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Abstract: In 2015, we initiated a country-wide coral reef ecosystem-monitoring program in the Do-
minican Republic (DR) to establish biodiversity baselines against which trends in the most important
components of coral reef ecosystem’s structure and function could be tracked. Replicate transects
were set at a 10 m depth at each of the 12 coral reef sites within 6 DR regions in 2015, 2017, 2019,
and 2022. We quantified the species-level abundances of adult and juvenile corals, reef fishes, sea
urchins, lionfishes, and algal functional groups. Country-wide, coral cover and reef fishes have
declined. The steepest declines occurred for reefs that had been among the best in the Caribbean
in 2015. However, by 2022, adult and juvenile coral, parrotfish, and other herbivores had declined,
and macroalgae had increased. The declines in north-shore coral abundance corresponded with the
observed disturbances from coral bleaching, hurricanes, and disease. The capacity of reefs to recover
from such disturbances has been compromised by abundant and increasing macroalgae that have
likely contributed to north-shore declines in juvenile corals. Country-wide, the abundance of all reef
fish species has declined below those of other regions of the Caribbean. Improved management of
fishing pressure on coral reefs would likely yield positive results.

Keywords: Caribbean; coral reefs; fisheries management; marine biodiversity; marine ecosystem
trends; recovery resilience; tropical marine

1. Introduction

Never have scleractinian-dominated coral reefs been as threatened as they are today:.
Corals die because of hurricanes, ocean warming, disease, and over-growing seaweed.
In most cases, factors that kill corals cannot be stopped by current human interventions.
As a result, the best hope is to manage coral reefs for efficient and rapid recovery from
those events [1-3]. While there may be a general agreement that management for coral
reef recovery is necessary, how to do it and how to monitor changes require serious
consideration. Specifically, managers and policy makers need to know not only the status
of a coral reef and the factors important to them but also how they are trending. With such
information, managers can determine how best to use their limited resources available to
aid in coral reef recovery.

It is widely recognized that coral reefs are among the world’s most endangered
ecosystems, and this is especially true in the Caribbean, where trends in declining her-
bivores, increasing algae, and declining coral effectively lock coral reefs in a degraded
algal state [1,3-6]. Until recently, reef recovery from disturbances in the Caribbean was
unknown [2-5]. In fact, too little is known about where and why reef condition is declining
for most of a country’s coral reefs. While studying the trends in coral reefs is necessary,
some studies focused on only a few locations within an island or a country, e.g., [4]. It is
likely that different factors drive reef condition at different locations within a country or an
island. It is possible that different factors in different regions may affect changes to coral
reefs that will not be evident at a single site.
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What is needed are assessments of the rates of decline or recovery of reefs over
time and space. This informs managers where the most urgent action should be taken
so they can mitigate the decline or improve the prospects for recovery. Effective action
taken early can prevent the coral reef ecosystem from becoming “locked” into a coral-free
state [4,5]. It is important to learn from reefs that are healthier than others. For example,
recent studies determined that coral reefs in the eastern Caribbean, where fishing had
been limited, were healthier and had more juvenile corals than reefs with unconstrained
fishing practices [3,6]. Several Caribbean islands have effectively limited fishing pressure—
especially on herbivorous parrotfish [7]. One of those islands, Bonaire (Dutch Antilles),
thrives today and has highly resilient coral reefs that have fully recovered from a severe
coral bleaching event in 2010 [3]. To achieve such recovery resilience requires conditions in
which coral larvae can settle and grow to become juvenile corals, and injured corals can
recover. If the juvenile corals survive and grow, they improve the recovery of the coral reef
ecosystem [3,8,9].

Here, we report on the status and seven-year trends in 12 coral reefs distributed among
6 regions within three sectors along the Dominican Republic (DR) coastline (Figure 1). We
monitored the prime drivers and indicators of coral reef health. A driver is a factor that
contributes to or causes a change in coral reef structure or function. Heavy emphasis
was placed on the drivers that allow a reef to be healthy, thrive, or recover following
a disturbance. We measured the trends in key variables among the replicated samples
at a 10 m depth in identical locations during each monitoring period. Specifically, we
sought to determine the trends in the abundance of reef coral, macroalgae, parrotfish, and
juvenile corals. We also censused Diadema sea urchins, other herbivorous fishes such as
surgeonfishes, and carnivorous fishes. This study provides not only the status of the DR’s
coral reefs in 2022 but specifically how and where they have changed since our first survey
in 2015.
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Figure 1. Six monitored regions (numbered in the figure and panel to the right). Each region contained
two monitoring sites (listed in panel to the right). Regions were further subdivided into north, east,
and south sectors.
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2. Methods

We established 12 coral reef monitoring sites, distributed among 6 regions from near
the southern border with Haiti to the eastern-most region to near the northern border with
Haiti (Figure 1). All sites had well-developed coral reefs that were used for diving and
fishing. Most coral reefs were well-developed bank-barrier reefs. Most unique were those
at the Montecristi region, where reef development was 10 km from the shore.

For our monitoring, we used a modified Atlantic and Gulf Rapid Reef Assessment
(AGRRA) protocol [10] to quantify sessile benthic community structure at each site. At
each site, at a 10 m water depth, replicate 10 m transect lead lines were placed on the
reef (n = 4 per reef). We recorded the number of centimeters on each transect intercepted
by live coral (measured for each coral species), sponges, gorgonians, and benthic algae
(measured by functional group such as algal turfs, encrusting coralline algae (Corallinales),
and noncoralline (peyssonnelid) crusts, and macroalgae). Benthic macroalgae were fur-
ther subdivided into erect corticated macrophytes [11] and specific genera Lobophora and
Halimeda because of their damaging effects on reef corals [12,13]. Canopy heights were
measured to the nearest millimeter for all nonencrusting algae. The percent cover of each
benthic organism (per transect) was determined by summing the centimeters intercepted by
the organism and then dividing that total by the length of the transect. Transect sampling
was further stratified to only include hard substrates (i.e., sand channels were excluded
from our analysis). Macroalgal biomass was inferred by quantifying the algal volume,
which is the product of percent cover and canopy height, also called “algal index” [6].

We also used a variety of methods to quantify other reef-dwelling organisms. Juvenile
coral densities were quantified by deploying 25 cm x 25 cm quadrats at 5 locations (0, 2.5,
5,7.5, and 10 m marks) adjacent to each 10 m transect. Quadrats were placed on the reef
substrata largely devoid of adult corals (that is, <25% cover of live corals). Operationally,
we defined juvenile corals as those less than 40 mm in maximum diameter. Each juvenile
coral was identified to the species level and measured to the nearest millimeter. The sea
urchin D. antillarum was censused by surveying belt transects (2 m wide) centered on the
10 m long transect used for quantifying sessile benthic organisms. Thus, within each belt
transect, we surveyed a 20 m? area. We measured the test size of each urchin encountered
to the nearest millimeter. Fish population density and body sizes were quantified for all
large fishes (that is, excluding small planktivores, such as chromis, and all blennies and
gobies) using replicate 30 m x 4 m belt transects [14]. This involved attaching a spool
with 30 m of line to dead coral and swimming slowly, recording all large vagile species
including most predatory and herbivorous fishes. On the return swim, smaller, less vagile
species were recorded. The biomass of each fish species (per transect) was determined
using published length-weight relationships [15], and http:/ /fishbase.se (accessed on 1
February 2023).

3. Results and Discussion

For any coral reef, coral abundance is the single most important component; however,
the status of corals and coral reefs depends on many other factors. Patterns in coral
abundance over time show variability at all levels from single transects, to reef sites,
regions, sectors, and the entire country. All error bars reflect the standard error. Below,
we summarize the trends in the important components of coral ecosystem structure and
function, both geographically and spatially. The details for all monitored variables at each
station for each year are provided in the Supplemental Information (Figure S1). Monitoring
was conducted March 2015, May 2017 and 2019, and June 2022.

3.1. Trends in Corals, Their Drivers, and the Next Generation

Country-wide coral abundance has declined by nearly 5% since 2015 (Figure 2A).
While coral abundances among sites in the South Sector were variable, they showed no net
trend (Figure 2B). In contrast, coral cover in most North Sector sites declined (Figure 2C). By
averaging all coral cover percentage data among sites in the North, South, and East Sectors
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(Figure 2D), we found regionally relevant patterns. Consistently low coral abundance
predominated in the East Sector (Punta Cana). The East Sector lacks connectivity to coral
larval sources due to the Mona Passage oceanographic barrier [16]. It is uniquely isolated
by easterly trade winds that create long-shore currents to the north and south shores. The
monitored reefs along the south shore generally averaged more abundant corals over the
period but without any distinct temporal trend. In contrast, coral cover along the north
shore (especially in the Montecristi region) have consistently declined from their high
values in 2015.
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Figure 2. Trends in coral cover from all DR sites (A), in the south (B), and in the north (C). Data
from North, South, and East Sectors show strong and protracted declines in coral cover in the North
Sector (D).

Next, we considered the interactions that may limit the abundance of coral. Recently,
disease-related mortality has affected numerous coral species throughout the Caribbean.
Most concerning is the recently introduced Stony Coral Rapid Tissue Loss (SCTL) dis-
ease [16]. A recent study in the Dominican Republic quantified all coral diseases as well
as other agents of mortality in the last few years [17,18]. The coral disease study was held
near or on our study sites (Figure 1). We examined the changes in coral abundance between
2019 and 2022 to determine if the disease outbreaks corresponded with changes in coral
abundance. We found no relationship country-wide. However, among the southern sites
(Figure 2B), Tortuga was observed to have the highest disease percentage in 2019 and
continuing in 2022. That site went from highest percent cover of coral along the south shore
in 2015 to lowest percent in 2022 (i.e., from 32% to 22%). It is possible that the disease is just
starting. By June 2022, we did not detect significant country-wide losses in coral abundance
resulting from disease.
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Chief among the other agents of mortality is macroalgae, which have been shown
to out-compete and poison adult coral [12,13] and to prevent the recruitment of juvenile
corals [9,19]. To determine if corals are limited by macroalgae, we pooled all data from all
transects for all years to determine the maximum coral cover that can coexist with macroal-
gae (Figure 3A) and conducted a similar analysis using all juvenile coral quadrat data
(Figure 3B). In both cases, there was a significant negative relationship. In a similar analysis,
we determined that the maximum abundance of macroalgae was inversely correlated with
the abundance of parrotfishes (Figure 3C).
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Figure 3. Support for strong drivers that limit the abundances of important components of the DR’s
coral reef ecosystems. Coral cover (A) and juvenile coral density (B) were limited by macroalgae
cover (N = 180, 10 m transects, N = 895, 625 cm? quadrats, respectively) and macroalgae limited by
parrotfish abundance N = 360, 120 m? belt transects (C). Data pooled from all surveys from all years.

Given the importance of parrotfishes as herbivores, their trends are most important.
Parrotfish (Labridae: Scarinae) abundance was greatest in the North and South Sectors in
2015 and 2017 but declined by 2019 and remained relatively low during 2022 (Figure 4A). A
similar pattern was reported for another important family of herbivores: the surgeonfishes
(acanthurids) (Figure 4B).
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Figure 4. Trends in dominant DR herbivorous fishes (parrotfishes (A) and surgeonfishes (B)).

Macroalgae have dominated reefs in the East Sector since monitoring began (Figure 5).
This has created a hostile environment for corals. The South and North Sectors have less
macroalgae; in 2022, algal abundance was increasing in the North and declining in the
South Sector (discussed below). We monitored the abundance of crustose coralline algae
but found no significant changes among sites in the North or South Sectors.
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Macroalgal trends by region
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Figure 5. Trends in macroalgae. Data from 12 sites among 6 DR regions from the 3 sectors.

Juvenile corals are important for the recovery of damaged coral reefs. While there has
been no net change in the abundance of juvenile corals since 2015 in the East and South
Sectors, the North Sector has shown a consistent decline since 2017 (Figure 6).

Juvenile coral population densities
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Figure 6. Trends in juvenile corals. Data from 12 sites among 6 DR regions from the 3 sectors.

3.2. Trends in Interactions among Fish Species, Their Prey, and Ecosystem Feedback

Fish assemblages play important roles in the health of coral reefs. All fishes declined
in abundance following the 2017 survey and have not recovered (Figure 7A). The steepest
decline was recorded in the North Sector. Since 2019, the fish biomass total has been
significantly less than published accounts for the eastern Caribbean archipelago [6].

Fishing and hurricanes may have caused the decline in reef fish biomass (Figure 7).
Illegal hookah spearfishing occurs in most of the DR, but it is more intense on the north
coast (Figure 8A,B), resulting in large quantities and great diversity of reef fish being
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taken (Figure 8C). After our monitoring in May of 2017, Hurricanes Irma (Figure 9A) and
Maria (Figure 9B) damaged coral reefs along the north shore. The observed destruction of
branching corals may have flattened the reefs, thereby reducing available nursery habitats
for recruiting fishes [20]; see photographs in Figure S2.

Biomass of all fish surveyed

1x10% [
8000 |-
// \ —@— South
£ 6000 |- / \ = o
) / \ i .
< / \ All fish biomass for

Eastern Caribbean
(Steneck et al 2018)

1 1 | 1 1 I

0 1
2015 2016 2017 2018 2019 2020 2021 2022

Figure 7. Biomass of all fish from all transects, 2015 to 2022. The horizontal line illustrates the biomass
of all fish surveyed for the Eastern Caribbean [6].

Figure 8. (A) Observed spearfishing in the Montecristi Region March 2015. (B) Fisher with a hookah
rig for supplying air to divers. (C) An afternoon’s catch of mostly parrotfish. Photographs by Jose
Alejandro Alvarez.
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Hurricane Irma

Figure 9. The hurricane tracks for (A) Hurricanes Irma (7 September 2017) and (B) Maria (21
September 2017).

Snappers, seabass, and jacks were the three most abundant carnivorous reef fish on
the DR’s coral reefs (Figure 10). Among those three families, the most abundant was the
serranid (seabass) family, which includes groupers, graysbys, coney, and hinds. However,
since monitoring began in 2015, serranids have declined most steeply every year. According
to our 2022 monitoring study, serranids had declined by nearly 80%.
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Carnivorous fishes
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Figure 10. Carnivorous fishes include carangids (jacks), lutjanids (snappers), and serranids (seabass).
All were low in abundance, but serranids have declined the most since 2015.

The steep decline among serranids was observed at three of our six sites in the South
Sector (Figure 11A). However, even at the time of our 2015 study, the Punta de Aguilas site
already had low abundances of predatory fishes. The low abundance of predatory fishes
there continued though our 2022 monitoring study; Punta de Aguilas was the only site
where we recorded sharp increases in the abundances of sea urchins (Diadema antillarum,
and Echinometra viridis; Figure 11B,C) as well as lionfish (Figure 11D). Several studies have
suggested predators control sea urchin abundances, specifically including Diadema [21] and
Echinometra species (reviewed in [22]). Other studies suggested that lionfish abundances in
the Caribbean can be limited by serranid groupers [23]. Therefore, it is possible that the
low predator abundance at the Punta de Aguilas site facilitated the increases in those prey
species. Importantly, Diadema functions as an herbivore that depresses macroalgae, but
only when its population density exceeds one per square meter ([22,24], i.e., 20 per 20 m?
belt transects, e.g., Figure 11B). At the Punta de Aguilas site, Diadema densities averaged
over 2.75 per square meter. As a result of Diadema grazing, this site also had the lowest
macroalgal abundance among the southern sites, which likely contributed to the slight
decline in macroalgae in the South Sector (Figure 5).

Taken together, the trends among the factors that drive coral reef ecosystems (Figure 12)
revealed that the highest proportion of negative trends were along the north coast, with
the fewest in the south. We used those trends, in part, to track the drivers of coral reef
resilience and to clearly specify to managers and policy makers which components of coral
reef ecosystems are in decline. So, operationally, we must pay particular attention to the
trends in the abundances of coral, macroalgae, parrotfishes, and juvenile corals (boldface
in Figure 12). Whereas we saw both positive and negative trends among reef sites along
the south shore, we found predominately negative trends among the coral reefs along the
north DR shore (i.e., six negative and zero positive). The East Sector, which is the Punta
Cana region, had, in 2015, the lowest coral cover, highest algal abundance, relatively few
herbivores, and few recruiting corals. Most of the variables reflect reefs that continue in
poor condition (i.e., three negative and zero positive trends).
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Figure 11. Trends in seabass (Serranidae such as groupers, coney, and graysby) abundance and
their potential prey across all years: (A) changes in seabass abundance for all southern sites (note
that Punta Aguilas had low seabass abundance all years of monitoring), and (B,C) Diaderma and
Echinometra viridis and (D) lionfish.

The curved arrows from coral recruits to coral cover in Figure 12 denote the role of
coral recruitment in maintaining coral abundances. The management for improved coral
recruitment, also called recovery resilience [3], is designed to facilitate the recovery of coral
reef ecosystems following a disturbance. This concept for management was previously
advanced [5,8]; however, there has been little attention paid to the consequences of which
species to recruit to the reef. In other words, while coral recruitment will augment coral
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cover, it does not mean that the new corals will be functionally the same as those that make
up the coral reef framework.
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Figure 12. Trends in major coral reef drivers (good condition or positive on left in blue; poor condition
or negative on right in red) were evaluated using the monitoring protocol from [25]. Most important
reef characteristics are in boldface. North Sector DR reefs were clearly trending most negatively,
possibly because of multiple stresses (coral bleaching, hurricanes, and overfishing).

The composition of the DR’s coral reefs is changing. The juvenile corals are dominated
by the relatively flat lettuce and mustard corals (Agaricia agaricites and Porites astreoides;
Figure 13 left), whereas the single-most abundant adult coral is the star coral Orbicella
faveolata (a coral reef framework species) (Figure 13, right). All coral species from the
juvenile coral quadrats and the adult coral transects show a declining shift in the relative
abundance of framework species and the increasing recruitment of weedy (juvenile) coral
species (Figure 14). Corals that recruit readily reach reproductive maturity relatively quickly
but lack vertical structure and are operationally called weedy corals (sensu [26]). As a
result, the structure of the DR’s reefs may be becoming increasingly flat and, therefore,
lacking habitat for reef fish and recruiting corals [20].
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Figure 13. Relative abundances for juvenile (A) and adult (B) coral species. Juvenile (N, 20 spp.) and
adult (N, 30 spp.) coral averages are for all sites and all years.
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Figure 14. Trends in recruiting (“weedy”) and framework species.

Lower figure (Figure 14) shows that there has been a steady decline in reef-building
corals (framework species) and an increase of weedy low-profile (recruiting) coral species.
The weedy species are low in stature but most readily colonize coral reefs [26]. This results
in the flattening of coral reefs [27,28].

4. Conclusions

Since monitoring began in 2015, the coral reefs along the DR’s north shore have
declined the most steeply. The greatest changes have occurred in the Montecristi Region.
Those reefs, in 2015, were among the best in the Caribbean in terms of high coral cover, low
algal biomass, abundant parrotfish, and abundant juvenile corals (compared with Eastern
Caribbean and Belize [6,7], respectively). In 2015, there were large stands of acroporid
corals (elkhorn and staghorn corals) along with branching leafy coral (Agaricia tenuifolia)
(see Figure S2). However, in late summer of 2016 and September of 2017, a coral bleaching
event and two hurricanes, respectively, killed corals in the Montecristi region (Figure S2).
Those events, along with sustained fishing pressure (Figure 8B), seem to have contributed
to the declines in corals and herbivorous fishes and increases in macroalgae among north-
shore reefs. In addition, the fish fauna country-wide is below that of most other fished reefs
in the Caribbean (Figure 2C).

Coral disease was evident in most reefs in the Dominican Republic. Of particular
concern is the recent appearance of the Stony Coral Tissue Loss (SCTL) disease that has
devastated corals in other areas of the Caribbean, such as the Florida Keys. The reported
relatively high levels of SCTL disease in the Las Galeras region [18] did not correspond to a
decline in coral cover in that region (i.e., Figure 2C). We observed disease among several
coral species in the South Sector’s Bayahibe region (at the Tortuga and El Pefion sites);
however, that region had the lowest reported coral disease mortality [18]. Nevertheless, we
recorded a significant decline at the Tortuga site (Figure 2B).

In summary, the coral reefs of the Dominican Republic have been degraded from
a variety of sources. Coral reef recovery from disturbances, such as hurricanes, disease,
or coral bleaching, requires the settlement and growth of juvenile corals. Macroalgae,
which remain relatively abundant on the DR'’s coral reefs, need to be reduced because they
prevent coral colonization and growth. The decline in reef-building framework corals and
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the increased relative abundance of low-profile weedy corals now dominate the DR’s coral
reefs. The resulting flatter reefs have fewer spaces where reef fish and lobsters can hide
and grow upward more slowly, which could compromise their capacity to keep up with
increasing rates of sea-level rise.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d15030389/s1, Figure S1: Trends for each site over all years.
Table S1: Photographs from Montecristi region showing the effects of coral bleaching (2016) and
hurricanes (September 2017).
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