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Abstract The Mesoamerican Reef (MAR) is an intercon-
nected system that supports the local economies of four

countries through the provision of seafood and tourism.

Considerable financial, research and management effort
has been invested in this priority ecoregion, whose

boundaries were defined more than 18 yr ago based on best

available data on oceanographic patterns, reef and water-
shed distribution. The long-term persistence of the MAR

depends, however, on ensuring that all of its constituent

parts are appropriately managed, and the current bound-
aries may not respond to this need. Here we assess the

suitability of the current boundaries of the MAR using

information on physical environments and larval connec-
tivity of three key species. Our research indicates the

boundaries of the ecoregion require an adjustment, as the

exclusion of key areas in eastern Honduras might jeopar-
dize the persistence of the entire network of connected

reefs, and areas in northern Yucatan belong to a different

environmental regime and may require different manage-
ment strategies.

Keywords Caribbean ! Connectivity ! Oceanography !
Biogeography ! Tropical coastal ecosystems

Introduction

The Mesoamerican Reef (MAR) is an interconnected sys-

tem of coastal habitats which constitutes a priority region
for conservation in the world (Olson and Dinerstein 2002;

Fig. 1). The MAR is the longest barrier reef system in the

western hemisphere and the second longest in the world,
extending over one thousand kilometres along the coastli-

nes of Mexico, Belize, Guatemala and Honduras. The

region is a biodiversity and cultural hotspot (Roberts et al.
2002) and has great ecological, aesthetic, cultural and

economic value, sustaining nearly two million people from

the four countries (FAO 2000).
Identifying the boundaries of the ecoregion was one of

the first steps to start coordinated conservation efforts in

the MAR. Collective work in the region started with the
Tulum Declaration during the first International Year of the

Reef in 1997. At this time, the governments of Mexico,
Belize, Guatemala and Honduras committed to work

together to promote the conservation and sustainable use of

their shared resource. The declaration catalysed the work of
several non-governmental and governmental organizations

that produced a conservation blueprint for the region and

delineated the limits of the ecoregion (Kramer and Kramer
2002). Since then, the MAR has become an international

conservation priority ecoregion (Olson and Dinerstein

2002), stimulating targeted research, monitoring and
management.
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Ensuring the persistence of this large network of inter-

connected reefs, the main objective of the ecoregion
(Kramer and Kramer 2002), requires careful management

of all its components. However, the MAR’s boundaries
may not respond to this need, and requires reassessment.

The boundaries of the ecoregion were defined more than

18 yr ago using the best available information at the time.
The process started in 1999 with an initial meeting in

Belize City of experts who detailed all the biological and

oceanographic data needed to carry out the ecoregional
planning (Jorge 1999). The datasets were later collected to

identify the ecoregional boundaries that were presented to

and approved by stakeholders in Cancun in 2000 (Kramer
and Kramer 2002). The MAR ecoregional boundaries were

initially identified based on oceanographic patterns, reef

and watershed distribution; however, the northern and
southern ecoregional boundaries were finally established to

coincide with the limits of major watersheds on land (Ria

Lagartos in Mexico and Patuca River in Honduras; Kramer
and Kramer 2002). Since then, research on habitat distri-

bution, connectivity and physical environments has

advanced (Cowen et al. 2006; Chollett et al. 2012, 2016b;
Holstein et al. 2014). A full assessment of the ecoregional

boundary needs to be considered taking into account the

information now available for the area.
Here, we assess the suitability of the current boundaries

of the MAR to ensure the long-term persistence of the

ecoregion, its primary objective (Kramer and Kramer
2002). This work focuses on larval connectivity and

physical environments, which provide insight into

ecological continuities and breaks in the region. This

research contributes to the management of the MAR as a
connected system and to ensuring the persistence of an

ecoregion that can support the local communities that
depend on it.

Materials and methods

Identifying areas connected to the MAR

We identified which sites in the Caribbean are tightly

connected to the MAR ecoregion by first identifying con-
nectivity units (areas strongly connected) within the basin,

and then which sites outside the boundaries of the current

ecoregion belong to the same connectivity unit as the
MAR.

We considered three key species relevant for Caribbean

reef ecosystem provision and fisheries in our connectivity
analyses. The species were boulder star coral (Orbicella

annularis), yellowtail snapper (Ocyurus chrysurus) and

spiny lobster (Panulirus argus), which have contrasting
larval characteristics. Boulder star coral constitutes the

foundation species of coral reefs in the region and has a

pelagic larval duration of about 30 d (Vermeij et al. 2006).
Yellowtail snapper is an increasingly desirable target in

the Caribbean because of its fast growth and prolific

reproduction (Saillang et al. 2012) and as an alternative to
groupers and other slow-growing snappers that have been

depleted throughout the region (Sadovy and Domeier

Fig. 1 Map of the MAR
indicating the current
ecoregional boundary, exclusive
economic zones (EEZ) and
consolidated marine habitats.
Habitat data for eastern
Honduras from Chollett et al.
(2016b) and other data from the
Reefs at Risk Revisited project
(Burke et al. 2011)
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2005). Yellowtail larvae spend about 47 d in the plankton

(Lindeman et al. 2000). Finally, spiny lobsters constitute
the most desired marine resource in the MAR (Cochrane

and Chakalall 2001) and their larvae can spend up to 196

d in the plankton (Goldstein et al. 2008). All connectivity
data were produced for previous published studies and

have been described before (Holstein et al. 2014; Chollett

et al. 2016b). An overview of the larval connectivity
matrices can be found in the Electronic Supplementary

Material (ESM Table S1). The most relevant difference
among datasets is the use of different habitat coverage;

while Holstein et al. (2014) used a global coral reef map

produced for the Millennium Coral Reef Mapping Project
(Andréfouët et al. 2006) for boulder star coral and yel-

lowtail snapper, Chollett et al. (2016b) complemented

data from the Reefs at Risk Revisited project (Burke et al.
2011) with fishing grounds mapped in eastern Honduras

(Fig. 1).

Connectivity units were defined using the method
described by Jacobi et al. (2012). The method identifies

subpopulations separated by dispersal barriers. Briefly,

the algorithm applies a minimization procedure that
recursively splits the population so that the connectivity

between subpopulations is minimal. The method produces

several partitions (ESM Fig. S1). Using all partitions as
input, we quantified the proportion of times each site in

the Caribbean was identified as belonging to the same

connectivity unit as the MAR for each species. The
method was applied using the latest version of the R

package ConnMatTools (Andrello 2016) considering 20

cycles, 20 values of the parameter b and a maximum of
400 partitions.

Identifying different environments in the wider
MAR

We classified the wider MAR (12–24N, 80–89W) in dif-
ferent environments following a clustering approach

previously used in the Caribbean and other regions

(Chollett et al. 2012; Wang et al. 2015). The environment
of the MAR was originally described in terms of sea

surface temperature (mean, summer and winter values),

mean chlorophyll concentration, salinity and current
speed. After initial data exploration, mean temperatures

and salinity were excluded from the clustering analyses.

Mean temperature was highly correlated with winter
temperatures (R2 = 0.87, p\ 0.001), and variability in

salinity was minimal throughout the region (less than 1

psu). Different environments in the wider MAR were
identified using self-organized maps, a type of neural

network (Kohonen 2001). The optimal number of classes

(aka environments) was defined using the Calinski and
Harabasz index (Calinski and Harabasz 1974). The R

packages raster (Hijmans 2015), kohonen (Wehrens and

Buydens 2007) and fpc (Hennig 2015) were used for
image analysis, neural network analyses and cluster val-

idation, respectively.

The data sources used are briefly described below.
Night-time sea surface temperature (SST) and chlorophyll

concentration (chl-a) data at 1-km spatial resolution were

extracted from the sensor MODIS aboard the Aqua satel-
lite. We used monthly climatologies covering the period

2003–2010 as input. From the 12-monthly climatological
values, we calculated the mean (for SST and chl-a), and the

minimum and maximum values (for SST). Mean surface

salinity and current speed were extracted from the ocean
model HYCOM which produces data for the Caribbean at

1/12" spatial resolution (Chassignet et al. 2007). We used

global data-assimilative runs for the period 2008–2011.
These analyses differ from Chollett et al. (2012) in two

aspects, the spatial scale and the data sources. This work

focuses in obtaining patterns only in the Mesoamerican
Reef area. The inputs include a salinity dataset with better

spatial resolution and incorporate current speed as an

additional driver, which is important in this region of the
Caribbean.

Results

Identifying areas connected to the MAR

Eastern Honduras is the only region that is consistently

connected to the MAR no matter the species considered.
This region was always identified as belonging to the same

connectivity unit as the MAR (proportion = 1, areas in

dark green in Fig. 2).
Other regions had tight connections to the MAR

ecoregion, but they were dependent on the species con-

sidered. Downstream from the MAR and therefore
receiving larvae produced by the region, Northern Cuba

(for star boulder coral; Fig. 2a), Florida (for spiny lobster;

Fig. 2c) and some areas of the Bahamas are highly con-
nected. These regions are connected to the MAR through

the fast Yucatan and Loop currents that flow through the

Yucatan passage towards eastern Florida (Richardson
2005).

Upstream, and therefore seeding the region, some of the

Nicaraguan Miskito Cays and offshore banks in Colombia
(Quitasueño, Serrana and Serranilla) are highly connected

for yellowtail snapper (Fig. 2b). Additionally, the entire

Central American region appears to contribute spiny lob-
ster larvae to the MAR (Fig. 2c), possibly related to the

long time the larvae of this species spend in the plankton

(Goldstein et al. 2008).
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Fig. 2 Proportion of times each
site outside the current MAR
ecoregion boundary has been
identified as belonging to the
same connectivity unit as the
MAR for a boulder star coral,
b yellowtail snapper, c spiny
lobster. Limits of the MAR
Ecoregion in black, and
Exclusive Economic Zones in
grey. Dark green sites are
always (proportion = 1)
connected to the MAR,
independently of the strength of
the partition
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Identifying different environments in the wider
MAR

The optimal partition for the MAR was found when con-

sidering six clusters (Fig. 3a). This partition classified the

wider MAR ecoregion into six different physical environ-
ments (Fig. 3b). The clustering procedure produced

homogeneous clusters with well-defined boundaries, even

though no spatial information was given as an input. Not
all environment classes are the same, and some are more

similar than others (Fig. 3c); clusters 1 and 2 are charac-

terized by high current speed, while cluster 6 has the
minimum winter temperatures. Clusters 3–5 represent

offshore waters with similar characteristics, which trans-

lates into weak gradients along the map (Fig. 3b).
Most of the MAR presents relatively homogeneous

waters characterized by clusters 3–5, the exception being

interior waters along bays and the region around Cozumel
in Mexico characterized by very fast currents (clusters 1,

2). The most defined boundary within the ecoregion is

located in its northern tip, where a colder front (cluster 6)
seems to separate the waters of the Gulf of Mexico and the

Caribbean.

Discussion

Research on connectivity and physical environments con-

firms that the boundaries of the MAR ecoregion require

some adjustment, particularly the inclusion of key areas in
eastern Honduras that are tightly connected to the MAR,

whose addition might boost the persistence of the entire

network of connected reefs. Furthermore, areas in northern
Yucatan are under the influence of a very different envi-

ronment and therefore could benefit from different man-

agement strategies.
The suggested redefinition of the boundaries coincides

with other classifications available for the basin: the expert-

derived ecoregions of the world (Spalding et al. 2007) and
the data-driven Caribbean physicochemical provinces

(Chollett et al. 2012). The northern break due to upwelling
has been recognized by both classifications (Spalding et al.

2007; Chollett et al. 2012), while the fuzzy southern break

has been represented in our previous work (Chollett et al.
2012). The absence of a biogeographical break in this

region in Spalding’s work is not surprising giving the lack

of information on eastern Honduran and Nicaraguan reefs
(Chollett et al. 2014), which to this date, remain largely

unexplored by researchers.

Refining the boundaries of the MAR: northwest

Several lines of evidence suggest the existence of a natural
break inside the MAR along its northwest corner. This

region is characterized by a cold front (Fig. 3b) due to the

influence of upwelling offshore from Cabo Catoche,
altering the oceanographic characteristics of the waters

(Merino 1997; Melo-González et al. 2000), which trans-

lates into pronounced differences in marine benthic
(Espinoza-Avalos 1996) and pelagic (de la Parra-Venegas

et al. 2011) communities, as well as target fisheries

resources. Benthic communities are so different that there

a b

c

Fig. 3 Different environments
in the MAR using minimum
monthly sea surface temperature
(minSST), maximum monthly
sea surface temperature
(maxSST), chlorophyll
concentration (chla) and current
speed (cs). a Calinski and
Harabasz index for
classifications with different
cluster sizes; a higher value
indicates a better partition.
b Physical environments along
the wider MAR (12–24N,
80–89W). c Principal
component ordination showing
differences among
environments (dots) and the role
of each input variable (arrows).
The first two principal
components explain 99% of the
variance
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is a discontinuity in consolidated habitat distribution

around this area (Fig. 1). Furthermore, the fast flow of the
Caribbean Current through the Yucatan Channel produces

a strong connectivity break between the Mexican Car-

ibbean and the Gulf (Fig. 2).
Originally, Cabo Catoche was identified as the northern

limit of the MAR by experts in the region, but the boundary

was moved towards the west to accommodate the limit of
the watershed of Ria Lagartos (Kramer and Kramer 2002).

Setting aside (important) issues of practicality associated
with maintaining the status quo, the need to move the

boundaries of the ecoregion in the north ought to be dis-

cussed. Excluding this region from the MAR, however,
would not jeopardize the persistence of the MAR as a

connected ecoregion.

Changes in the environment produce profound changes
in the fisheries resources that live in the northern tip of the

MAR. For example, while Nassau grouper thrives in the

Caribbean, red grouper dominates the Gulf of Mexico. The
species have different life histories and spawn at different

times of the year, therefore requiring different minimum

landing sizes and closed seasons (Aguilar-Perera et al.
2008). Even if the boundaries remain the same in this

section of the MAR, this region may require a different

fisheries management approach. Mexico would benefit

from acknowledging the differences in environment and
species distribution in this region, and translating this

information into more targeted management measures for

its fisheries species.

Refining the boundaries of the MAR: southeast

Eastern Honduras is the only region that is consistently

connected to the MAR. The exact location of the MAR’s
south-eastern connectivity break, however, changes

slightly according to the species and lies between the

southern Honduran Miskito Cays and the Nicaraguan
Miskito Cays (Fig. 4). The Miskito Cays are located at the

northern limit of the Panama–Colombia gyre (Andrade and

Barton 2000) which flows counter-clockwise with a sea-
sonally variable northernmost range, explaining the fuzzy

nature of this boundary. Although our analyses do not

include every species in the Caribbean, they encompass a
diverse range of species that allows quantifying the repe-

ated occurrence of boundaries, allowing certain general-

izations to be drawn. The presence of the south-eastern
connectivity break has been qualitatively suggested by

earlier connectivity work, which has highlighted strong

Fig. 4 Detail of Fig. 2 showing the proportion of times each site
around the south-eastern boundary of the current MAR ecoregion was
identified as belonging to the same connectivity unit as the MAR for
boulder star coral and yellowtail snapper (average proportion shown).

Spiny lobster was not included given that proportion = 1 for the
entire area. Dark green sites are always (proportion = 1) connected
to the MAR
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connections between western and eastern Honduras and

limited larval exchange between Honduras and Nicaragua
(Cowen et al. 2006; Bustamante and Paris 2008).

Most connectivity work in the Caribbean (Cowen et al.

2006; Holstein et al. 2014; Schill et al. 2015) has used
global maps of reef distribution as templates (Bryant et al.

1998; Burke et al. 2011), therefore missing some key

regions in the area, such as the banks in eastern (Gorda,
Oneida, Middle and Rosalinda; Fig. 4) and northern Hon-

duras (Misteriosa, Rosario, and two unnamed banks). To
draw a definitive boundary for the ecoregion, further con-

nectivity work with a comprehensive coverage of the area

is needed. Additionally, in situ surveys in standard habitats
would be desirable. These could provide information on

biodiversity and demographic connectivity that could help

validate the presumed biogeographical breaks. In the
meantime, we recommend the inclusion of the rest of the

Honduran consolidated habitats within the boundaries of

the ecoregion. These areas are likely integral to regional
population replenishment and beneficial mostly to species

with intermediate larval dispersal duration.

Adding this new region to the MAR brings some chal-
lenges. Although there is little conflict of use in this

undeveloped area, which is currently only used for indus-

trial fishing (Chollett et al. 2016a), and land-based threats
are unlikely to affect the distant ([50 km) consolidated

habitats, their remoteness could represent a challenge for

management and enforcement. In this sense, two elements
are key: the involvement of local stakeholders (indigenous

Miskitu, currently mostly employed by the industrial fish-

ing fleet) in the use and management of the area through
the development of safer, more profitable artisanal fish-

eries; and the use of vessel monitoring system technology,

available from the Honduran Fisheries Department, for
enforcement of the region.

In summary, collective work in the MAR to ensure a

better management of the ecoregion would benefit from:
(1) including all eastern Honduras as part of the ecoregion;

(2) acknowledging the differences in environment

throughout the MAR to ensure both that different regions
are managed with appropriate fisheries management tools

and that examples of each environment are well repre-

sented in networks of marine protected areas (Margules
et al. 2002). Here we provide the science evidencing the

need to redraw the boundaries of the MAR ecoregion. We

hope that once this information is in the hands of donors,
managers and researchers, comprehensive work in the

MAR will follow, directed to expand management efforts

in eastern Honduras and tailor the work in northern
Yucatan. To formalize the new boundaries, however, this

evidence should be discussed by stakeholders in the region,

as it was in 2000 when the MAR was first defined.

The adjustment of the MAR boundaries would allow

funding, research and implementation to reach the entire
region of connected reefs. This issue is of particular

urgency now that an international initiative has begun to

develop a network of marine reserves in the MAR led by
The Nature Conservancy, Comunidad y Biodiversidad,

Centro de Estudios Marinos, Healthy Reefs and the

Smithsonian Institution. By ensuring monitoring and
management efforts are directed to the entire ecoregion, we

will work towards sustaining the long-term persistence of
this iconic reef system and the human communities that

depend on it.
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los Reyes R, Victoria del Rı́o I, Cárdenas-Pérez P, Mitrani-
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