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Coral reefs are the most biodiverse ecosystems on earth and are presently experiencing
severe declines globally. Shallow coral reef ecosystems (<30 m) have been studied
extensively while mesophotic coral ecosystems (MCE) are poorly studied. As a result,
MCE are rarely included in marine reserve design and management, despite their
ecological importance and connectivity to shallow reefs. In this study, we assessed
the fine-scale topographic complexity, a proxy for structural complexity, for a group
of coastal coral reefs in a marine park in the southwestern Gulf of Mexico, in depths
between 2 and 49 m. We conducted hydrographic surveys using a semi-portable
multibeam echosounder system to produce 3D bathymetry digital terrain models (DTM)
with a 2.5 m spatial resolution for three submerged bank reefs and two emerging
reefs. From these models, descriptive terrain parameters were calculated for each
reef, including slope, aspect, curvature, rugosity and ruggedness. Results show that
all reefs are predominantly northeast-southwest oriented, with well-defined leeward and
windward sides. For the three submerged bank reefs, structural complexity increased
with depth. Estimated mean ruggedness and rugosity were highest at 20–40 m depth
range on windward side slopes. Emerging reefs showed high structural complexity,
particularly at the 25–40 m depth range. We identified a spur and groove zone
with maximum ruggedness (0.26) and rugosity (3.17) values, and four channels with
steep slopes (68◦) and dispersed mounds. We found that at mesophotic depths (>30
m), southern reefs basements from two distinct reefs merge to form a continuous
complex. This has important management implications since presently, only 28.7%
of this reef complex (mostly shallow areas) are within the existing limits of the marine
park’s core zone. Considering the newly recognized importance of MCE, we propose
expanding and reshaping the core zone to include the entire reef complex which mostly
encompasses MCE with high structural complexity. Our study illustrates the value of
semi-portable MBES for marine planning in developing countries and remote poorly
studied areas.

Keywords: bathymetry, geomorphology, Gulf of Mexico, mapping, mesophotic coral ecosystem, multibeam
echosounder, structural complexity
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INTRODUCTION

Many studies have shown the global loss in live coral cover and
critical degradation of coral reef ecosystems due to natural and
anthropogenic disturbances (Gardner et al., 2003; Bellwood et al.,
2004; Hoegh-Guldberg et al., 2007; Sweatman et al., 2011; De’ath
et al., 2012; Gilmour et al., 2019). Evidence that the loss of live
coral led to a drastic decline in the reef structural complexity has
been shown for a region-wide scale in the Caribbean (Alvarez-
Filip et al., 2009; Prachett et al., 2014; Bozec et al., 2015; Medina-
Valmaseda et al., 2020). Such degradation trends generate
uncertainty about the possible recovery of shallow coral reefs
(Gardner et al., 2003) in which biodiversity, productivity and
ecosystem services have been compromised (Moberg and Folke,
1999; Prachett et al., 2014). Current global-scale degradation of
shallow coral reefs has encouraged the scientific community to
study mesophotic coral ecosystems (MCE) (Menza et al., 2008)
that typically occur between 30 and 150 m (Hinderstein et al.,
2010) to determine if MCE are facing similar threats to those
faced by shallow coral reefs (Bak et al., 2005; Reed et al., 2007;
Lesser and Slattery, 2011; Bongaerts et al., 2013; Appeldoorn et al.,
2015).

MCE are defined as light-dependent communities distributed
between the middle and lower depths of the euphotic zone
in tropical and subtropical regions (Hinderstein et al., 2010).
Mesophotic reef depth limits vary within and between regions
(Kahng et al., 2010) depending on water optical properties
(Kirk, 2011). MCE occur at depths where downwelling irradiance
reaches the 10 and 1% of subsurface irradiance (Jerlov, 1968).
The euphotic zone may extend beyond 200 m deep in clear
oceanic waters, while reduced to depths below 30 m near the coast
because of increased water turbidity (Wright and Colling, 1995).
MCE are considered an extension of shallow coral reefs since
the distribution range of some species span from the shallow to
the mesophotic zone (Kahng et al., 2010). Connectivity between
shallow and mesophotic fish (Bejarano et al., 2014; Tenggardjaja
et al., 2014; Papastamatiou et al., 2015) and coral species (Van
Oppen et al., 2011; Holstein D.M. et al., 2016) suggest that MCE
could be important contributors to reef ecosystem recovery.

Shallow coral reef ecosystems have been studied extensively
while MCE remain poorly understood. Menza et al. (2008)
showed an exponential decline in scientific literature on coral
reefs as depth increases, showing the lack of information on
MCE. Turner et al. (2017) showed that most of the studies
on MCE are concentrated in a few geographic areas including
Hawaii and Australia in the Pacific, Israel in the Middle East,
the Caribbean and the northern Gulf of Mexico. Only 5.2% of
those studies include reef geomorphology (Turner et al., 2017).
The information gap on MCE is due in part to the financial
and logistical constraints of conducting research in waters deeper

Abbreviations: AGDS, Acoustic ground discrimination systems; CC, Coral
Cover; DTM, Digital Terrain Model; H1, Holandesa 1; H2, Holandesa 2;
H3, Holandesa 3; MBES, Multibeam Echosounder System; MCE, Mesophotic
Coral Ecosystems; MPA, Marine Protected Area; ROV, Remotely Operated
Vehicle; SARC, Santiaguillo Anegadilla Reef Complex; SAVNP, Sistema Arrecifal
Veracruzano National Park; SBES, Single beam echosounders; SoNAR, Sound
Navigation and Ranging.

than 30 m which requires specialized equipment and training
(Locker et al., 2010).

Scleractinian corals are the dominant framework builders
that provide the three-dimensional structure and complexity
of coral reefs (Jones et al., 1994; Bruno and Bertness, 2001).
Higher structural complexity is positively correlated with higher
species biodiversity (Risk, 1972), reef fish biomass, and the
abundance and size spectra of fish (Bell and Galzin, 1984; Rogers
et al., 2014). Corals provide refuge for reef-dwelling species
by reducing predation and competition (Almany, 2004) and
space for larval settlement (Idjadi and Edmunds, 2006). Also,
structural complexity has a positive effect on the provision
of ecosystem services (Graham and Nash, 2013) including the
important physical role of protecting coastal areas from waves
(Harris et al., 2018).

Geomorphology in marine environments is an inherent
physical attribute of the seabed. Geomorphic classification,
based on maps of the seabed is a fundamental descriptor that
provides a synthesis of attributes and information relevant for
characterizing habitats (Harris, 2011) in scales from centimeters
to kilometers (Greene et al., 1999). Specific geomorphic features
are associated with particular suites of benthic habitats (Harris
and Baker, 2011) and can be used as a proxy to identify critical
life habitats of marine species (Heyman and Wright, 2011).

Benthic habitats are physically distinct areas of seabed
associated with species, communities, or assemblages that
consistently occur together (Harris and Baker, 2011). The
physical structures of habitat, including its surfaces and
substrates, are significant components of habitat complexity
playing a key role in the function and structure of the marine
communities (Bruno and Bertness, 2001). The habitat complexity
of the aquatic systems is characterized by at least five different
physical traits: (1) spatial scales, (2) diversity of complexity-
generating physical elements, (3) elements spatial arrangement,
(4) elements size and (5) elements abundance and density
(Tokeshi and Arakani, 2012). Topographic variability is a primary
component of habitat complexity. Topographic variability is a
basic terrain parameter for seafloor characterization and can
be used for delimiting regions or boundaries between habitats
that in turn could be associated with distinct faunal assemblages
(Wilson et al., 2007).

Coral reef structural complexity has been studied at different
spatial scales and resolutions, using a variety of methods. The
most commonly used field method is the belt chain, i.e., laying a
chain directly over the substrate and estimating a rugosity index
as a ratio of the actual surface distance relative to linear distance
(Luckhurst and Luckhurst, 1978). Optical remote sensing has also
been used to study landscape ecology, bathymetry, rugosity and
even to assess the structural complexity of coral reefs (Brock et al.,
2004; Zawada and Brock, 2009; Ferrari et al., 2016). Nonetheless,
the utility of optical remote sensing techniques is restricted to
clear shallow waters (Kenny et al., 2003; Wölfl et al., 2019). These
techniques detect and measure energy patterns from different
portions of the electromagnetic spectrum (Yang, 2009). Only
wavelengths of the visible region of the spectrum (0.4–0.7 µm)
penetrate the water column and this penetration decreases for
longer wavelengths, becoming opaque for the infrared region
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(Green et al., 2000). The precise degree of penetration in a
spectral region is influenced by the optical properties of the
water, including the concentration of dissolved organic matter
and suspended sediments (Mumby et al., 2004).

Acoustic hydrographic methods based on SoNAR (Sound
Navigation and Ranging) or echosounders are suitable tools for
seafloor mapping, which in turn supports geomorphic features
identification and classification. These methods have been used
in coral reefs, including the MCE (Locker et al., 2010; Sherman
et al., 2010). Single beam echosounders (SBES) measure water
depth by timing the period from when the echo is emitted
by the SBES to its return from the seabed (Ainslie, 2010).
Acoustic ground discrimination systems (AGDS) based upon an
SBES, use the strength and character of the echo to provide an
indication of the bottom type (Kenny et al., 2003; Walker et al.,
2008; Bejarano et al., 2011). Multibeam echosounder systems
(MBES) acquire multiple depth measurements simultaneously
and are used to map large areas of the seafloor at high resolution
up to 0.1 m (Kenny et al., 2003). Multibeam data combined
with data gathered with remotely operated vehicles (ROVs)
or autonomous underwater vehicles (AUVs) allows a detailed
description of geomorphology (Armstrong et al., 2008), terrain
variability (Sherman et al., 2010), topographic variability and
its relationship with MCE benthic community structure (Bridge
et al., 2011). Descriptors such as slope, texture and landforms
have been used for benthic characterizations and benthic habitat
delimitating (e.g., Wilson et al., 2007; Costa and Battista, 2013).

Seafloor mapping and habitat modeling are essential for
marine spatial planning, designing marine protected areas
(MPAs), planning and conducting scientific research on benthic
ecosystems and marine geology, and assessing economic
resources (Harris and Baker, 2011). The main objectives of
this study are to: (1) generate fine-scale bathymetric maps
for a group of poorly studied coastal coral reefs in a marine
park in the southwestern Gulf of Mexico, including both
shallow and mesophotic depths; (2) describe the seafloor
geomorphology; (3) assess the topographic variability as a proxy
for structural complexity to identify potential areas of interest for
conservation and management.

MATERIALS AND METHODS

Study Area
The “Sistema Arrecifal Veracruzano” National Park (SAVNP)
in the southwestern Gulf of Mexico, includes 45 fringing and
platform coral reef structures (Liaño-Carrera et al., 2019). The
SAVNP is located in a terrigenous environment influenced by
freshwater discharge from three rivers: the Antigua in the North,
the Papaloapan to the South and the Jamapa in the middle
(Krutak, 1997). Three weather seasons have been described for
the region: dry, rainy and northerly (Gutiérrez de Velasco and
Winant, 1996). Water turbidity varies seasonally according to
weather conditions. Five coral reefs were selected for this study:
three from the northern group and two from the southern group
(Figure 1). The northern reefs, known as the “Holandesas” are
three submerged banks located in front of the port of Veracruz

which we refer to herein as Holandesa 1 (H1), Holandesa 2 (H2),
and Holandesa 3 (H3). The southern reefs, commonly known as
Santiaguillo and Anegadilla are emergent platform reefs located
offshore of Anton Lizardo village (Liddell and Tunnell, 2011).

Hydrographic Surveys
Hydrographic surveys were carried out during 2015–2017 using
a 30 foot Mexican style skiff equipped with an outboard engine
and covered a total area of 6.42 km2. The boat was equipped
with a semi-portable MBES consisting of a 400 kHz SONIC
2020 multibeam echosounder (R2Sonic, Texas, United States)
pole-mounted port-side, amidship 0.60 m below the surface,
a sound velocity Micro X probe (AML Oceanographic, British
Columbia, Canada) mounted at the rear of the transducer, a
differential GPS Receiver Vector VS131 (Hemisphere GNSS,
Scottsdale, Arizona, United States) with two antennas mounted 1
m apart on top of the pole, an Inertial Navigation System Ekinox-
E (SBG systems, Carrières-sur-Seine, France) aligned to the
center line of the vessel and used as our central reference point,
and the 1PPS box (Hypack/Xylem, Middle-town, Connecticut,
United States) installed between the GPS and computer. The box
was used to improve time-tagging by reducing the clock sync
error to less than 1 ms.

The multibeam echosounder was operated at 300 kHz with an
emitted fanned arc of 256 equidistant beams per ping through a
130◦ swath sector, sampled. Samples were recorded every 15 µs
and received using a 60 kHz bandwidth. Surveys were conducted
following 180 parallel-line transects at ∼2 km/h average speed.
Transects were planned to obtain 100% sector coverage. Sound
velocity casts were obtained using an SV-Xchange probe (AML
Oceanographic, British Columbia, Canada). Calibration transects
were conducted for each survey to determine pitch, roll,
and yaw offsets.

Bathymetry Data Processing
Bathymetry data were processed using Hypack hydrographic
software (version 2015). Sound velocity, tide, pitch, roll and
yaw offsets corrections were applied according to the manual
(Hypack, 2015). The noise was manually removed from every
transect. The highest estimated resolution was 0.71 m; however,
all data were scaled down to generate a standard 2.5 m gridded
matrix (x, y, z) and exported to ArcMap software (ESRI,
United States). A 3D bathymetry digital terrain model (DTM)
was created in raster format with 2.5 m spatial resolution and
projected to the UTM zone 14N Transverse Mercator Datum.

Topographic Variability Analysis
Topographic variability analysis was performed using the Benthic
Terrain Modeler (BTM) tools for ArcMap, calculated using a
3 × 3 moving window (Walbridge et al., 2018). To describe the
geomorphology and structural complexity of the reefs, several
key terrain parameters and their variation were measured, as
described in Table 1. A Pearson correlation coefficient was
computed to assess the relationship between the depth and the
slope, depth and ruggedness, as well as depth and rugosity for the
H1, H2, and H3 coral reefs.
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FIGURE 1 | Sistema Arrecifal Veracruzano National Park (SAVNP) located in the southwestern Gulf of Mexico; the two groups of reefs studied are highlighted.
Polygons in red indicate core zones; polygons in dashed line indicate the proposed core zone.

RESULTS

Coral Reef Geomorphology
For the Holandesas reef group, the depth ranged from 15
to 44 m (see Supplementary Material). Three-dimensional
models (Figure 2) of those reefs showed three well-defined
geomorphologic zones; (1) the leeward side, (2) the reef flat, and
(3) the windward side. H1 and H3 present an oval-shape, while
H2 is kidney-shaped with a concave bay at the leeward side. H1
is the largest of the northern reef group and has the deepest
basement (Table 2).

For Santiaguillo and Anegadilla reef group, the depth ranged
from 2 to 51 m (see Supplementary Material). The reef complex
is partially divided by a 0.9 km long channel (Channel-1) oriented
northwest to southeast with a width ranging from 0.02 to 0.22 km
and depths ranging from 32 to 38 m. Other channels include:
Channel-2 which is 0.4 × 0.19 km having depths between 32 to 36
m, Channel-3 is 0.3 × 0.08 km with depths ranging from 33 to 36
m and Channel-4 is 0.7 × 0.07 km with depths ranging from 34 to
43 m. Multiple and well-defined mounds about 0.002–0.008 km2

area were identified, away from the main reef within sand beds
surrounding the leeward side of Anegadilla (Figure 3A). Spur
and groove were the dominant geomorphological features at
depths > 30 m, where the reefs show high structural complexity
and are continuous between the two reefs (Figure 3B). Our data
suggest that Santiaguillo and Anegadilla may constitute a single
reef complex, instead of two separate reefs. As such, for the rest

of the analyses, these two coral reefs are hereafter referred as the
“Santiaguillo and Anegadilla reef complex” (SARC).

Structural Complexity of Holandesas
Reef Group
The overall results of the estimated terrain parameters for the
Holandesas reef group are summarized in Table 2 and the DTM
of the topographic variability showing the results of the analysis
are presented in Figure 4 in the following order: mean depth,
depth standard deviation, slope, aspect, curvature, ruggedness
and rugosity. The estimated mean depth ranged from 15 to 42
m and its standard deviation for depth ranged from 0 to 7.2 m.
Steepest slopes (Table 2) are found in the 25–43 m depth range
in specific areas: northeast windward side for H1, southwest
leeward side for H2 and southeast windward side for H3. At
the reef ’s flat (within 20–25 m depth), H3 (4.8◦

± 2.9◦) and H1
(4.5◦

± 3.1◦) showed moderate mean slope. For the H2 reef flat
(15–20 m depth), the mean slope was closer to level (3.2◦

± 2.8◦).
The estimated mean slope increased significantly with depth [H1
r(56,149) = 0.17, p < 0.001, H2 r(53,039) = 0.49, p < 0.001, and H3
r(41,894) = 0.40, p < 0.001; Figure 6A].

The bank walls were mainly southwest and northeast oriented
for the well-defined leeward and windward sides, respectively.
For H1, the northeast surface area was 0.17 km2 (46.8% of the
reef) and the southwest surface area was 0.16 km2 (46.3% of the
reef). For H2, the northeast surface area was 0.18 km2 (56.2%
of the reef); southwest surface area was 0.09 km2 (29%). For
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TABLE 1 | Description of terrain parameters obtained from BTM
(Walbridge et al., 2018).

Terrain
parameter

Description

Mean depth Is the average water depth in the 3 × 3 neighborhood
(Walbridge et al., 2018).

Standard
deviation

It captures the local dispersion (Walbridge et al., 2018).

Slope It is estimated as the maximum rate of change of the
elevation between the site and its surroundings and
expressed in degrees. Low values, represent a flat
terrain, high values, a steep terrain (Burrough et al.,
1998).

Aspect It measures the surface direction and reflects the
orientation of the seabed at any given location. The
algorithm uses a 3 × 3 neighborhood, it ranges from 0
to 359.9 degrees, measured clockwise from north, and
-1 for locations of no slope (Walbridge et al., 2018).

Curvature Is the first derivative of the slope (Zevenbergen and
Thorne, 1987). Describes the relative position of the
terrain features and delimits the regions of distinct
habitat by identifying boundaries. Maximum curvature
refers to a convex surface, minimum curvature to a
concave surface (Walbridge et al., 2018).

Ruggedness This is calculated using a 3 × 3 moving window, the
magnitude of this standardized resultant vector is
subtracted from 1 to obtain a dimensionless value that
ranges from 0 (no variation) to 1 (complete variation).
Typical values are small (≤0.4) in natural data
(Walbridge et al., 2018).

Rugosity Is the ratio of the surface area to the planar area across
the neighborhood of 3 × 3 of a central pixel. Flat areas
will have a rugosity value near to 1, high relief areas will
exhibit higher values (Jennes, 2004).

H3, the northeast surface area was 0.12 km2 (46.2% of the reef);
southwest surface area was 0.09 km2 (34.6%).

Convex surfaces (curvature range from 100 to 356) delineate
the edge of each reef from the Holandesas group. Concave
surfaces (curvature range from −100 to −350) revealed notches
on the edge of the reefs and depressed areas.

Ruggedness and rugosity analysis revealed highly structurally
complex patchy areas that were found at the windward slopes.
The H1 showed the maximum ruggedness and H2 showed the
highest estimated mean ruggedness among the Holandesas, while
H3 presented the lowest ruggedness. Maximum rugosity and
estimated mean rugosity were higher for H2, followed for H1 and
H3 (Table 2). Estimated mean ruggedness [H1 r(56,140) = 0.080,
p < 0.001, H2 r(53,039) = 0.22, p < 0.001 and H3 r(41,894) = 0.14,
p < 0.001] and rugosity increased significantly with increasing
depth [H1 r(59,322) = 0.11, p < 0.001; H2 r(53,039) = 0.32, p < 0.001
and H3 r(41,894) = 0.33, p < 0.001], showing that deeper areas (up
to 43 m) are structurally more complex (Figures 6B,C).

Structural Complexity of Santiaguillo and
Anegadilla Reef Complex
The overall results of the estimated terrain parameters for
the SARC are summarized in Table 2 and the DTM of the
topographic variability showing the results of the analysis are

presented in Figure 5 in the following order: mean depth,
depth standard deviation, slope, aspect, curvature, ruggedness
and rugosity. The estimated mean depth for SARC ranged from
2 to 49 m and its standard deviation ranged from 0 to 7.2 m.
The overall estimated mean slope was 10◦

± 10.3◦. The mean
slope was 6.9◦

± 5.6◦ for shallow areas (5–10 m deep), increased
up to 18◦

± 12.9◦ between 20–25 m depth and decreased down
to 4.4◦

± 3.3◦ between 45 and 49 m depth (Figure 6A). The
steepest areas were at the channel walls (68◦) and the spur
and groove areas ranging from 59◦ to 35◦, within 35–49 m
depth, respectively.

Aspect analysis showed that leeward and the windward
surfaces are both oriented in a southwest-northeast direction,
with geomorphologically well-defined slopes. The northeast
surface area was ≈1.88 km2, accounting for 47.2% of the total
reef complex. The southwest surface area was approximately
0.97 km2, accounting for 24.4% of the total reef complex.

The convex surfaces (curvature range 100–356) delineated the
channel walls, several mounds dispersed on the sand bed and spur
and groove features. Concave surfaces (curvature range from -
100 to -350) delineate the edge of the geomorphological features
and depressed areas. In shallow areas (2–20 m deep) and the sand
bed, the curvature surface ranged from 50 to −50.

The SARC showed the maximum values for slope, ruggedness
and rugosity of all reefs (Table 2). Channel slopes and spur
and groove zones within the 25–40 m depth range of the
SARC had the highest structural complexity, considering both,
ruggedness and rugosity. The shallow areas (5–10 m) showed
the lowest structural complexity with 0.002 ± 0.004 mean
ruggedness and 1.016 ± 0.03 mean rugosity. The highest mean
ruggedness (0.012 ± 0.016) was observed for the 30–35 m depth
range, while the highest mean rugosity (1.107 ± 0.15) was
observed for the 20–25 m depth range. Structural complexity
was lower for the 45–49 m depth range, with mean ruggedness
of 0.002 ± 0.003 and rugosity of 1.017 ± 0.020 (Figures 6B,C).
For the SARC, the middle depths showed the highest structural
complexity, while the shallower and deeper areas showed lower
structural complexity.

DISCUSSION

Geomorphological Features
The platform reefs from the SAVPN are characterized by three
zones: (1) leeward slope, (2) reef lagoon or reef flat, which
shows a crest delimiting the fore reef and (3) windward slope,
a surface orientated to the dominant swell (Chávez et al.,
2007). For Santiaguillo and Anegadilla, previous descriptions
indicated that they are geomorphologically well-formed platform
reefs, characterized by relatively steep slopes (Lara et al.,
1992), while Santiaguillo is topographically rough with cliffs
(Chávez et al., 2007). Gross-scale geomorphological descriptions
of Santiaguillo and Anegadilla from Lara et al. (1992) and
Chávez et al. (2007) are consistent with our results. Nonetheless,
our fine-scale geomorphological description of SARC provided
more details than previous studies, demonstrating previously
undescribed geomorphological features, including four channels
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FIGURE 2 | Three-dimensional bathymetric models of H1 (A), H2 (B), and H3 (C) showing a northwest-southeast orientation view from above, the lateral view for
maximum length and the lateral view for minimum length; the green arrow points North. Vertical exaggeration 8x.

TABLE 2 | Terrain parameters descriptors for each individual reef in the Holandesas group, and the SARC: depth basement (m), depth top (m), reef length (km), reef area
(km2), slope (minimum-maximum), mean slope and standard deviation (SD), ruggedness (minimum-maximum), mean ruggedness (SD) rugosity (minimum-maximum),
and mean rugosity (SD).

Terrain parameters descriptors H1 H2 H3 SARC

Depth top (m) 22 15 23 ≤2

Depth basement (m) 43 40 41 49

Reef length (km) 1.13 0.91 0.94 3.6

Reef width (km) 0.41 0.43 0.33 1.2

Reef area (km2) 0.36 0.32 0.31 3.98

Slope (min-max) 0–37◦ 0–44◦ 0–34◦ 0–68◦

Mean slope ± SD 5◦
± 3.6◦ 7◦

± 5.8◦ 5◦
± 4◦ 10◦

± 10.3◦

Ruggedness (min-max) 0–0.06 0–0.05 0–0.04 0–0.26

Mean ruggedness ± SD 0.0007 ± 0.001 0.0008 ± 0.001 0.0006 ± 0.001 0.0007 ± 0.012

Rugosity (min-max) 1.0–1.317 1.0–1.415 1.0–1.225 1.0–3.176

Mean rugosity ± SD 1.008 ± 0.013 1.015 ± 0.030 1.008 ± 0.014 1.041 ± 0.097

at the windward side with steep slopes (68◦) and high structural
complexity based on ruggedness (0.26) and rugosity (3.176)
and a spur and groove zones that merge at depths > 30 m
and sandy flats with patchy mounds at the leeward side
(Figure 3). Spur and groove features, shore-normal coral
ridges separated by shore-normal patches of sediment (grooves)
are typically the most prominent features of fore reefs
(Storlazzi et al., 2003), which is consistent with results for
the SARC. Fine-scale spur and groove geomorphological
characterization is fundamental for the study and understanding
of coral reef hydrodynamics processes. Rogers et al. (2013)
showed that spur and groove formations drive circulation

patterns and are linked to debris transportation processes
outside the coral reef.

Definition of the windward and leeward side reef slopes was
based on the aspect analysis, which reflects the predominant
orientation to the northeast of the reef surface. According to
Wilson et al. (2007), such an orientation may be the result of the
local hydrodynamics. For the Holandesas reefs, which are bank
submerged reefs, the aspect analysis revealed a well-defined slope
at both leeward and windward sides deeper than 15 m. Aspect
analysis includes the estimation of the slope and curvature in
one measure (Walbridge et al., 2018), therefore, as a result of this
study, we highlight the relevance of the aspect analysis to be used
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FIGURE 3 | SARC’s three-dimensional bathymetric model, showing a leeward side view (A). Remarkable geomorphic features are shown: (1) Channel-1, (2)
dispersed mounds, (3) Channel-2 and (4) Channel-3. SARCs’ three-dimensional bathymetric model, showing a windward side view (B). Geomorphic features shown
are: (5) Channel-4 and (6) spur and grooves. Shallow areas (≤2 m deep) not surveyed are shown in gray. Vertical exaggeration 8x.

for defining zones for different types of reefs in an objective way,
including emergent or submerged platform, as well as submerged
bank coral reefs.

Surface curvature (concave or convex) is an important
geomorphological feature that is liked to ecological processes.
Concave surfaces typically accumulate current-carried sediment
and foster colonization of sessile organisms (Tokeshi and
Arakani, 2012), while convex surfaces favor fish grazing
(Bellwood and Choat, 1990). Geomorphological features

in coral reefs are related to complex interactions between
local oceanographic conditions and ecological functions.
Highly complex reef geomorphology is positively correlated to
higher biodiversity (Risk, 1972). Analysis of spatial array and
complexity of those features can help scientists and decision-
makers to identify areas of interest for research, management
and conservation, thus, reducing monitoring costs. This is
particularly important for developing countries with low
budgets, where, having an accurate and detailed bathymetric base
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FIGURE 4 | Digital terrain models showing the result of the topographic variability analysis: mean depth, depth standard deviation, slope, aspect, curvature,
ruggedness and rugosity for the H1, H2 and H3; 30 m isobath shown in black.

FIGURE 5 | Digital terrain models showing the result of the topographic variability analysis: mean depth, depth standard deviation, slope, aspect, curvature,
ruggedness and rugosity for the SARC; 30 m isobath shown in black.

map describing the most conspicuous geomorphologic features
can be very cost-effective.

Structural Complexity of MCE in the
Southwestern Gulf of Mexico
Our study is one of the first that describes and characterizes
the MCE in the Southern Gulf of Mexico in a systematic way
and provides the basis for assessing the ecological and economic
implications of including MCE explicitly in management
strategies for the region. Results presented herein differ from
previous studies regarding reef extension and topographic

variability. Our detailed results showed that the platform sizes of
the Santiaguillo and Anegadilla reefs have been underestimated
in previous studies that were based on aerial photographs and
Mexican Naval Charts (Lara et al., 1992), single beam (Ortiz-
Lozano et al., 2018), and multibeam (Liaño-Carrera et al., 2019).
The differences in reef extension and topography previously
reported can be attributed to methodological aspects and the
spatial resolution used for data acquisition and interpolation
(Kenny et al., 2003; Walbridge et al., 2018).

MBES data offers higher resolution and more accurate maps
than the techniques used in previous studies and can thus be
valuable for both ecological studies and management including
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FIGURE 6 | The estimated (A) mean slope, (B) mean ruggedness and (C) mean rugosity, for 5 m depth intervals with standard deviation bars (SD ± 1) for
Holandesa group and the SARC.

MPA design. High spatial resolution bathymetric maps, such as
those produced in our study, are useful for studying ecological,
geological and oceanographic processes. According to Kenny
et al. (2003), MBES provide larger seafloor coverage with
greater precision (≥0.1 m) and it is a useful technique for
studying the MCE spatial distribution (Locker et al., 2010). The
3D bathymetric maps and associated physical characterizations
can serve as the basis for carefully designed benthic habitat
studies in which replicate sampling sites can be selected from
within each of the distinctive geomorphological zones. This
can be used to validate the predictions of MCE associations
with structural complexity in appropriate depth zones. The
technological improvement of acoustic methods has allowed the
development and use of semi-portable and relatively affordable
equipment for geomorphological sea bottom exploration (Kenny
et al., 2003). These improvements are critical for both developing
countries and remote and poorly studied areas such as those in
the southwestern Gulf of Mexico.

Geomorphology as a Proxy for Benthic
Habitat
Our analyses revealed that the highest structural complexity
was shown at mesophotic depths (>30 m), for the Holandesas
and SARC, which is a remarkably interesting result that needs
further study. Structural complexity has been shown to correlate
positively with coral cover (Gardner et al., 2003). We are
currently assessing the benthic community structure of MCE in
the SAVNP and our preliminary results on the relative benthic

cover showed that the general pattern of structure community
of deeper areas host MCE communities mainly composed of
fleshy macroalgae, turf algae, crustose coralline algae and in
less proportion sponges, hermatypic coral and other sessile
invertebrates (in preparation).

There is a well-documented decline in shallow coral cover
(CC) and structural complexity in the Caribbean region
(Gardner et al., 2003; Alvarez-Filip et al., 2009; Medina-
Valmaseda et al., 2020). For the SAVNP, there is also a
decline in CC that has been documented since 1970s for
shallow areas (<20 m), where the coral cover dropped from
50 to 18% (Chávez et al., 2007; Horta-Puga, 2007; Horta-
Puga et al., 2015; Pérez-España et al., 2015). Current CC is
similar among the northern and southern coral reefs in the
SAVNP (Horta-Puga et al., 2015). In this study, mesophotic
areas (>30 m depth) showed high structural complexity for
both reef groups, considering slope, ruggedness and rugosity
(Figure 6). Preliminary results on relative benthic cover for
the SARC, show that there is a considerable average of the
relative cover of hermatypic coral for mesophotic depths,
particularly in spur and groove zones (in preparation). Having
the fine-scale geomorphological characterization is important
for benthic habitat mapping, according to Sherman et al.
(2010); the distribution of well-developed MCE can be in the
form of patches (Sherman et al., 2010). According to Bridge
et al. (2011), community structure distribution depends on
small-scale geomorphology. They demonstrated that distinctive
functional ecological groups were consistently associated with
specific fine-scale habitat types. For example, autotrophs
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dominated the submerged reef flat tops while heterotrophs
dominated steep slopes.

Management Implications
This study presents evidence of previously undescribed structural
complexity and geomorphological continuity in deep SARC
reefs (Figure 3). Our new data may have implications for the
management of the SAVNP. In 1992, SAVNP was declared a
National Park with a protected area of 532.38 km2 (Diario
Oficial de la Federación [DOF], 1992). The general boundary
of the SAVNP was modified in 2012 and is currently covering
655.16 km2. Core zone boundaries for both, Santiaguillo
and Blanca reefs, cover 11.14 km2 (Diario Oficial de la
Federación [DOF], 2012; Figure 1). Activities permitted in
the core zone include only monitoring, scientific research and
maritime equipment installation for navigation. According to
the management plan (Programa de Manejo Parque Nacional
Sistema Arrecifal veracruzano, 2017) the Santiaguillo core zone
includes 7.12 km2 of reef area. However, when overlaid onto
our bathymetric model using the published coordinates, the
polygon covered only 1.84 km2, equal to only 25.8% of the SARC
and includes flat sandy areas with low structural complexity.
Based on our results we propose expanding the core zone
to 12.2 km2 to include all of the areas with high structural
complexity and associated MCE (Figure 1). Marine reserves
can enhance the recovery of corals both within and outside the
boundaries (Mumby and Harborne, 2010), promote resilience
and connectivity by expanding the range of an MPA to include
deep reefs (Abelson et al., 2016) since submerged reefs or
deep habitats may contribute significantly to larval production
(Thomas et al., 2015).

High structural complexity has been related to the provision
of ecosystem services, supporting, local culture, tourism and
fisheries. MCE provides essential habitat for fish and other species
to spawn, shelter, feed and grow to maturity, particularly to
important commercial fish (Bejarano et al., 2014; Holstein D.
et al., 2016). The more structurally complex are MCE, the greater
abundances of fish they have, as they can shelter under steep
overhangs and in caves and crevices (Bejarano et al., 2014). In
the SAVNP important ecosystem services have been reported:
(1) regulation: protection to the coast, protection from erosion
processes, (2) support: habitat and biodiversity maintenance,
shelter; (3) cultural: recreation, tourism-recreational activities,
and academic and research activities; and (4) Provision:
fisheries (Arceo et al., 2010; Reyna-González et al., 2014). The
structural complexity is an important element that divers take
into consideration when selecting diving sites for recreational
purposes (Williams and Polunin, 2000). Hence, the highest
structural complexity areas are potential sites for recreational
diving. However, appropriate regulation is needed for the
management of these areas.

We support improved understanding of the MCE and their
inclusion in studies, monitoring programs and management
strategies (Rooney et al., 2010). The Flower Garden Banks
National Marine Sanctuary (FGBNMS) in northwestern Gulf
of Mexico, and the Papahānaumokuākea Marine National
Monument (PMNM) in northwestern Hawaiian Islands

(Papahānaumokuākea Marine National Monument, 2011),
are some examples where MCE were included in specific
management plans for conservation. FGBNMS includes three
separate undersea features, the East and West Flower Garden
Banks were designated a National Marine Sanctuary in 1992
and Stetson Bank was added in 1996. Fourteen additional reefs
and banks were recently added (Office of National Marine
Sanctuaries, 2020), in large part to provide additional protection
for sensitive underwater features and marine habitats associated
with continental shelf-edge reefs and banks in the northwestern
Gulf of Mexico including MCE habitat, as Habitat Areas of
Particular Concern (HAPC). HAPCs are high priority areas for
conservation, management, or research because they are rare,
sensitive, stressed by development, or important to ecosystem
function, and they help prioritize and focus conservation
effort (U.S. Department of Commerce National Oceanic and
Atmospheric Administration, 2012).

CONCLUSION

The present study highlighted the importance of the use of new
technologies such as the MBES, which provided accurate fine-
scale bathymetric data for the 3D mapping and the assessment
of the structural complexity from the shallow reefs to the
mesophotic zone. This exploratory study of the geomorphology
of a group of poorly studied coral reefs in the Southwestern
Gulf of Mexico with a semi-portable MBES offers several novel
findings. A striking result was discovering the physical continuity
between Santiaguillo and Anegadilla reefs at depths >30 m on the
windward side. Previously considered as two separate reefs our
study demonstrates that Santiaguillo and Anegadilla are part of a
single reef complex (SARC). This finding supports our proposal
to expand the SAVNP core zone to include the entire SARC and
thus enhance its contribution to coral reef recovery and resilience.
In addition, our fine-scale geomorphology analysis revealed a
large array of previously undescribed geomorphological features
in the deeper areas of both reef groups, the Holandesas and
SARC. Features include various channels, spur and grooves and
sand flats with intermittent mounds.
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