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The incidence and spatial distribution patterns of Caribbean Yellow Band Disease (CYBD) on the important frame-builder coral
Montastraea faveolata were assessed by counting, tagging, and mapping all diseased and healthy colonies for one year in each of
three 100 m? quadrats on two inner, mid-shelf, and shelf-edge reefs off La Parguera, Puerto Rico. Healthy colonies were checked
every month from January to December of 2009 to monitor disease spread within each quadrant. Incidence increased significantly
from winter (0.7 = 0.8% SE) to summer (1.5 + 1.1% SE, n = 23, Sign Test; Z = 2.40; P = 0.01). Mid-shelf reefs had the
highest host abundance and showed significantly higher CYBD incidence (2.1 + 1.4% SE, n = 14) compared to the other zones
(H =9.74; df = 2; P = 0.04). The increased incidence in the summer suggests that warmer months favor development of CYBD
on M. faveolata. Results showed aggregated patterns of CYBD when all colonies (i.e., healthy + diseased) at the spatial scales
sampled were analyzed on each reef. This suggests facilitation of disease spread between aggregated colonies within populations.

Similar stressful conditions then might trigger the disease in susceptible, aggregated colonies harboring the potential pathogens.

1. Introduction

Coral diseases seem to be one of the main causes of the
decline of Caribbean coral reefs. Over the last three decades,
fast emergence and high virulence of coral reef diseases
have produced substantial declines in live coral tissue and
colonies [1-9]. The recent increase in diseases in the marine
environment has been associated with different stressors
such as elevated sea surface temperatures [3, 7, 9, 10]
and nutrient enrichment [11, 12]. Certain coral diseases
(particularly tissue-loss diseases) seem to be more prevalent
where there is human disturbance [13-15], but not all (e.g.,
Acropora tumors, [13]). Caribbean Yellow Band Disease
(CYBD) is one of the most damaging coral diseases affecting
important reef builders in the wider Caribbean [5, 16]. In
Puerto Rico, CYBD is one of the most prevalent, persistent,
and detrimental diseases affecting important reef-building
species [8, 9, 17, 18]. CYBD has shown a high prevalence
in near-pristine areas far from anthropogenic disturbance

[5, 18]. However, very little is known about the incidence and
the spatial distribution patterns of this disease.

Spatial distribution patterns describe how organisms
are arranged in a particular habitat or community. Spatial
patterns can be regular (i.e., uniform distribution), random
(i.e., random distribution) or aggregated (i.e., clumped
distribution). Patterns of disease infections can be studied
by documenting spatial distribution patterns which could
help in characterizing the etiology of the disease and iden-
tifying potential mechanisms of infection [19]. Clustered or
aggregated disease patterns in a population along a reef could
mean that the disease is infectious and water borne; the
closer the hosts, the faster the rate of infection (incidence)
and the higher the number of infected colonies (prevalence).
A noninfectious disease should in fact display a Poisson
(purely random) distribution within the host population
(but of course the host population itself could still display
a clumped or regular distribution). Spatial distribution
patterns of aspergillosis affecting Gorgonia ventalina were



highly aggregated and prevalence was high in the Florida
Keys [19]. It has been stated that predictive models should be
used to study spatial distribution patterns of coral diseases
[20, 21]. Also, coral diseases should be investigated for
environmental relationships separately until they are known
to have a common cause [21]. Foley et al. [22] showed that
M. annularis colonies infected with CYBD were less clustered
(i.e., more regular) than were healthy colonies between 10—
30 min a shallow back-reef in Akumal Bay, Mexico. Clustered
patterns of coral disease occurrence could also result if there
are transmitted by a vector and the vector displays a clumped
distribution (e.g., Porites trematodiasis, [14, 21]).

Prevalence is the proportion of infected colonies in a
population. Thus, higher prevalence might suggest higher
susceptibility of host colonies, higher pathogenicity of the
disease agent, higher densities of susceptible colonies, or a
combination of these [19]. However, not all diseases are
necessarily caused by pathogens, they can be in response to
many abiotic/biotic triggers [23] and, therefore, pathogen
virulence is not universally relevant when discussing coral
diseases. Prevalence of CYBD in the Montastraea annularis
species complex increased dramatically to 52% in reefs off
the western end of Mona Island [17] and from 1% to 55%
between 1999 and 2007 in La Parguera, on the southwest
coast of Puerto Rico [9]. After the 2005 bleaching event,
CYBD prevalence increased 40% in M. faveolata with high
coral mortality attributed to this disease. CYBD, white plague
outbreak and bleaching have caused 60% of damage on some
reefs [9, 18]. Even though CYBD seems to be caused by a
group of Vibrio bacteria [24, 25], little is known about the
mechanisms of spread of the disease and its pathogenicity of
the disease agent. Several experimental attempts in the field
and laboratory have failed to demonstrate infectiousness
[26], suggesting that the diseased colonies in natural pop-
ulations should not to be aggregated. None of the previous
studies provides information on CYBD incidence on M.
faveolata populations.

The goals of this study were to assess the spatial and
temporal variability in CYBD incidence on M. faveolata,
to characterize the spatial distribution patterns of CYBD
infected colonies, and to explore the relationship between
spatial pattern and incidence of CYBD within and across
reefs off La Parguera, Puerto Rico. Results from this study
help clarify the etiology and potential mechanisms of
infection of CYBD, the rate of infection over time and
how the distribution patterns of the population (susceptible
colonies) may affect the spread and potential impact of the
disease.

2. Materials and Methods

Coral reefs in La Parguera Natural Reserve on the southwest
coast are considered the best developed reefs of Puerto
Rico [18]. A broad insular shelf, moderate water energy,
favorable environmental conditions (high temperatures and
low rainfall), and low human impact over long periods of
time have allowed extensive development of diverse coral reef
communities [18]. To assess the CYBD incidence and spatial
variability in CYBD diseased and healthy colonies, six reefs
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FIGURE 1: Map of the study sites in La Parguera, Puerto Rico.

were selected on an inshore-offshore gradient: two fringing
reefs on the inner-shelf (Pelotas and Enrique), two fringing
reefs on the mid-shelf (Media Luna and Turrumote), and
two deep bank reefs on the shelf-edge (Weinberg and Buoy)
(Table 1, Figure 1).

2.1. Temporal and Spatial Variability of CYBD Incidence in
M. Faveolata. Incidence (i.e., proportion of newly infected
colonies per month) of CYBD affecting Montastraea fave-
olata in La Parguera was assessed through winter and
summer of 2009. Total incidence per site and season was
also calculated. Incidence of CYBD was assessed using
three 100 m? permanently marked areas (300 m?) positioned
between 3-9m depths and separated by at least 20m on
each of the fringing reefs, and at a depth of 20m on
the offshore bank reefs. Each quadrant corner was marked
with tagged rebar and, before each survey; the perimeter
was marked with measuring tapes. Parallel tape lines were
extended every two meters to form five 2 X 10m bands
(20 m? each), and all diseased and healthy colonies of M.
faveolata were checked, counted, and mapped so the location
and status of every single colony within the 100 m? was
known after each survey. Healthy colonies were checked and
photographed every month from January to December 2009
to monitor new CYBD infections. Temperature data for the
year was obtained from Hobo Pro v.1 and v.2 temperature
loggers that have been deployed on these reefs since 2005.
The loggers record temperature every 2 hours. Disease
incidence data (i.e., proportion of newly infected colonies
per month) did not meet the assumptions of parametric
statistical tests and could not be normalized with arcsine
transformations. Differences in incidence between seasons
(winter and summer) were therefore, evaluated using Sign
Tests. Differences in incidence (median + SE) between reef
zones and sites were evaluated using nonparametric Kruskal-
Wallis tests (Levene’s test: P > 0.05). Significant differences
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TaBLE 1: Characteristics of the study sites in La Parguera, Puerto Rico (modified from [27]).

Zone Reef Location Distance Depth

N W from shore (km) range (m)
Inner-shelf Enrique 17°56.658 67°02.213 1.5 1-14
Inner-shelf Pelotas 17°57.442 67°04.176 1 1-12
Mid-shelf M. Luna 17°56.093 67°02.931 2 4-20
Mid-shelf Turrumote 17°56.097 67°01.130 2 2-20
Shelf-edge Weinberg 17°53.429 66°59.320 6 18-23
Shelf-edge Buoy 17°53.110 66°59.510 6 18-23

(a)

F1GURE 2: Photographic time series of a colony at Enrique showing signs of YBD. (a) January 2009; (b) September 2009.

were followed by multiple comparison tests. Statistica 7
software was used to run the analyses.

2.2. Spatial Distribution of CYBD in M. Faveolata. Single
colonies were defined and selected as continuous patches of
tissue of M. faveolata, including isolated patches of tissue
showing partial mortality. This was carefully inspected to
avoid the inclusion of ramets of a different genet pooled
together as a single colony. Spatial distribution patterns were
assessed for the whole population and CYBD-infected M.
faveolata within each of the 100 m? quadrants on each of the
six reefs using the nearest neighbor method [28, 29]. The
method is based on comparing the distribution of distances
from one individual to its nearest neighbor in space [28, 29].
This distribution can be defined as
TA

R= P (1)

where R is the index of aggregation, r4 is the mean distance
to the nearest neighbor and can be defined as

_xri )

n

rA

where 7; is the distance to nearest neighbor for individual I
and #n is the number of individuals in the study area; rg is the
expected distance to nearest neighbor and can be defined as

1
rE = 20p (3)

where p is the density of organisms (number of organ-
isms/size of the study area).

If the spatial pattern is random, R = 1, when clumping
occurs, R approaches zero and in a regular pattern R
increases >1. A simple test of significance for deviation from
randomness was used, as the standard error of the expected
distance is known from plane geometry [29]. This test of
significance can be defined as

_ (ra—rp)
S,
where z is the standard normal deviate and S, is the standard

error of the expected distance to the nearest neighbor and
can be defined as

, (4)

~0.26136

RN )

3. Results

Significant differences in CYBD incidence in M. faveolata
were foundamong reef sites (H = 12.13; df = 4; P = 0.02).
Pelotas (an inner-shelf reef) showed no sign of CYBD over
the study period. Turrumote and Media Luna (mid-shelf
reefs) showed the highest total incidence levels (median +
SE%) in the study, each with 2.1 = 1.5% (n = 14), followed
by Enrique (inner-shelf reef) with 1.5 = 1.2% (n = 5). Buoy
and Weinberg (shelf-edge reefs) showed the lowest incidence
levels in the study with each site showing 0.6 + 1.4% (n = 4).
Time series photographs of tagged colonies at the different
sites showed healthy colonies in the winter developing the
CYBD signs during the summer (Figure 2). Disease signs
were still visible at December 2009, but no tissue mortality
was observed.
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FIGURE 3: Spearman correlation analysis between densities of M.
faveolata and incidence of CYBD on the different reefs (p = 0.70;
P =0.01).

Proportion of monthly CYBD incidence in M. faveo-
lata was higher on mid-shelf reefs (0.58 newly infected
colonies/month) than on inner (0.41 newly infected
colonies/month) or on shelf-edge reefs (0.16 newly infected
colonies/month) throughout 2009 (H = 9.74; df = 2; P =
0.04). There was a significant positive correlation (Spearman
correlation analysis; p = 0.70, P = 0.01) between CYBD
incidence and densities of M. faveolata in each of the three
100 m? quadrants per site (Figure 3).

CYBD incidence (median + SE%) on M. faveolata
increased significantly 0.7 + 0.8% to 1.5 = 1.1% (n = 23)
from winter to summer (Sign Test; Z = 2.40; P = 0.01).
Incidence in M. faveolata ranged from 2.00 newly infected
colonies/month during the cold season (winter or January—
April) to 3.75 newly infected colonies/month during the
warm water season (summer or June-September) of 2009
(Table 2). Monthly average temperatures in 2009 increased
from 26.6°C in the winter to 29.6°C in summer (Figure 4).
During February (26.5°C) and June 2009 (28.8°C), CYBD
incidence was highest (Table 2). February finished with 3
new colonies infected in Media Luna, 1 in Turrumote and
2 in Buoy. In June, 1 newly infected colony was found in
Enrique, 2 in Media Luna and 4 in Turrumote.

Analysis of the spatial distribution patterns of CYBD
in M. faveolata showed an aggregated pattern for diseased
colonies and for all colonies (pooled diseased + healthy)
analyzed together. This aggregated pattern was found in all
of the 100 m? areas surveyed (Table 3) and was significantly
different from randomness (Table 4). There were no CYBD-
infected M. faveolata colonies in the 100 m? areas surveyed in
Pelotas (i.e., inner shelf reef) so these were excluded from the
analyses.

4. Discussion

In La Parguera and on the west coast of Puerto Rico,
winter average temperatures used to drop below 25.5°C.
In the last 10 years, however, winter mean temperatures
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FIGURE 4: Line graph of monthly average (+SD) seawater tempera-
tures from January—December 2009 in La Parguera, Puerto Rico.

have not dropped below 26.5°C potentially compromising
the immune response of corals or increasing virulence of
pathogens [3]. In the present study, highest incidence levels
were found in June and September (summer). However, high
incidence levels were also found in February (winter). M.
faveolata colonies are more susceptible to any pathogen in
the environment due to a weakened state when temperature
changes. Susceptibility to opportunistic pathogens increases
significantly in corals that are harmed from climatic and
physical perturbations [2]. Although previous studies have
shown that prevalence of CYBD increases in Montastraea
species when temperature increases [3, 30-32], a decrease
in temperature may cause harm to these colonies as well.
Cold temperatures can be detrimental to corals by causing
coral bleaching [33, 34]. Further research on how low
temperatures may trigger coral diseases, in this case CYBD,
should provide interesting information on the dynamics of
these stressors.

CYBD distribution found in the different reefs through
the Caribbean is due to the combination of host population
abundance and distribution, presence of potential pathogens
and different environmental factors [24, 35], a pattern
similar to most infectious diseases. The significant positive
correlation between densities of M. faveolata and CYBD
incidence found in the present study suggests that this disease
is affecting abundant and susceptible hosts mainly at mid-
shelf reefs (i.e., Turrumote and Media Luna). These reefs
showed the highest colony densities and CYBD incidence
levels compared to inner and shelf-edge reefs. Our results
concur with other studies where the number of diseased
colonies was positively correlated with the abundance of
susceptible species [36, 37].

CYBD infected colonies showed an aggregated pattern in
all of the 100 m? areas surveyed. The same spatial dispersion
pattern was found for the whole population (i.e., healthy +
diseased) as well. This could mean that M. faveolata colonies
are harboring at all times the Vibrio pathogens that cause
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TaBLE 2: Number of newly infected M. faveolata colonies per month in 2009 at the different reef sites. (—): no newly infected colonies.
Winter included the months from January—April and summer included the months from June-September.

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
Enrique — — — 2 — 1 — — 2 — — —
M. Luna — 3 — — — 2 — 2 — _ _ _
Turrumote — 1 — — — 4 — — 2 — _ _
Buoy — 2 — — — — — — — — — —
Weinberg — — — — — — — — 2 — — —

TasLE 3: Index of aggregation, R values, with sample size (in parenthesis) for the three 100 m? quadrants (Q) in the different sites. (—): no

data was found. (): not significant data.

Reef Ql Q2 Q3
Healthy + CYBD CYBD Healthy + CYBD CYBD Healthy + CYBD CYBD

Pelotas — — — — — —
Enrique * * 0.63 (26) 0.5 (2) 0.70 (16) 0.48 (2)
Media Luna 0.55 (80) 0.66 (15) 0.48 (124) 0.7 (16) 0.46 (150) 0.60 (28)
Turrumote 0.68 (70) 0.86 (40) 0.65 (61) 0.69 (13) 0.58 (27) *
Buoy 0.64 (11) * 0.84 (14) * 0.75 (36) 0.92 (5)
Weinberg 0.89 (17) 0.84 (2) 0.66 (20) 1.01 (5) 0.66 (51) 0.48 (6)

TasLE 4: Colony distribution departure from randomness; z and P values (in parenthesis) from the test of significance for the three 100 m?
quadrants in the different sites. (—): no data was found. (): not significant data.

Reef Ql Q2 Q3
Healthy + CYBD CYBD Healthy + CYBD CYBD Healthy + CYBD CYBD

Pelotas — — — — — —
Enrique * * 0.63 (26) 0.5 (2) 0.70 (16) 0.48 (2)
Media Luna 0.55 (80) 0.66 (15) 0.48 (124) 0.7 (16) 0.46 (150) 0.60 (28)
Turrumote 0.68 (70) 0.86 (40) 0.65 (61) 0.69 (13) 0.58 (27) *
Buoy 0.64 (11) * 0.84 (14) * 0.75 (36) 0.92 (5)
Weinberg 0.89 (17) 0.84 (2) 0.66 (20) 1.01 (5) 0.66 (51) 0.48 (6)

CYBD, and that these trigger the disease when colonies
are more vulnerable due to temperature changes such as
those that occur in the summer or during warmer winters.
Further research in the bacterial strains within M. faveolata
tissues may help to find if these colonies are harboring
the Vibrio consortium that is associated to CYBD. Foley et
al. [22], studying spatial dispersion patterns of CYBD in
Montastraea annularis in Akumal, Mexico, found contrasting
results. They found that CYBD-affected colonies showed a
more regular (less clustered) spatial pattern compared to
the whole population (healthy + diseased) and concluded
that proximity to other M. annularis may offer protection
from CYBD perhaps in the form of barriers to disease
agents or genetic resistance of some coral colonies. Foley
et al. [22] defined subcolonies of M. annularis “as distinct
lobes of aggregated clonal corallites that form a recognizable
unit of a main corallum (boulder).” It is imperative to
carefully inspect this aspect of the analysis due to a high
probability of confusion and error if one selects ramets
of a different genet pooled as a single colony. In our
study, CYBD-infected M. faveolata showed highly aggregated

spatial patterns (similar to the whole population) in all reefs
in La Parguera. Distribution patterns depend on habitat
characteristics, substrate availability, and current regimes.
Differences in species distribution and spatial scale used can
explain the contrasting results between our study and the
one from Foley et al. [22]. In our study, we used a spatial
scale of 100 m? quadrants, but Foley et al. [22] studied a
spatial scale between 10-30 m. Spatial patterns can change
at different scales of observation and this is highly important
when studying spatial distribution patterns of coral diseases
[22]. Jolles et al. [19] found that clusters of infected G.
ventalina were larger than expected under the direct contact
hypothesis. It is important to recognize that prevalence
(proportion of infected colonies in a population) is not the
same epidemiological measure as incidence (new cases of
diseased colonies over time). However, both parameters can
indicate the level at which a disease is affecting a population.
Incidence indicates the risk of contracting the disease,
whereas prevalence indicates how extensive the disease is.
Although we did not assess CYBD prevalence in the 100 m?
quadrants on each site, prevalence from other areas in these



same sites during 2009 showed a similar pattern to the
incidence data we gathered by having more infected colonies
in mid-shelf reefs where host abundances were higher (Soto-
Santiago and Weil, in preparation). Some of the index of
aggregation data showed a low sample size (Table 3). This
could have affected the patterns of aggregation since lower
number of colonies may result in less power when applying
the nearest neighbor method. However, we only included
in the analysis data that showed significant differences from
randomness (Tables 3 and 4).

If the pattern of warmer winters continues spreading
worldwide, this could be highly detrimental to coral reefs
around the world. Furthermore, all the ecosystem services
that these reefs provide can be lost in the near future. By
having warmer winters, corals will not be able to adapt to
temperature regimes and susceptibility to any pathogens in
the surrounding environment will affect more dramatically
these organisms. It will be more difficult for corals to recover
from diseases and bleaching as they will be vulnerable
all year long. Coral diseases have shown associations to
different environmental variables at different spatial scales
[21]. Although baseline spatiotemporal assessments such as
the study presented here are useful, ultimately this informa-
tion needs to be combined with covarying environmental
measurements over long time periods with high spatial
replication and the results coupled and investigated for
relationships using predictive modeling and other spatial
analyses. Our results have shown that the study of incidence
and spatial distribution patterns can highlight important
information on the etiology and potential mechanisms of
CYBD affecting important reef framework species such as M.
faveolata. These types of studies can elucidate the dynamics
of spread and infection of emerging coral diseases which are
threatening to wipe out coral reefs and its ecosystem services
in Puerto Rico and the wider Caribbean.
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