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Abstract Coral reef ecology has advanced in many fields,
but disease patterns across depth gradients remain unclear.
By comparing the prevalence and extent of bleaching and
diseases in 160 colonies of Siderastrea stellata between
shallow and mesophotic reefs, we observed that prevalence
was high (75%) regardless of depth, but the extent was about
two times greater in mesophotic than shallow reefs (14.4%
vs. 6.6% of colony area, respectively). Across the shallow
reefs, where S. stellata co-occurred with Montastraea cav-
ernosa, M. cavernosa showed lower prevalence (27% of 30
colonies) and extent (1.8% of colony area) compared to S.
stellata. Besides bleaching, five coral diseases afflicted S.
stellata and two affected M. cavernosa. Because diseases
are spread over the entire gradient of depth, any attempt of
managing the diseases should consider both shallow and
deep reefs to be effective.
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Introduction

Coral reefs are facing unprecedented local and global
anthropogenic disturbances (Sully et al. 2019). Threats such
as ocean warming, overfishing, pollution, and disease out-
breaks are transforming the way that reef ecosystems func-
tion (Harborne et al. 2017). Many of these threats are not
occurring in isolation, but instead may have additive impacts
on coral reef ecosystems (Ferreira et al. 2012). For exam-
ple, although disease is a natural part of coral lifecycles,
interactions with other threats such as ocean warming often
exacerbates the negative effects of disease on corals (Randall
and Van Woesik 2015; Howells et al. 2020). Indeed, coral
disease outbreaks have increased over time, and have now
become a major threat to corals in several areas of the world
(Maynard et al. 2015).

Although there is an extensive body of literature docu-
menting the impact of disease on corals, most of these stud-
ies are based on corals settled in shallow reefs (Montilla
et al. 2019; Howells et al. 2020; Bloomberg and Holstein
2021). Our understanding on the dynamics of coral diseases
in mesophotic ecosystems (MCEs; between 30 and 150 m
depth) is still in its infancy (Weil 2019; Williams et al.
2021; Morais et al. 2022), especially in the Southwestern
Atlantic, where in-depth investigations on MCEs are even
more recent (Morais et al. 2018; Soares et al. 2018). This
lack of scientific research contrasts with the unique MCEs
biodiversity and ecological services (Soares et al. 2020b)
and calls attention for the understanding of key ecological
interactions along depth gradients, including coral diseases
(Rogers et al. 2015).

To help bridge this knowledge gap, we sampled the two
most abundant coral species of the Southwestern Atlan-
tic, Montastraea cavernosa and Siderastrea stellata (Ledo
et al. 2016) across a depth gradient from 3 to 61 m. Besides
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identifying the diseases from the morphological signs, we
estimated and compared their prevalence and extent between
species and depth categories.

Methods
Study area and data survey

We conducted the study on reefs off the eastern coast of
Northeast Brazil, state of Paraiba (Fig. 1). Between Janu-
ary and February of 2017, we surveyed coral colonies with
SCUBA in four shallow and four mesophotic reefs (hereafter
deep reefs) by employing a video transect method (Safuan
et al. 2015). We used two GoPro video cameras to record
digital videos over 20 m transects (following Morais and
Santos (2018)) in four transects per reef (Table S1). Dur-
ing this study, temperatures aligned with historical averages
(about 28-29 °C up to the 50 m depth). The reefs surveyed
had on average 3.4% of coral cover, thus density-dependence
effects were not expected to play a major role on disease
prevalence and extent.

Image processing and statistical analyses

During video post-processing, we took screen shots of all
frames containing colonies of S. stellata and/or M. caver-
nosa. We are aware that the taxonomy of the ‘Siderastrea
Complex’ is not fully resolved in the South Atlantic due
to morphological similarity among S. stellata, S. radians
and S. siderea (Menezes et al. 2013). However, we reported
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the results as S. stellata based on our previous experience
(Morais and Santos 2018) and other studies conducted in
the study area (e.g., Costa et al. 2008). The pictures were
subsequently processed in Adobe Photoshop by selecting
the entire colony and obtaining the total area (pixels), cor-
responding to 100% of colony live tissue area. When signs
of bleaching or disease were visible, we selected the cor-
responding (pixels) and calculated their relative area based
on the total area of the colony. Coral diseases were identi-
fied using the Coral Disease Handbook (Raymundo et al.
2008) and the Field Guide to Western Atlantic Coral Dis-
eases (Bruckner 2003). It is worth to mentioning that not
all tissue damages may be associated with biotic causative
agents, just as apparently healthy colonies may be diseased
but not displaying gross signs yet. Damages from predators
have particular shape and size that allow their differentia-
tion from bleaching and disease signs, thus, they were not
considered here.

To compare the prevalence and extent of disease/bleach-
ing between species and in S. stellata between shallow and
deep reefs (for M. cavernosa, we were not able to perform
the same comparisons given the limited number of colonies
below 30 m), we used generalized linear mixed effects mod-
els (GLMMs). In the GLMMs, prevalence and extent were
the response variables while either species or depth were
treated as fixed factors depending on the model in question.
Site was treated as a random factor in all models to account
for any lack of spatial independence. To examine the differ-
ences in the disease prevalence between species and between
depths for S. stellata, we used a binomial distribution with
logit link function. To evaluate the extent between species
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Fig. 1 Map showing the sampling points in Northeast Brazil (South Atlantic Ocean). Blue dots represent the shallow reefs (<30 m), red dots
represent the deep reefs (>30 m). a- Siderastrea stellata. b- Montastraea cavernosa. Photographs by Morais J
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and between depths of S. stellata we used a tweedie (log
link) and a betabinomial (logit link) distribution, respec-
tively. Model fit and assumptions were assessed using resid-
ual plots, all of which were satisfactory. Statistical modelling
was performed in the software R (R Core Team, 2020), using
the glmmTMB (Brooks et al. 2017) and DHARMa (Hartig
2017) packages.

Results and discussion

We documented a total of 190 coral colonies: 160 colonies
of S. stellata (107 in shallow and 53 in deep reefs) and 30
colonies of M. cavernosa (27 in shallow and only 3 in deep
reefs). There was a significant difference in the prevalence of
disease and bleaching between species (Table S2). Approxi-
mately 75% (121) of the S. stellata colonies and 27% (8)
of the M. cavernosa colonies showed some sign of disease
and bleaching (Fig. 2). The extent of disease and bleaching
was also significantly greater in S. stellata, with a median
of 8.5% compared to 1.8% in M. cavernosa (Fig. 3a). These
results indicate that S. stellata and M. cavernosa are afflicted
by disease to different extents. Although these two species
have massive growth form and may have similar suscep-
tibility strategy (Loya et al. 2001; Morais et al. 2021), M.
cavernosa is usually classified as a stress-tolerant species,
while S. stellata is reported as weedy species (Darling et al.
2012). Our finding agrees with this classification and sup-
ports previous studies that have shown the genus Siderastrea
to have up to four times more prevalence of disease than the
genus Montastraea (Calnan et al. 2007).

There was no significant difference in disease prevalence
in S. stellata between shallow and deep reefs (Table S2).
Indeed, 73% of the shallow colonies (78 out of 107) and 81%
of the deep colonies (43 out of 53) were diseased/bleached
(Fig. 2). However, the extent was more than two times
greater in deep reefs (median 14.4%) compared to shallow
ones (median 6.6%) (Fig. 3b). Given the strong relation-
ship between thermal anomalies and coral disease outbreaks
(Miller et al. 2009; Brodnicke et al. 2019), a plausible expla-
nation for this result could be the fact that mesophotic cor-
als live in an environment with more stable temperatures,
making them more susceptible to even small temperature
variations (Hinderstein et al. 2010; Smith et al. 2016). Con-
sequently, they would be more susceptible to disturbances,
including disease infections and reduction in zooxanthellae
activity, compared to those living on shallower reefs (Kahng
et al. 2014). The long history of exposure to extensive ther-
mal anomalies, high sedimentation, and high nutrient levels
(Smith et al. 2008; Camp et al. 2018; Soares et al. 2020a;
Chaves-Fonnegra et al. 2021) may have contributed to the
greater resistance of shallow corals to diseases compared to
deeper corals.
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Fig. 2 Proportion of diseased/bleached and intact colonies in shallow
(<30 m depth) and deep reefs (>30 m depth) of Northeast Brazil.
N=160 colonies of S. stellata and 30 colonies of M. cavernosa

It is important to notice that the shallow reefs of our
study region are close to the coast (< 1 km), while the deep
reefs are often more than 10 km offshore. This geographic
isolation may have precluded gene flow across the shelf
and eventually influenced the greater resistance in shallow
areas (Weil 2019; Bloomberg and Holstein 2021), but fur-
ther studies on innate immunity against disease are needed
to properly assess this hypothesis. The proximity with the
Paraiba coast has also put the shallow colonies in contact
with several anthropogenic disturbances over the past five
centuries (e.g., pollution, overfishing, mass tourism, sink-
ing of artificial structures; Medeiros et al. 2022), which
together changed water quality and sedimentation for corals,
their symbionts and pathogens. However, according to our

@ Springer



1320

Coral Reefs (2022) 41:1317-1322

[

100 o e
80
60
40

20

Disease extent (% of colony area)

Montastraea Siderastrea

100 i

40 2

20 .'.:‘T!
o P2

Shallow

Disease extent (% of colony area)

Deep

Fig. 3 a Percentage of diseased/bleached area in colonies of Montas-
traea cavernosa and Siderastrea stellata. b Percentage of diseased/
bleached area in colonies of S. stellata in shallow and deep reefs.
Box-plots show the median (line) and quartiles distributions. Points
represent the colonies

findings, these nearshore abiotic changes were not enough
to increase the prevalence and extent of diseases. Simi-
lar results have been described for the US Virgin Islands,
where many aspects of coral health did not respond to a
five-fold increase in the rate of clay and silt sedimentation
(Smith et al. 2008). In fact, our findings of S. stellata indi-
cate that the Paraiba mesophotic reefs, although cooler and
less exposed to nearshore human stressors, may not act as
refuges for this species because their colonies face greater
extent of diseases and bleaching [Morais and Santos 2018;
see also Bloomberg and Holstein (2021) for a case study
with M. cavernosa in the US Virgin Islands]. As demon-
strated by Smith et al. (2016), any increase in temperatures
above the local mean warmest conditions can lead to coral

@ Springer

thermal stress and bleaching, which invalidates the premise
that cooler environments—the mesophotic reefs—are pro-
tective. The continued monitoring of the diseases and their
impact on coral survival and reproduction will be critical to
assess this refuge possibility in the South Atlantic.

We recorded five coral diseases and bleaching in our
sampling area during the study period (January to Febru-
ary 2017). While only White plague (23%) and White patch
(3%) diseases affected M. cavernosa, Dark spot (33.9%),
White patch (20.3%), White plague (11.7%), Yellow band
(2.4%), Black band (1.2%), and bleaching (7.4%) afflicted
S. stellata. Notably, Dark spot was exclusive recorded in
shallow habitats, while bleaching was only recorded in deep
reefs (Fig. 4). As commonly known, bleaching is periodical
and often occur in shallow waters, but did not manifest on
the shallow colonies during the study period.

Identifying the drivers of the five diseases recognized
here is urgent, though beyond the scope of this work. We
encourage the investigation of the genotype-environment
interaction to shed light on the ecoepidemiology underlying
the differences between the coral species and between shal-
low and deep populations of the same species (S. stellata)
(Kelley et al. 2021). This is critical to pushing the study of
coral diseases in Southwestern Atlantic beyond the observa-
tion of bleaching events (Morais et al. 2022).

In summary, our findings revealed remarkable differences
in disease prevalence and extent between the two most com-
mon reef-building coral species of Southwestern Atlantic.
While in general S. stellata is more susceptible to disease
than M. cavernosa, this species is also particularly more
affected in deep reefs than in shallow reefs. If this difference
is enough to put the deep populations at demographic risk is
an open question, but it is clear that colonies in shallow and
deep reefs show contrasting disease extents. Although we
have not measured abiotic conditions, we hypothesize that
the more thermally stable environment of deep reefs, with
reduced light incidence and increased pressure, potentially
make the deep colonies less resistant to temperature fluctua-
tions and disease incidence (Hinderstein et al. 2010). The
greater resistance of colonies in shallow reefs may also have
a genetic basis promoted by the horizontal isolation between
the shallow and deep reefs (Serrano et al. 2014; Bongaerts
et al. 2017). Overall, our findings support the notion that
MCEs are distinct from shallow reef ecosystems (Soares
et al. 2020b). Thus, regulation of economic activities that
impact the corals along the depth gradient, such as fishing
and tourism, should be implemented accordingly. Because
diseases are spread over the entire gradient of depth, any
attempt of managing the diseases should consider both shal-
low and deep reefs to be effective. As recently argued, the
ecoepidemiology of coral diseases deserves more space in
the research agenda of reef ecosystems, especially in the
mesophotic zone (Morais et al. 2022). Survey efforts should
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Fig. 4 Number of Siderastrea stellata colonies affected by diseases
and bleaching in shallow and deep reefs of the Southwestern Atlan-
tic. Photos showing the main diseases of Siderastrea stellata colonies

describe as many coral and pathogen species as possible,
with the specific goals to understand the ecoepidemiology
of coral diseases and their interactions with bleaching events
(Work and Meteyer 2014; Morais et al. 2022). We also sug-
gest that projections of future distributions of reef-building
coral species in the face of climate change (e.g., Principe
et al. 2021) should incorporate disease data into the model-
ling procedures.
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