractive activities and improve coral reef ecosystem resilience. While protection has a
generally positive impact on fish populations, the benefits for coral communities remain
uncertain. Marine protection may benefit corals directly and indirectly via the protection
of herbivorous fish. Therefore, assessing the ability of herbivorous fishes to consume
algae and benefit corals helps elucidate protection effectiveness. In this thesis, | use a
combination of techniques to investigate the effect of herbivory and marine protection
on coral communities at three spatial scales: (1) the Mesoamerican Reef of Mexico,
Belize, Guatemala and Honduras; (2) the Mexican Caribbean; (3) a protected reef of

Parque Nacional Arrecife de Puerto Morelos, Mexico.

| find that herbivory and marine protection play important roles on the Mesoamerican
Reef. The effect of fish herbivory on reef benthic condition varies spatially and
temporally. By means of an experimental herbivore exclusion study in Puerto Morelos, |

show that at small scales herbivorous fish can control macroalgae, and their absence
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results in the proliferation of macroalgae and the suppression of coral growth. In
addition, through surveys of 48 sites, | reveal that current coral cover in the Mexican
Caribbean is positively correlated with herbivorous fish biomass and negatively
correlated with macroalgae coverage. However, via an analysis of long-term monitoring
data | show that on the Mesoamerican Reef overall there was a clear pattern of
increasing coral and macroalgal cover between 2005 and 2014 while herbivorous fish

biomass remained unchanged.

Furthermore, | find that the effect of marine protection on coral communities is more
consistent than the effect of fish herbivory. | show that protection has a positive effect
on current coral cover in the Mexican Caribbean, as well as on the change (increase) in
coral cover on the Mesoamerican Reef between 2005 and 2014. However, coral cover
is significantly lower at Mexican Caribbean sites with high levels of coastal
development, pollution and marine damage threat. This finding, in addition to the lack of
relationship between herbivorous fish and increasing macroalgae on the Mesoamerican
Reef, suggests that external factors such as nutrients and terrestrial sedimentation play
an important role in reef dynamics. This thesis has important implications for reef
management in the region and suggests that, in addition to marine protection, policy
makers and local administrators must apply stricter controls on coastal development

and wastewater treatment if coral community condition is to be maintained or improved.



INTRODUCCION GENERAL

Los arrecifes coralinos son ecosistemas diversos que nutren, sirven de sustento y
protegen a las poblaciones humanas de las costas tropicales. Sin embargo, en las
ultimas décadas los arrecifes coralinos han sido particularmente afectados por una
combinacion de impactos humanos globales y locales (Hughes et al. 2017a). La
sobrepesca y la eutrofizacion han interrumpido las redes tréficas, reduciendo funcion
ecosistémica y resiliencia al cambio climatico y otros factores de estrés (Hughes et al.
2003; Pandolfi et al. 2003; Bellwood et al. 2004; Melbourne-Thomas et al. 2011a).
Como resultado, muchos arrecifes han sufrido transiciones hacia la dominancia de
macroalgas, amenazando la provision de bienes y servicios que provienen de la

acrecion arrecifal (Done 1992; Hughes 1994; Moberg & Folke 1999).

El manejo marino espacial a través del establecimiento de Areas Marinas Protegidas
(AMP) ha sido adoptado frecuentemente para abordar directamente ciertas amenazas y
mantener o mejorar la resiliencia ecosistémica frente a otras (Jennings & Kaiser 1998;
Bellwood et al. 2004). La regulacion de practicas pesqueras destructivas y otras
actividades como el buceo recreativo busca reducir el dafo directo al habitat que
provoca la pérdida de la complejidad de los fondos marinos y la mortalidad de los
organismos bentonicos (Jennings & Kaiser 1998; Russ 2002). Asimismo al limitar o
prevenir las actividades de extraccién en las Zonas de Exclusién Pesquera (NTZ, por
sus siglas en inglés), la proteccion marina busca restaurar las poblaciones de peces e
invertebrados (Halpern 2003; Costello & Ballantine 2015). De esta manera, se han

establecido AMP en los arrecifes de coral a nivel mundial, debido a la sobrepesca y el
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deterioro de la condicion bentdnica en los ecosistemas arrecifales (Mora et al. 2006).
En los lugares donde existe proteccion, especialmente en las NTZ, las poblaciones de
peces generalmente responden positivamente en términos de densidad, biomasa,
tamano individual y riqueza de especies (Halpern 2003; Lester et al. 2009; Gill et al.
2017). Sin embargo, solo el 21.7% de las especies de peces y el 5.7% de las especies

de coral cumplen con los objetivos de proteccion geografica (Mouillot et al. 2016).

La proteccion marina, particularmente el establecimiento de Zonas de Exclusién
Pesquera, tiene un impacto generalmente positivo en las poblaciones de peces; sin
embargo, los beneficios para las comunidades de corales son inciertos (Halpern 2003;
Lester et al. 2009; Gill et al. 2017). La proteccion marina puede proteger o promover la
recuperacion de las comunidades de coral mediante dos mecanismos principalmente.
El primer mecanismo consiste en regular las actividades que causan dafios fisicos a los
corales, tales como el uso de anclas, practicas de pesca destructivas y el buceo
recreativo no controlado (Davis & Tisdell 1995; McManus 1997). El segundo
mecanismo es indirecto: se espera que las poblaciones de herbivoros restauradas
beneficien indirectamente a las comunidades de corales al controlar las macroalgas
bentdnicas (Williams & Polunin 2001; Mumby et al. 2006a). Sin embargo, varios
estudios reportan efectos poco significativos en la proteccion de los corales (Graham et
al. 2003; Jones et al. 2004; Coelho & Manfrino 2007; Stockwell et al. 2009; Huntington
et al. 2011; Noble et al. 2013; Toth et al. 2014; Russ et al. 2015a) y ocasionalmente se
han observado aumentos en la cobertura de coral en las NTZ (Mumby & Harborne

2010; Guarderas et al. 2011; Magdaong et al. 2014).
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La proteccion marina podria beneficiar a los corales directamente e indirectamente a
través de la proteccion de los peces herbivoros. En consecuencia, la evaluacién de la
capacidad de los peces herbivoros para consumir las algas y beneficiar a los corales
ayuda a entender la eficacia de la proteccion. Esto es particularmente importante en el
Caribe donde la capacidad de herbivoria se ha disminuido sustancialmente en las
ultimas décadas y los arrecifes han experimentado cambios de fase que van desde la
dominancia por corales hacia macroalgas (Jackson et al. 2001; Gardner et al. 2003;
Paddack et al. 2009). Las macroalgas tienden a superar a los corales, ocasionando la
reduccion de la fecundidad y el crecimiento coralino, inhibiendo el asentamiento de las
larvas de coral y provocando un aumento en la mortalidad de los corales (Tanner 1995;
Lirman 2001; Diaz-Pulido et al. 2010). Un herbivoro caribefio previamente importante,
el erizo Diadema antillarum, experimenté un evento de mortalidad masiva entre 1983-
84, y desde entonces solo se ha recuperado parcialmente en algunos sitios (Jackson et
al. 2001; Idjadi et al. 2010; Lessios 2016). Por otro lado, los peces loro y peces
cirujanos son considerados actualmente los herbivoros dominantes en los arrecifes del
Caribe (Carpenter 1986; Hughes et al. 2010); sin embargo, la sobrepesca ha reducido

considerablemente sus poblaciones (Jackson et al. 2001; Paddack et al. 2009).

El declive de la capacidad de herbivoria en los arrecifes del Caribe ha provocado que
un gran numero de estudios, observacionales y experimentales, evaluen el control de
algas por herbivoros. Estudios observacionales correlativos cubren una amplia gama
de escalas espaciales y temporales, y la evidencia de estos trabajos revela resultados
a favor (Newman et al. 2006; Jackson et al. 2014) y en contra (Russ et al. 2015b; Cox

et al. 2017) en la capacidad de los herbivoros en controlar las algas bentdnicas.
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Estudios a escala fina buscan evaluar la regulacion de las algas por los peces
herbivoros al estimar tasas de consumo (basado en contenidos de estomagos,
mordidas o biomasa) y de produccién algal (Hatcher 1981; Paddack et al. 2006; Kopp
et al. 2010). Otros estudios se caracterizan por la exclusion de herbivoros para evaluar
experimentalmente la capacidad de los peces e invertebrados en el pastoreo de algas y
esta técnica ha sido adoptada por muchos investigadores (Burkepile & Hay 2006). En
contraste con estudios correlativos, estudios experimentales a escala fina registran un
impacto significativo de los herbivoros sobre la proliferacion del césped algal y
macroalgas, y ademas reportan que otros factores como niveles de nutrientes

desempenan un papel secundario (Burkepile & Hay 2006, 2009; Sotka & Hay 2009).

Factores externos como el aporte de nutrientes y el cambio climatico pueden limitar el
éxito de la proteccion de los arrecifes coralinos (Mora 2008; Edgar et al. 2014).
Mientras que la protecciéon marina trata de abordar las amenazas humanas dentro de
los limites de las AMP, no impide eventos de blanqueamiento coralino causados por el
calentamiento global, observado tanto en sitios protegidos, como no protegidos (Allison
et al. 1998; Jameson et al. 2002; Hughes et al. 2003; Selig et al. 2012). Las actividades
humanas terrestres locales también tienen un impacto sustancial en el medio ambiente
marino e ignorar las interacciones entra tierra y mar puede resultar en que las AMP
costeras no cumplan sus objetivos de conservacion (Stoms et al. 2005; Richmond et al.
2007; Halpern et al. 2009; Alvarez-Romero et al. 2011). Si no se gestiona
adecuadamente, la agricultura y el desarrollo costero pueden ocasionar niveles

elevados de nutrientes y sedimentacion, causando impactos perjudiciales en las
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comunidades de corales cercanas, independientemente de la proteccion marina (De’ath

& Fabricius 2010; Kroon et al. 2014).

La sedimentacion terrigena que llega a los arrecifes aumenta con la pérdida de
cobertura de vegetacion como resultado del cambio de uso de suelo, el dragado
costero y la construccion costera (Fabricius 2005; Erftemeijer et al. 2012). Los
sedimentos sofocan los corales y aumentan la turbidez del agua, reduciendo la
actividad fotosintética, las reservas de energia y el crecimiento de los corales (Fabricius
2005; Wear & Thurber 2015). Ademas, los sedimentos se han relacionado con una
elevada prevalencia de enfermedades de los corales, reduccion de la fecundidad y el
reclutamiento coralino (Fabricius 2005; Pollock et al. 2014; Wear & Thurber 2015). Las
fuentes de nutrientes antropogénicas incluyen fosas sépticas, desagues de aguas
residuales, fertilizantes agricolas y ganaderia (Lapointe et al. 1990, 2010). Los
nutrientes que llegan a los arrecifes afectan a las comunidades de coral por
mecanismos directos e indirectos. Directamente, los nutrientes aumentan la prevalencia
y gravedad de las enfermedades de los corales y pueden tener un efecto sinérgico con
el estrés térmico (Wooldridge & Done 2009; Vega Thurber et al. 2014). Indirectamente,
los nutrientes promueven el crecimiento de macroalgas que compiten con los corales

(McCook et al. 2001; Chadwick & Morrow 2011).

En el Caribe, las actividades humanas relacionadas con el uso de suelo y el desarrollo
costero han desempefnado un papel importante en el deterioro de los arrecifes en las
ultimas décadas (Gardner et al. 2003; Mora 2008). La degradacién arrecifal se ha

relacionado con la sedimentacion en sitios como Barbados (Tomascik & Sander 1987),
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Bermuda (Flood et al. 2005), Costa Rica (Cortés & Risk 1985), Curagao (Bak 1978),
Florida (Marszalek 1981), Puerto Rico (Loya 1976; Acevedo et al. 1989; Ryan et al.
2008), y Saint Lucia (Bégin et al. 2016), y con niveles elevados de nutrientes en
Barbados (Tomascik & Sander 1985; Wittenberg & Hunte 1987), Florida (Lapointe
1997; Wagner et al. 2010), Jamaica (Goreau et al. 1997; Lapointe 1997), Martinica
(Littler et al. 1993) y Tobago (Lapointe et al. 2010). Ademas, se reconoce que la
sedimentacion y la eutrofizacidén son factores claves que disminuyen la resiliencia del

Arrecife Mesoamericano ante el cambio climatico (Melbourne-Thomas et al. 2011a).

Evidencia reciente muestra que el aporte de nutrientes y sedimentos terrigenos es un
problema creciente para el Arrecife Mesoamericano (Burke & Sugg 2006; Carilli et al.
2009; Soto et al. 2009; Baker et al. 2013; Hernandez-Terrones et al. 2015). El Arrecife
Mesoamericano abarca mas de 1,000 km de las costas caribefias de México, Belice,
Guatemala y Honduras donde prevalece el deterioro de la condicion arrecifal (Bozec et
al. 2008; Garcia-Salgado et al. 2008; Rodriguez-Martinez et al. 2014; Martinez-Rendis
et al. 2016; Arias-Gonzalez et al. 2017; Cox et al. 2017). Muchos de los arrecifes
mesoamericanos se encuentran dentro de Areas Marinas Protegidas y la eficacia de su
proteccion cobra particular importancia debido a los declives en la condicion arrecifal en
las ultimas décadas (Garcia-Salgado et al. 2008; Kramer et al. 2015). La proteccién de
los peces es un objetivo principal de las AMP y la evaluacion de la capacidad de los
peces herbivoros en el consumo de algas y el consecuente beneficio a las poblaciones

coralinas puede determinar la eficacia de la proteccién para los arrecifes.
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JUSTIFICACION E IMPORTANCIA

El Arrecife Mesoamericano esta sujeto a un amplio rango de factores de estrés
incluyendo la sobrepesca, el desarrollo costero, la enfermedad y el cambio climatico
(Ward et al. 2006; Mora 2008; Paddack et al. 2009; Eakin et al. 2010). Debido a estos
estresores los arrecifes coralinos de la regién han experimentado pérdidas dramaticas
en la cobertura de coral vivo en las ultimas décadas (Gardner et al. 2003; Schutte et al.
2010; Jackson et al. 2014). Ademas, los arrecifes del Caribe han experimentado
transiciones a especies de coral que contribuyen menos a la acrecion y complejidad
arrecifal, reduciendo el habitat disponible para la fauna arrecifal y amenazando la
provision de los servicios ecosistémicos asociados como la proteccion costera (Graham

& Nash 2013; Perry et al. 2015b).

Las AMP son unas de las pocas herramientas que se puede usar para combatir ciertas
amenazas y mantener o mejorar resiliencia ecosistémica frente a otras amenazas
(Selig & Bruno 2010; Selig et al. 2012). Sin embargo, los beneficios de las AMP para
las comunidades coralinas son inciertos y estudios de AMP especificas muestran la
heterogeneidad en el efecto de la proteccion (Mumby & Harborne 2010; Guarderas et
al. 2011; Huntington et al. 2011; Noble et al. 2013; Toth et al. 2014). La proteccion
marina puede beneficiar a los corales a través de la proteccién de los peces herbivoros
que consumen las algas que compiten con los corales. En consecuencia, una
evaluacion de la capacidad de los peces herbivoros para consumir las algas es
importante para entender la eficacia de la proteccion para las comunidades coralinas.

Estudios previos presentan evidencia a favor (Burkepile & Hay 2006; Newman et al.
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2006; Jackson et al. 2014) y en contra (Russ et al. 2015b; Cox et al. 2017) la capacidad
de los herbivoros en controlar las algas benténicas. Debido a la variabilidad en la
eficacia de la proteccion marina y la capacidad de los herbivoros en controlar las algas
bentdnicas es necesario realizar una evaluacién de estos factores para cada regién de

interés.
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PREGUNTAS DE INVESTIGACION

En esta tesis, se integran técnicas de investigacion para responder a tres preguntas
principales: (1) ¢ Cual es la relacién a gran escala y largo plazo entre los peces
herbivoros, las macroalgas y los corales; (2) cual es el efecto de la proteccién marina
en la condicion actual de los arrecifes del Caribe Mexicano; (3) cual es el efecto de la
herbivoria en el crecimiento coralino? Abordo estas tres preguntas sobre tres escalas
espaciales: el Arrecife Mesoamericano de México, Belice, Guatemala y Honduras
(escala regional); el Caribe Mexicano (escala nacional); la escala fina de un arrecife

dentro del Parque Nacional Arrecife de Puerto Morelos, México (escala local).

OBJETIVOS

Esta tesis tiene el objetivo general de explorar el efecto de la herbivoria y la proteccion
en las comunidades coralinas del Arrecife Mesoamericano. En el Capitulo 1 realizo un
analisis de datos de monitoreo a largo plazo del Arrecife Mesoamericano para
relacionar los cambios en las macroalgas y los corales y entender el efecto de los
peces herbivoros y la proteccion marina. El Capitulo 2 se basa en datos de campo
sobre la condicion de los arrecifes adentro y afuera de Areas Marinas Protegidas del
Caribe Mexicano para entender el efecto de la proteccion marina en los arrecifes de la
region. En el Capitulo 3, realizo un estudio experimental de exclusién de herbivoros a
escala fina para entender cual es el efecto de la herbivoria en el crecimiento de un coral

constructor importante.

[9]



CAPITULO 1: El aumento rapido de la cobertura de macroalgas
no esta relacionada con peces herbivoros en los arrecifes

Mesoamericanos

Abstract

Long-term phase shifts from coral to macroalgal dominated reef systems are well
documented in the Caribbean. Although the impact of coral diseases, climate change
and other factors is acknowledged, major herbivore loss through disease and
overfishing is often assigned a primary role. However, direct evidence for the link
between herbivore abundance, macroalgal and coral cover is sparse, particularly over
broad spatial scales. In this study we use a database of coral reef surveys performed at
85 sites along the Mesoamerican Reef of Mexico, Belize, Guatemala and Honduras, to
examine potential ecological links by tracking site trajectories over the period 2005—
2014. Despite the long-term reduction of herbivory capacity reported across the
Caribbean, the Mesoamerican Reef region displayed relatively low macroalgal cover at
the onset of the study. Subsequently, increasing fleshy macroalgal cover was pervasive.
Herbivorous fish populations were not responsible for this trend as fleshy macroalgal
cover change was not correlated with initial herbivorous fish biomass or change, and
the majority of sites experienced increases in macroalgae browser biomass. This
contrasts the coral reef top-down herbivore control paradigm and suggests the role of

external factors in making environmental conditions more favourable for algae.
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Increasing macroalgal cover typically suppresses ecosystem services and leads to
degraded reef systems. Consequently, policy makers and local coral reef managers
should reassess the focus on herbivorous fish protection and consider complementary

measures such as watershed management in order to arrest this trend.

Keywords: Coral reefs, top-down control, Marine Protected Areas, macroalgae,

Mesoamerican Reef, phase shifts, herbivory, Caribbean
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Introduction

Caribbean coral reefs have experienced major declines over recent decades, with
substantial reductions in live coral cover accompanied by concomitant losses in reef
accretion and structural complexity (Schutte et al. 2010; Alvarez-Filip et al. 2011a; Perry
et al. 2015b). Although a wide array of factors have contributed to reef deterioration
including coral diseases, coastal development and climate change, the loss of key
herbivores is thought to be a leading driver of ecosystem transition towards macroalgal
domination at many reef sites in the region (Hughes 1994; Jackson et al. 2014).
Macroalgae compete with corals, reducing coral fecundity, recruitment and survival via
various mechanisms including overgrowth, shading and allelopathy (McCook et al.
2001; Hughes et al. 2007b; Bruno et al. 2009; Rasher et al. 2011). Today, populations
of key herbivore taxa are diminished on many Caribbean reefs. The sea urchin
Diadema antillarum was previously an important grazer in the Caribbean (Jackson et al.
2001). In 1983/4 Diadema suffered mass mortality across the Caribbean due to putative
disease and populations have subsequently shown only limited recovery (Lessios et al.
1984; Kramer 2003; Hughes et al. 2010). Furthermore, long-term overfishing has
resulted in marked reductions in herbivorous fish populations at many sites across the

region (Jackson et al. 2001; Paddack et al. 2009).

Given the pivotal role of herbivores in controlling macroalgal growth (Mumby et al.
2006a), it is widely accepted that restoring populations of key herbivores enhances reef
resilience by controlling algal communities and facilitating coral recovery by freeing
space for coral recruits (Nystrom et al. 2000; McCook et al. 2001; McManus &

Polsenberg 2004; Bruno et al. 2009). Consequently, coral reefs with high herbivore
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abundance are expected to have lower macroalgal cover and greater coral cover
(Jackson et al. 2014; Kramer et al. 2015). This paradigm has encouraged global
awareness campaigns promoting conservation and fisheries management strategies to
protect and restore populations of key herbivorous fishes, particularly parrotfishes
(Jackson et al. 2014). In the Mesoamerican region, for example, Belize and Guatemala

have banned the capture and possession of herbivorous fishes (Kramer et al. 2015).

Direct evidence of herbivores’ ability to facilitate the maintenance and recovery of
resilient coral reefs is limited. Experimental herbivore exclusion studies demonstrate the
action of Diadema and herbivorous fish grazing on macroalgal cover, although evidence
for the impact on corals is limited by the short-term nature and restricted spatial extent
of the experiments (Lirman 2001; Burkepile & Hay 2006, 2009; Hughes et al. 2007b).
Observational studies tend to focus on inter-site comparisons without an explicit
temporal dimension, rather than tracking long-term reef change trajectories to provide a
more in-depth understanding of drivers of ecosystem dynamics (Karr et al. 2015). Little
consensus exists between studies, which exhibit contrasting patterns between
herbivorous fish populations and macroalgal cover. In a Caribbean-wide point-in-time
study, Newman et al. (2006) found a significant negative correlation between
herbivorous fish biomass and fleshy algal biomass, whereas (Loh et al. 2015) observed
that overfished Caribbean sites had lower macroalgal cover than protected sites. For
the Northern Mesoamerican Reef of Mexico, Bozec et al. (2008) did not observe a
relationship between herbivore biomass and macroalgal cover. In a long-term study,
llves et al. (2011) observed increases in both herbivorous fish abundance and algal

cover in the Bahamas. On the Northern Florida Reef Tract, Lirman & Biber (2000)
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observed no correlation between algal biomass and cover and fish grazer abundance
and consumption rates. Jackson et al. (2014) found a significant negative correlation
between parrotfish biomass and macroalgal cover in 16 Caribbean locations; however,
no such relationship was observed for a broader data set covering 46 locations. The
lack of relationship between herbivorous fish and macroalgal cover is evident for other
regions: Carassou et al. (2013), for example, found that macroalgal cover was not
correlated with the biomass, density and diversity of macroalgae feeders in the South
Pacific. To further understand the relationship between herbivory pressure and changes
in macroalgal cover we propose a simple conceptual framework (Fig. 1). Here, reefs
may experience one of four scenarios of temporal changes in fleshy macroalgal cover
and herbivorous fish biomass, a widely used proxy for herbivory intensity (Graham et al.
2015). Principal ecological drivers are presented for each idealised scenario, although
in reality a number of drivers act in conjunction to varying extents. A phase shift from
coral to algae domination due to herbivore loss is represented by the scenario in the
upper-left quadrant. Here, decreasing herbivory leads to increasing macroalgal cover.
Conversely, in the bottom-right quadrant, increases in herbivorous fishes result in
reduced macroalgal cover. This quadrant represents the scenario sought by
management measures and fisheries regulations restricting extraction, particularly of
herbivorous fishes (Halpern 2003; Lester et al. 2009; Selig & Bruno 2010; Guarderas et

al. 2011).
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Figure 1. Relationship between changes in herbivorous fish biomass and benthic fleshy

macroalgal cover. Possible cause-and-effect scenarios with external drivers are postulated for each
quadrant. Fish and algae graphics by Diana Kleine and Tracey Saxby (IAN Image Library, Integration and
Application Network, University of Maryland Center for Environmental Science,

http://ian.umces.edu/imagelibrary).

Alternatively, a positive relationship may exist between macroalgal cover and
herbivorous fish biomass, as represented by the scenarios of the upper-right and
bottom-left quadrants of Fig. 1. This may occur when herbivores are food limited, as
evidenced by increases in herbivore abundance and biomass following algal growth and
by resource competition between Diadema and herbivorous fishes (Hay & Taylor 1985;
Carpenter 1990; Adam et al. 2011). In these scenarios, predominantly external drivers
such as nutrient availability, temperature and solar irradiance determine macroalgal
cover and herbivorous fish biomass responds according to food availability (Burkepile &

Hay 2006; Ferrari et al. 2012).Numerous experimental manipulation studies have
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reported the significant positive impact of nutrient enhancement on primary producer
abundance, although herbivory has generally been found to play a greater role
(Burkepile & Hay 2006). Contrastingly, few studies have addressed the importance of
macroalgal productivity potential relating to environmental factors such as light

availability and temperature (Steneck & Dethier 1994; Ferrari et al. 2012).

Herbivore and algal community composition also play an important role in herbivore-
algal dynamics. Subsequent to the Diadema mass mortality event of the early 1980’s,
herbivorous fishes of the Scaridae and Acanthuridae families are recognised as the
primary herbivores on many Caribbean reefs (Jackson et al. 2014; Adam et al. 2015a).
While common Acanthurus surgeonfishes have a broad diet feeding on a combination
of turf algae, macroalgae and detritus, Sparisoma and Scarus parrotfishes are more
selective (Burkepile & Hay 2011; Adam et al. 2015a). Sparisoma parrotfishes, with the
exception of the excavating S. viride, are macroalgae browsers, while Scarus spp.
primarily graze algal turfs (Bonaldo et al. 2014; Adam et al. 2015b). Consequently, a
suitable mix of herbivores are required in order to both graze turf algae to facilitate coral
recruitment and to crop down macroalgal stands to reduce competition with adult coral
colonies (McCook et al. 2001; Hughes et al. 2007b; Burkepile & Hay 2008). However,
herbivores’ ability to effectively moderate macroalgal cover is mediated by macroalgal
predation defences (Rasher et al. 2013). Such defences are species specific and
include morphological, structural, mineral and chemical traits that deter herbivores, with
several genera (e.g. Lobophora, Peyssonnelia and Codium) being unpalatable (Hay

1997; Smith et al. 2010). These defences likely influence herbivore feeding preferences
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and conversely algal community structure is often influenced by herbivore mix, resulting

in a complex interaction between the two communities (Adam et al. 2015a).

Here, by following individual site trajectories, we examine the prevalence of the four
herbivorous fish and macroalgae change scenarios across 85 sites surveyed from 2005
to 2014 along the Mesoamerican Reef. We also consider herbivore functional group
composition and trajectories, and compare these with overall trends. Subsequently, we
evaluate the potential effects of herbivorous fish biomass, fleshy macroalgal cover and
other factors such as degree of protection, on changes in coral cover during the same
timeframe. Our hypothesis is that for sites where herbivory increased, fleshy macroalgal
cover decreased, and that herbivore biomass and the decline in macroalgal cover are

among the main factors explaining coral cover on today’s reefs.

Materials & Methods

We used data produced by the Healthy Reefs Initiative (HRI) and the Atlantic and Gulf
Rapid Reef Assessment (AGRRA) programs, which include ecological censuses for 398
sites along the Mesoamerican Reef in Mexico, Belize, Guatemala and Honduras from
2005 to 2014. Site selection was based on benthic habitat maps produced by the
Millennium Reef Mapping Program, with 200 x 200 m sites randomly selected following
stratification by geomorphological characteristics and depth (Andréfouét et al. 2003;
Kramer 2003). The database contains 85 long-term monitoring sites that were surveyed
in 2005/2006 and 2013/2014 over a 7, 8 or 9-year period, a timeframe sufficient to

observe ecologically meaningful changes (Babcock et al. 2010). Of these sites, 43 were
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repeatedly surveyed in four time periods (2005/2006, 2009/2010, 2011/2012 and
2013/2014). Sites were located primarily on the fore reef and reef crest at a mean (z

Standard Error s.e.m.) depth of 6.9 + 0.2 m.

Benthic cover and reef fish surveys were performed according to AGRRA protocol, with
transects located haphazardly, parallel to the coast (Lang et al. 2010). The majority of
sites were surveyed at similar times during the summer year-on-year in order to
minimise seasonal effects. At each site an average of five to six 10 m-transects were
surveyed using point intercept methodology to determine benthic cover including hard
coral percentage cover and fleshy macroalgal percentage cover. The abundance and
total length (TL) of 81 key reef fish species, including herbivorous fishes of the Scaridae
and Acanthuridae families, was recorded in ten 30 m-long, 2 m-wide transects. Reef fish
abundance was subsequently converted to biomass density using standard allometric

length-weight conversions.

The data analyses focussed on the relation between three ecological indicators for each
reef site: herbivorous fish (Scaridae and Acanthuridae) biomass, fleshy macroalgal
(excluding turf and calcareous algae) cover and hard coral (scleractinians and Millepora
spp.) cover. Very few Diadema spp. were observed and therefore we focussed on reef
fishes as the principal herbivores. For all three ecological indicators, a number of
metrics were calculated to evaluate and examine temporal trends: absolute annual
change, annual relative rate of change and geometric rate of change. The metrics for

each ecological indicator (I) were determined as follows:

! b -1.) (1)

Absolute Annual Change —
At
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Annual Relative Rate of Change =
I, xAt

|t At
_ f
Annual Geometric Rate of Change — | -1 (3)

to

where I, is the value of the ecological indicator at the end of the period, I,  is the initial

value and At is the length of the period (in years). The former two metrics provide
complementary information, for example: if an ecological indicator such as coral cover
increases from 10 % to 15 %, the absolute change (equation (1)) is 5 %, while the
relative rate of change (equation (2)) indicates that coral cover has increased by 50 %
relative to its initial value. Geometric rate of change (equation (3)) was utilised in order
to assess and compensate for non-linearity in the relative rate of change, while still

providing an interpretable value (Cété et al. 2005).

Univariate comparison of ecological indicators was performed using ANOVA, t-tests or
non-parametric equivalents (Mann-Whitney U or Wilcoxon Signed Rank tests), based
on an assessment of normality and homogeneity of variance using Shapiro-Wilk and
Levene tests. To test our first hypothesis, herbivorous fish biomass was compared with
fleshy macroalgal cover using Spearman rank-order correlation due to non-normality.
Herbivorous fishes were further categorised according to feeding preferences as
macroalgae browsers (Sparisoma spp., with the exception of S. viride), turf grazers/
scrapers (Scarus spp. and Acanthurus spp.) or bioeroders (Sparisoma viride) (Bellwood
et al. 2004; Burkepile & Hay 2011; Bonaldo et al. 2014; Adam et al. 2015a, 2015b).

Change in functional group biomass was compared with overall change in herbivorous
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fish biomass using Spearman rank-order correlation. Furthermore, change in
macroalgal cover was compared with absolute levels of overall herbivorous fish and
macroalgae browser biomass both graphically by categorising sites by initial fish

biomass (based on deciles) and by using Spearman rank-order correlation.

To test our second hypothesis, change in absolute coral cover from 2005/6 to 2013/4 for
long-term monitoring sites was modelled using multiple linear regressions as model
assumptions were satisfied. To address the common problem of spatial autocorrelation
in multi-site studies we performed a Moran’s | test on coral cover change by site
location which reported no spatial autocorrelation present (Moran’s | = 0.070, P = 0.08).
The optimum regression model was selected based on Akaike Information Criterion
(AIC). Candidate independent variables were selected based on ecological relevance
and data availability (Supplemental Information, Table S1.1). Potential collinearity
among predictor variables was examined using Pearson correlations and variance
inflation factors, and outliers were removed on the basis of Cook’s D. All statistical

analyses were performed using R (R Core Team 2016).

Results

Here we present herbivorous fish biomass and fleshy macroalgal cover average trends
for repeatedly surveyed sites and assess changes in these variables for long-term
monitoring sites. Subsequently we examine herbivorous fish feeding guilds and

geographic trends for long-term monitoring sites, and assess the effect of protection on
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site trajectories. Finally we present the ecological drivers of long-term coral cover

change.

Herbivorous fish biomass and macroalgal cover trends

During the time period 2005-2014, regional averages showed a clear trend of
increasing fleshy macroalgal cover on the Mesoamerican Reef, while herbivorous fish
biomass remained relatively constant. Across 43 sites surveyed repeatedly in four time
periods (Fig. 2), mean herbivorous fish biomass did not change significantly (Wilcoxon
Signed Rank, Z = 0, P = 1), while mean macroalgal cover doubled during the same
period (Wilcoxon Signed Rank, Z = -5.02, P < 0.001). Between 2005/2006 and
2009/2010 mean herbivorous fish biomass decreased and mean fleshy macroalgal
cover increased significantly (Wilcoxon Signed Rank, Z = 3.36, P <0.001 and Z = -3.86,
P < 0.001, respectively). From 2009/10 to 2011/12 the trend appeared to be reversed,
although the changes were not significant for macroalgae (Wilcoxon Signed Rank, Z = -
2.95, P =0.003 and Z = 0.59, P = 0.55, respectively; Fig. 2). From 2011/2012 to
2013/2014 macroalgal cover increased significantly, while herbivorous fish biomass
remained unchanged (Wilcoxon Signed Rank, Z =-3.81, P <0.001 and Z=-0.35, P =

0.73, respectively; Fig. 2).
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Figure 2. Temporal trend in mean herbivorous fish biomass and benthic fleshy macroalgal cover
on the Mesoamerican Reef. Mean (+ s.e.m.) values are shown for all 43 sites surveyed repeatedly in
each monitoring period (2005/2006, 2009/2010, 2011/2012 and 2013/2014). Similar trends were

observed for all sites surveyed in consecutive monitoring periods (Supplemental Information, Fig. S1.1).

Tracking individual trajectories of the 85 long-term monitoring sites surveyed overa 7, 8
or 9-year period permitted a more detailed investigation of the relation between the
temporal changes in herbivorous fish biomass and fleshy macroalgal cover.
Herbivorous fish biomass ranged from approximately 50—-14,000 g/100m? and fleshy
macroalgal cover ranged from 0-57.5%. There was no correlation between the changes
in herbivorous fish biomass and fleshy macroalgal cover for long-term monitoring sites
(Spearman, rs = -0.11, P = 0.35). Only 7% of sites exhibited increased herbivorous fish
biomass and decreased macroalgal cover; 35% of sites displayed decreases in fish
biomass and increases in macroalgal cover; almost half of the sites (48%) exhibited

increases in both herbivorous fish biomass and macroalgal cover; and 10% displayed

[22]



decreased fish biomass and macroalgal cover (Fig. 3). Across all sites macroalgal cover
increased irrespective of initial conditions of herbivorous fish biomass (Spearman, rs = -
0.12, P = 0.3; Fig. 4A) and macroalgae browser biomass (Spearman, rs =-0.21, P =
0.3; Fig. 4B). Furthermore, there was no relationship between herbivorous fish and
macroalgal cover when dividing the data by reef zone (crest versus reef front) or

structural complexity (Fig. S1.6).
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Figure 3. Long-term herbivorous fish and benthic fleshy macroalgal cover trends on the
Mesoamerican Reef. Map and graphs indicating relationship between changes in overall and
macroalgae browsing herbivorous fish biomass and fleshy macroalgal cover from first (2005 or 2006) to
last (2013 or 2014) year for all (85) long-term monitoring sites with = 7 years’ history. Map indicates
Healthy Reef Initiative regions within countries and locates sites by the relationship between changes in
herbivorous fish biomass and fleshy macroalgal cover (Kramer et al. 2015). Inset graphs separately
indicate relationship between changes in herbivorous fish biomass and fleshy macroalgal cover, and
macroalgae browsing herbivorous fish biomass and fleshy macroalgal cover. For inset graphs, each circle
represents the sites for that quadrant and circle position reflects mean site-level annual geometric rates of
change. Circle area represents proportion of sites in that quadrant (also labelled). All (85) sites with =7
years’ of history are plotted in order to provide long-term trends, although the equivalent analysis for sites

with = 8 years’ of history produced similar results (Supplemental Information, Fig. S1.2).
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Figure 4. Effect of initial herbivorous fish biomass on fleshy macroalgal cover on the
Mesoamerican Reef. A) Mean (t s.e.m.) benthic macroalgal cover in 2005/6 (green symbols) and
2013/14 (red symbols) by initial level of overall herbivorous fish biomass, for all (85) long-term monitoring
sites. Sites divided into 10 categories based on initial overall herbivorous fish biomass deciles. B) Mean
(x s.e.m.) benthic macroalgal cover in 2005/6 (green symbols) and 2013/14 (red symbols) by initial
macroalgae browser biomass, for all (85) long-term monitoring sites. Sites divided into 10 categories

based on initial macroalgae browser biomass deciles.
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Considering herbivorous fish feeding preferences based on Bellwood et al. (2004),
communities of the Mesoamerican Reef present a mixture of guilds with 24.3%
macroalgae browsers by biomass in 2013/14 (19.4% in 2005/6), 48.4% (57.3%) turf
grazers/scrapers and 27.3% (23.3%) bioeroders. Herbivorous fish biomass and
macroalgal cover change were broadly similar between macroalgae browsers and
overall results (Fig. 3). Macroalgae browser biomass displayed a slightly greater
tendency for increase than overall herbivorous fish biomass, as observed for 61% of
sites compared with 55%, and site-level changes in these were correlated (Spearman,

rs = 0.70, P <0.001).

Geographically, the principal trend was for increasing fleshy macroalgal cover and
herbivorous fish biomass in Mexico and northern Belize, including the atolls of Turneffe
and Lighthouse Reef, but for increasing fleshy macroalgal cover and decreasing
herbivorous fish biomass to the south in south-central and southern Belize, Glover’s
Reef, Guatemala and Cayos Cochinos, Honduras (Fig. 3). However, the Bay Islands of
Honduras were exceptions to this broad north-to-south trend with Guanaja island
displaying the highest proportion of sites with increasing herbivorous fish biomass and
decreasing macroalgal cover. The only other three sites that experienced increasing
herbivorous fish biomass and decreasing macroalgal cover were located at Isla Mujeres

and Puerto Morelos in Mexico, and San Pedro in Belize.

Of the 85 long-term monitoring sites, 12 sites were located within No Take Zones
(NTZs) where all extractive practices are prohibited, 47 were within Marine Protected
Areas (MPAs) but not NTZs where reefs benefit from regulation but some extractive

practices are permitted, and the remaining 26 were unprotected. The level of protection
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was observed to affect the initial levels of fleshy macroalgal cover and herbivorous fish
biomass, in addition to changes in these over time. In 2005/6, sites within NTZs
exhibited similar herbivorous fish biomass and fleshy macroalgal cover to sites located
elsewhere within MPAs (Mann-Whitney, U=197, Z=-1.60, P=0.11; and U=297, Z=0.28,
P=0.78 respectively; Fig. 5). Protected sites (both MPAs and NTZs) displayed
significantly higher initial macroalgal cover than unprotected sites (Mann-Whitney, both
U=247,7Z=2.85, P<0.003; Fig. 5), but only protected sites outside of NTZs exhibited
significantly higher initial herbivorous fish biomass than unprotected sites (Mann-
Whitney, MPA vs unprotected, U=819, Z=2.40, P=0.016; NTZ vs unprotected, U=161,
Z=0.16, P=0.89; Fig. 5). Along the protection gradient (from unprotected, through MPA
to no-take protection), sites appeared to experience a greater increase in herbivorous
fish biomass and a lesser increase in macroalgal cover, although the differences were
not statistically significant (ANOVA, annual geometric rate of change in fish biomass,
F2s2 = 0.04, P = 0.97; annual geometric rate of change in macroalgal cover, F2,s0 = 1.01,

P =0.37).
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Figure 5. Effect of protection on herbivorous fish biomass and fleshy macroalgal cover on the

Mesoamerican Reef. Mean (+ s.e.m.) herbivorous fish biomass and benthic macroalgal cover in 2005/6
(green symbols) and 2013/14 (red symbols) by level of protection, for all (85) long-term monitoring sites.
Unprotected = sites outside Marine Protected Areas (n = 26), MPA = sites inside Marine Protected Areas

but not within No Take Zones (n = 47), NTZ = sites inside No Take Zones within Marine Protected Areas

(n=12).

Predicting coral cover change

Across all 85 long-term monitoring sites, mean (x s.e.m.) hard coral cover increased
significantly from 12.2 + 0.8% in 2005/6 to 15.0 + 0.8% in 2013/14 (Wilcoxon Signed
Rank, Z =-3.81, P < 0.001). Individual sites displayed varying trajectories with annual
changes in coral cover ranging from -3.1 to +2.7%. The optimum linear regression
model for the annual absolute change in hard coral cover displayed a modest but
significant fit (Adjusted R? = 0.18, F7,74= 3.57, P = 0.002). The model included seven

predictor variables (Supplemental Information, Table S1.1), of which four were
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significant: MPA, country (Honduras), annual logarithmic change in herbivorous fish
biomass and initial hard coral cover (Fig. 6). Interpreting these significant variables,
sites within MPAs experienced greater increases in coral cover than unprotected sites;
Honduran sites experienced lesser increases in coral cover than other countries; and
increases in herbivorous fish biomass corresponded with increases in coral cover. Initial
coral cover was the most significant predictor of coral cover change and therefore in
order to further understand its impact, sites were categorised as low (< 10%), medium
(10—-20%) or high (= 20%) initial coral cover. For the 12 long-term monitoring sites with
high initial coral cover, mean coral cover decreased over time (mean £ s.e.m. annual
change in coral cover of -0.6 + 0.4%), while coral cover increased for sites with lower
levels of initial cover (low initial coral cover, +0.6 £ 0.1%; medium initial coral cover,

+0.4 £ 0.2%).
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Figure 6. Prediction of coral cover change on the Mesoamerican Reef. Standardised regression
coefficients for independent variables in AlC-selected optimum model of annual absolute change in hard
coral cover from 2005/6 to 2013/14 for all long-term monitoring sites. MPA and NTZ are binary indicators
of the location of sites within a Marine Protected Area or No Take Zone, respectively. Mexico and
Honduras are binary indicators of the location of sites within those countries. Coefficients reflect the
number of standard deviations change in the dependent variable for a one standard deviation increase in
each independent variable, while controlling for all other independent variables. Error bars are coefficient
standard errors. Significant variables (in non-standardised regression) are highlighted (*** 0.001 level, *

0.05 level).

Despite not being selected in the optimum regression model, we further explored the
relationship between coral and macroalgal cover due to the long-term ecological shifts
reported on many Caribbean reefs. Across all 85 long-term monitoring sites, mean (

s.e.m.) macroalgal cover increased significantly from 12.0 £ 1.1% in 2005/6 to 24.1
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1.5% in 2013/14 (Wilcoxon Signed Rank, Z = -7.07, P < 0.001). We observed little or no
relationship between coral and macroalgal cover since macroalgal cover consistently
increased irrespective of changes in coral cover (Supplemental Information, Fig. S1.3).
All initial coral cover categories (low (< 10%), medium (10-20%), and high (= 20%))
experienced increases in fleshy macroalgal cover, and initial macroalgal cover, similarly
categorised, did not impact coral cover changes over time (ANOVA, F2s2=1.10, P =

0.34).

Discussion

Substantial changes in the ecological composition of the Mesoamerican Reef were
evident in a time span of only nine years. The principal trend is for increasing fleshy
macroalgal cover, as observed at 83% of long-term monitoring sites (Fig. 3). Mean
absolute cover of fleshy macroalgal cover increased by approximately 12% in the region
between 2005 and 2014 (Fig. 2). Mean herbivorous fish biomass remained relatively
stable (Fig. 2), although displaying substantial site variation, with 55% of sites showing
an increase in herbivorous fish biomass between 2005 and 2014 (Fig. 3). The scenario
of both increasing fleshy macroalgal cover and herbivorous fish biomass was observed
at 48% of the 85 sites while the ‘desirable’ scenario of increasing herbivorous fish
biomass and decreasing macroalgal cover was the least frequent of all four scenarios
(Fig. 3). Similar trends were observed for the macroalgae-browsing fish guild (Fig. 3),
with site-level macroalgae browser biomass change correlating with overall herbivorous

fish biomass change. This suggests that fish herbivory was not a major driver of fleshy
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macroalgal cover change on the majority of surveyed sites across the Mesoamerican

Reef (Fig. 3).

The clear pattern of increasing macroalgal cover and stable herbivorous fish biomass
on Mesoamerican reefs contrasts with the widely accepted coral reef top-down
herbivore control paradigm and management recommendations that advocate
increasing herbivory to control fleshy macroalgal cover (Nystrom et al. 2000; McCook et
al. 2001). This result is consistent with a multi-decadal study reporting that macroalgal
cover was not related to long-term parrotfish losses due to fishing in the Philippines
(Russ et al. 2015b). Furthermore, we found that coral cover on the Mesoamerican Reef
was low and unrelated to macroalgal cover. Since both coral cover and reduced
herbivory were not responsible for increasing macroalgal cover, external factors may
have played a role. For the Mesoamerican Reef region a growing body of evidence
shows that rising nutrient levels is a worsening problem that may be accelerating
macroalgal increase. In the Mexican Caribbean, previous studies have observed
elevated nutrient input to coral reefs due to coastal development (Baker et al. 2013;
Hernandez-Terrones et al. 2015) and the subsequent degradation of reef systems
(Bozec et al. 2008). In southern Belize and Honduras, riverine discharge and escalating
reef sediment and nutrient loads associated with urban and agricultural run-off may
have played a role in increasing macroalgal cover (Burke & Sugg 2006; Carilli et al.
2009; Soto et al. 2009). Our finding that fish herbivory is not responsible for macroalgal
cover trends contrasts the results of herbivore exclusion studies, which emphasize the
relative importance of herbivory over nutrient availability (McClanahan et al. 2002;

Burkepile & Hay 2006, 2009; Sotka & Hay 2009). However, contrary to the present

[32]



study, such experiments tend to be conducted on restricted spatial and temporal scales.
Unfortunately, site nutrient data are not widely available for the Mesoamerican Reef,

impeding a quantitative exploration of this effect in our analyses.

One alternative that could partially explain the rapid increases in fleshy macroalgae
across the Mesoamerican Reef is that reef ecosystems passed critical thresholds
beyond which herbivorous fishes are unable to control macroalgae due to either
excessive algal production and/or insufficient herbivory (Mumby et al. 2007). This is
particularly relevant given that Caribbean reefs may suffer from insufficient herbivory
due to both the limited population recovery of Diadema antillarum subsequent to
previous mass mortality and the inability of herbivorous fish to adequately compensate
for this loss (McClenachan 2009; Paddack et al. 2009; Hughes et al. 2010). However,
excessive algal production is unlikely on the Mesoamerican Reef as regional average
macroalgal cover increased from only 10% in 2005/6 to 22% in 2013/14 (Fig. 2), values
that are likely considerably below ecosystem thresholds for Caribbean reefs (Bruno et
al. 2009). Furthermore, an examination of macroalgal change by absolute levels of
herbivorous fish biomass revealed increasing fleshy macroalgal cover even for those
sites with the highest initial fish biomass (the uppermost deciles possessed average
overall herbivorous fish biomass and macroalgae-browsing fish biomass of 9,065 g/100
m? and 1,762 g/100 m? respectively; Fig. 4). Although there is little consensus on
Caribbean reef herbivorous fish thresholds, a global assessment of the status of coral
reef herbivorous fishes identified only 9 of 132 localities as having herbivorous fish
biomass greater than 9,000 g/100 m?, suggesting this to be a high benchmark (Mumby

et al. 2007; Edwards et al. 2014). In addition, a negative correlation between Caribbean
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reef herbivorous fish biomass and fleshy algal biomass has been previously observed
with a site maximum of only 7,000 g/100 m? approximately (Newman et al. 2006). The
threshold hypothesis would be particularly relevant if the decline in average herbivorous
fish biomass between 2005/6 and 2009/10 resulted in changes in the relative proportion
of key functional groups, favouring non-macroalgae-browsing species (Adam et al.,
2015b; Fig. 2). However, the relative proportions of the three main herbivorous fish
functional groups remained stable during the study period (Supplemental Information,
Fig. S1.4). Additionally, a close examination of those sites that suffered the greatest
herbivorous fish biomass losses between 2005 and 2009 revealed that these sites
experienced similar macroalgal growth from 2009 to 2014 compared with other sites
(Supplemental Information, Fig. S1.5). This suggests that the observed rapid increases
in fleshy macroalgae are not due to Mesoamerican reefs passing critical thresholds of

excessive algal production and/or insufficient herbivory.

Fish populations may impact benthic communities indirectly through mediation of
benthic competition. Sponges are a major component of Caribbean coral reef benthos
that compete for space with corals and macroalgae (Loh et al. 2015). Sponges’
competitive superiority over corals is well documented and likely due to a number of
mechanisms including shading, smothering and allelopathy (Porter & Targett 1988; Loh
et al. 2015). Overfishing of spongivorous parrotfishes and angelfishes has been shown
to alter ecosystem dynamics through the alleviation of predation pressure on sponges
(Loh & Pawlik 2014; Loh et al. 2015). Therefore, it is likely that at sites with high
parrotfish biomass, spongivory will control benthic sponge cover, indirectly benefiting

macroalgal and coral communities via reduced benthic competition. Unfortunately we
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could not further explore the role of sponges in shaping benthic interactions as the
survey protocol does not focus on producing reliable sponge cover information (Lang et

al. 2010).

Coral recovery on the Mesoamerican Reef was related to MPA protection and
increasing biomass of herbivorous fish, but not via the expected mechanism of
macroalgal declines through fish herbivory. Alternative mechanisms for the effect of
protection on reef corals are less well studied, but may include reduced disease
prevalence, and diminished physical reef damage through regulation of fishing and
recreational diving practices (Hasler & Ott 2008; Lamb et al. 2015). Replenished fish
communities inside marine reserves can also drive coral recovery through ecological
processes not necessarily linked with herbivory. For example, trophically diverse fish
communities inside marine reserves have been shown to ameliorate coral disease
prevalence, although the pathways through which this takes place remain unclear
(Raymundo et al. 2009). Alternatively, coral cover and complexity may influence
herbivorous fish populations, rather than vice-versa, or the relationship may be purely
correlative with both indicators being driven by marine protection (Halpern 2003; Selig &

Bruno 2010; Alvarez-Filip et al. 2011b).

Reef protection has a positive impact on herbivorous fish biomass and coral cover,
although fleshy macroalgal cover continued to increase at most sites. Although
protection impacted herbivorous fish biomass and macroalgal cover trajectories (Fig. 5),
initial differences between protected and unprotected sites tend to persist, with
unprotected sites continuing to display lower macroalgal cover. This may be attributable

to reserve age, as protected sites were located within reserves designated in 2003 (£ 1
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year) on average, and studies have shown that protection influence may be subject to a
lag effect (Babcock et al. 2010; Selig & Bruno 2010). Furthermore, the use of protection
categories (No Take Zones (NTZs), MPAs but not NTZs, and unprotected) is a coarse
measure of the actual range of protection and fishing pressure experienced at sites.
Additionally, local conditions and reserve regulations often obfuscate protection impact
due to variability of internal factors such as reef community structure and enforcement
level, and external impacts including local stressors and global climate change
(McClanahan et al. 2006; Mora et al. 2006; Selig et al. 2012). Finally, trophic effects
may play a role since trophic cascades are expected when populations of large
predators are enhanced due to protection (Estes et al. 2011). The protection of
piscivores, for example, may result in herbivore reduction and consequently elevated
macroalgal growth inside marine reserves. However, studies that explored this question
have found that changes in predator populations do not discernibly influence or are
even positively correlated with the density, size, and biomass of herbivorous fishes,
suggesting that top-down forces may not play a strong role in regulating large-bodied
herbivorous fish on coral reefs (Mumby et al. 2006a; Houk & Musburger 2013; Rizzari et

al. 2015).

Conclusions

Despite the long-term reduction of herbivory capacity reported across the Caribbean,
the Mesoamerican Reef displayed relatively low macroalgal cover at the onset of this

study. Subsequently, during the last decade, fleshy macroalgal cover increased rapidly
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on Mesoamerican reefs. Herbivorous fish populations were not responsible for this
trend, contrasting the coral reef top-down herbivore control paradigm and implicating
the role of external factors in making environmental conditions more favourable for
algae. Increasing macroalgal cover typically suppresses ecosystem services and leads
to degraded reef systems. Consequently, policy makers and local managers should
consider complementary protection measures such as watershed management, in

addition to herbivorous fish protection, in order to arrest this trend.
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Supplemental Information

Table S1.1. Candidate predictor variables of coral cover change on the Mesoamerican Reef. Site
country classification was split into three binary variables. All sites in Northern Quintana Roo, Mexico are
considered to have been impacted by hurricanes in 2005. Some sites were surveyed in August and
September 2005 after Hurricane Emily (17/7/2005), although this was not considered to have a sizeable
effect on the results as Wilma (21-24/10/2005) was the strongest hurricane registered in the Caribbean

(Alvarez-Filip & Gil 2006).

Variable Type Description

MEX Binary Binary indicator of location of site within Mexico

BEL Binary Binary indicator of location of site within Belize

HON Binary Binary indicator of location of site within
Honduras

Island Binary Binary indicator of island or continental
(mainland) site

Hurricane Binary Binary indicator of sites affected by 2005
hurricanes

Log1o(Fish_Initial) Continuous Logarithm of initial herbivorous fish biomass. Log
values used to modify scale

Fish_Log_Diff Continuous Annual logarithmic change in herbivorous fish
biomass

Algae_ Initial Continuous Initial benthic cover by fleshy macroalgae.
Decimal values from 0 to 1 representing 0 % to
100 %

Algae_Diff Continuous Absolute annual percentage c