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Abstract

Coral reefs are beginning to experience conditions unlike any in recent history. Understanding ecosystem
function on future reefs will require reassessing ecological processes under novel environmental regimes.
For many coastal reefs, severely degraded water quality will be a hallmark of these novel regimes. While
herbivory has traditionally been considered essential for maintaining coral dominance recent evidence
from urban reefs suggests this pattern may be changing. Here, we reexamined the importance of
herbivory on a shallow, turbid reef exposed to extensive coastal development. We found that although
herbivore biomass, size-structure, and grazing rates were significantly reduced relative to a nearby
protected reef, coral cover on this shallow urban reef remained >45%. In contrast, coral cover at the
nearby protected site was roughly 50% lower. Differences in coral cover between the sites were due to
greater cover of two groups of corals at the urban site: depth-generalist Orbicella spp. (O. faveolate and O.
annularis), and weedy species Agaricia spp. Both groups are tolerant of low light levels but susceptible to
coral bleaching. Our results suggest that diminished top-down pressure did not promote algal dominance.
Instead, turbidity-induced reductions in available light drove community structure, leading to dominance
of coral and algae species able to acclimate to low-light. Our study demonstrates how environmental
context can alter the importance of critical processes on coral reefs and highlights the need to reexamine
traditional paradigms in reef ecology to understand ecosystem function on future reefs.

Introduction

A paradigm in coral reef ecology is that reefs thrive in oligotrophic, clear waters. Under these conditions,
nutrient recycling between corals and their endosymbionts allows corals to prosper while low nutrients
limit the productivity of macroalgal competitors (Odum and Odum 1955; Muscatine and Porter 1977). In
turn, limited macroalgal productivity facilitates top-down control of algae, helping herbivores maintain
reefs in coral dominated states (e.g. Odum and Odum 1955; Littler and Littler 1984; Burkepile and Hay
2006). In this regard, low nutrients and high rates of herbivory are traditional cornerstones of resilient,
coral dominated reefs (Bellwood et al. 2004).

However, humans are degrading these pillars of reef resilience. Development increases sediment,
nutrients, and other pollutants in coastal runoff, thereby reducing light reaching the benthos, smothering
corals, and facilitating algal growth and coral diseases (Fabricius 2005; Smith et al. 2010; Vega Thurber
et al. 2014). Similarly, reductions in herbivory from overfishing and disease allow algal proliferation and
can drive transitions from coral to algae dominated reefs (Bellwood et al. 2004; Jackson et al. 2014).
Thus, after disturbances occur poor water quality and reduced herbivory are often considered the greatest
impediments to coral recovery (Houk et al. 2010), and recommendations for preserving reefs into the
future usually begin with reducing these local stressors until greenhouse-gas emissions are addressed
(Bellwood et al. 2004; Baskett et al. 2010; Jackson et al. 2014).

Despite the paradigm that reefs require clear water and abundant herbivores, numerous reefs exist in
conditions typically considered inhospitable to corals. For example, nearshore turbid-zones traditionally
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seen as marginal or unsuitable for corals are proving to hide seemingly resilient communities with
remarkably high levels of coral cover (Morgan et al. 2017). One example of such a reef is Varadero, a
recently described reef at the mouth of Cartagena Bay with remarkably high coral cover (Lépez-Victoria et
al. 2015; Pizarro et al. 2017). Reefs like Varadero that persist in these unusual environments challenge
our conventional views of coral ecosystems and provide opportunities to study the ubiquity of processes
that dictate reef ecosystem function. Here, we compare herbivory and the benthic composition of a
heavily impacted coastal reef with a nearby protected reef to explore the importance of herbivory under
severe coastal pollution. Given the contrasting environments, we predicted that the extreme pollution at
Varadero would spur macroalgal growth and necessitate a robust herbivore community larger than the
protected community at Rosario to maintain coral cover and prevent algal overgrowth.

Materials & Methods

Varadero is an urban reef at the mouth of Cartagena Bay, Colombia with a long history of human impacts
(Lépez-Victoria et al. 2015; Pizarro et al. 2017). Located between the Magdalena and Sinu Rivers,
Cartagena was founded in 1533 and has grown into the largest port in Colombia and a major
metropolitan area with over one million residents. In the late 1920’s the Colombian government began a
series of development projects to dredge and widen the Dique Canal, a partially blocked 16th century
Spanish canal connecting Cartagena Bay to the Magdalena river (Vega et al. 2013). The Magdalena
drains ~ 25% of the Colombian interior and is the largest sediment input into the Caribbean and as the
Canal was reopened, seagrass in the area declined by >90% and the hard bottom of Cartagena Bay was
covered by terrigenous mud (Restrepo et al. 2016). Today, the Canal carries industrial waste, sewage, and
~ 5,900,000 t-sediment-yr ! to the coast to mix with the polluted waste water from Cartagena (Restrepo
et al. 2006), with Varadero sitting at the edge of this polluted sediment plume (10°18'10"N, 75°34'55"W,;
Fig. 1a). Compounding this pollution, rapid development, and industrialization in Cartagena, combined
with poor wastewater management further expose Varadero to high levels of coliforms, nutrients, metals,
from the city’s wastewater drainage (Tosic et al. 2019). In contrast, the Rosario Islands (hereafter Rosario)
are just over 20 km southwest of Cartagena Bay. Buffered by distance from the Canal del Dique, Rosario
sits in the 1,200km? Corales del Rosario y San Bernardo National Park (10°11'4"N, 75°44'34"W), which
has been protected since 1977.

To examine differences in the herbivore communities, in November of 2017 we swam fifteen, 50x2m
transects (5+day” ! for 3 days) between 4-10m depth at each site. Along each transect, a diver recorded
the species and size of herbivorous fishes and photographed 0.25m? sections of the benthos every 2m
along five of the transects. To calculate benthic cover, we superimposed a 100-point grid over each photo
and identified the organism or substrate below each point to the lowest taxonomic level possible
(typically genus). Groups with challenging taxonomy that could not be identified in photos (e.g., CCA,
filamentous turf) were binned into functional groups based on Steneck (1988). For corals, we also
recorded whether bleaching or symptoms of disease were present.
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To estimate herbivory rates, at each site we filmed ten, 1x1m haphazardly selected sections of the
benthos using GoPro HD cameras. Temporary, 1 m? square plots were marked out with red nylon string
held down with dive weights in each corner and markings every 20 cm along the string to help calculate
the size of fishes entering the plots. Three-to-four cameras were deployed between 09:00 and 14:00 over
three days at each site and left undisturbed to film. After 100 minutes, cameras were retrieved by divers
and 90 minutes of video were scored, excluding the initial and final 5 minutes, to record the species,
length, and number of bites taken by all herbivorous fishes feeding in the plots.

Statistical Analyses

We used published length-weight relationships (Bohnsack and Harper 1988) to calculate the biomass of
every herbivorous fish recorded in our transects and grazing videos. We tested for differences in the log-
transformed biomass of parrotfishes and surgeonfishes between Varadero and Rosario via a mixed-
effects model that included site and fish family as interacting factors and a random effect for date. We
tested for differences in parrotfish and surgeonfish size-distributions between sites using one-sided
Mann-Whitney U-tests. Differences in grazing rates for each family were assessed using mixed-effects
models that included site as a fixed factor and date as a random effect. Because parrotfish bite size and
the amount of algae and substrate consumed increases with fish size (Adam et al. 2018), bites by
different sized fishes are not equivalent. Therefore, to account for differences in the size of fishes feeding
we multiplied the number of bites taken by each fish by the fish’s biomass to calculate a biomass-
corrected grazing rate, which we analyzed in an identical manner to the standard grazing rates (Holbrook
et al 2016; Shantz et al. 2020).

We tested whether the benthic communities at Rosario and Varadero differed via PERMANOVA based on
Bray-Curtis distances with 9,999 permutations. We analyzed differences between sites in total
macroalgae cover and the five most abundant algae groups, as well as total coral cover and the most
common coral families using ANOVA that included site and group/coral family as interacting factors. For
these analyses, algal cover was log transformed and coral cover square root transformed to meet
assumptions of parametric statistics. Finally, we used ANOVA to test for differences in coral bleaching
and disease prevalence between the sites. All results are reported as means + 1 SD.

Results

Herbivore biomass on Varadero was significantly less than on Rosario ( %(1) =21.57, p<0.001). Although
herbivore diversity was similar between the two sites (Table 1), parrotfish biomass at Varadero was only
278 + 115 g+100m™ 2, extremely low for the Caribbean (Shantz et al. 2020) and significantly lower than
nearby Rosario (Tukey’s HSD: p = 0.008; Fig. 1b). Furthermore, the size distribution of parrotfish on
Varadero was skewed towards smaller individuals than Rosario (W =49,162, p < 0.001; Fig. 1c).
Surgeonfish biomass (Tukey’s HSD: p = 0.86) and size distribution (W =733, p = 0.53) did not differ
between sites.

Page 4/15



Table 1

Species of herbivorous fishes observed by divers along
transects at Rosario and Varadero. * Denotes species only

observed at Rosario while indicate species only observed
at Varadero.

Rosario Varadero

Acanthurus coeruleus Acanthurus chirurgus
Acanthurus tractus Acanthurus coeruleus
Scarus iseri Acanthurus tractus
Scarus taeiopterus Scarus iseri

Scarus vetula* Scarus taeiopterus
Sparisoma aurofrenatum Sparisoma aurofrenatum
Sparisoma chrysopterum*  Sparisoma viride
Sparisoma viride

Parrotfish bite rates were similar between Varadero and Rosario but after correcting for size, parrotfish
biomass-corrected grazing rates were over 2x higher at Rosario ( (1) = 7.252; p = 0.008; Fig. 2). Only 3
observations of surgeonfish grazing on Varadero were recorded, making statistical comparisons
impossible.

Despite the limited herbivorous fish community at Varadero, total coral cover was 47.8 + 4.5%, over 2x
higher than Rosario (F 56 =8.97, p<0.001; Fig. 3a). Corals from the family Merulinidae, particularly O.
faveolata, occupied 18 + 9% of the benthos at Varadero but just 1.4 + 1% at Rosario (Tukey’s HSD: p <
0.001). Likewise, the cover of Agaricidae, predominantly A. tenuifolia and A. agaricites, was 17.6 + 3.5% at
Varadero versus 6.3 + 1.1% at Rosario (Tukey’s HSD: p = 0.001). Surprisingly, total macroalgal cover was
similar at both sites but differences in the algal composition, specifically the more homogenous
community dominated by Halimeda spp. at Varadero, suggesting that the communities were structured
through different pathways (F5 45 = 7.99, p < 0.001; Fig. 3b). The percent cover of CCA and finely cropped
turf algae (< 5mm), which are indicators of top-down pressure (Littler and Littler 1984), were significantly
higher at Rosario than Varadero (Tukey’s HSD: p = 0.028 & p < 0.001 respectively). In contrast, Halimeda
spp. occupied on average 2x more space on Varadero than Rosario (Tukey’s HSD: p<0.001).
Cumulatively, the benthic communities differed substantially between sites (PERMANOVA; p = 0.008),
with Varadero associated with high coral cover and Halimeda and Rosario dominated by closely cropped
turf algae and CCA (Fig. 3c).

Bleaching prevalence was over 5x higher at Rosario than Varadero (F; g = 75.99, p<0.001; Fig. 4). In

contrast, disease prevalence tended to be greater at Varadero, however the high variability in disease
incidence meant this pattern was not statistically significant (Fig. 4)
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Discussion

Herbivory is one of the strongest drivers of coral reef community structure (Burkepile and Hay 2006;
Holbrook et al. 2016). Reductions in herbivory, often driven by overfishing, are a common cause of coral
decline, loss of resilience, and phase-shifts to algae dominated states (Bellwood et al. 2004; Rasher et al.
2012; Holbrook et al. 2016). We found that herbivorous fish biomass and grazing potential were
significantly lower at Varadero than nearby Rosario. In turn, Varadero had significantly higher cover of
Halimeda spp., whereas the benthic community at Rosario was dominated by closely cropped turf and
CCA, groups typically associated with more resilient, coral dominated reefs (Fig. 3b). Yet, despite the
limited herbivore community, high sedimentation, and greater Halimeda abundance at Varadero, an
extensive coral community persists between 1-12 m (Pizzarro et al. 2017; this manuscript). Total coral
cover was over 2x higher at Varadero than Rosario (Fig. 3a) and among the highest levels reported in the
Caribbean (Jackson et al. 2014). Thus, our results suggest herbivorous fishes played a minimal role in
maintaining coral cover on Varadero.

Relatively few studies to date have examined herbivory on highly turbid reefs. Those that have, report
limited herbivore communities and very low rates of herbivory (e.g. Cheal et al. 2013; Guest et al. 2016;
Bauman et al. 2017). This limited herbivory can likely be ascribed to the greater attenuation of light
which, when studied across depth gradients, reduces algal productivity (Tebbett and Bellwood 2021). In
turn, this lower productivity may in turn support fewer grazers and lead to concurrent declines in the
biomass, diversity, and grazing rates of herbivorous fishes (Brokovich et al. 2010; Cooper et al. 2019). For
instance, algal productivity on the Great Barrier Reef was ~ 3—5x lower and herbivore biomass ~ 2-7x
lower at 15 m than at 3 m (Russ 2003). On Varadero, the annual average daily integrated irradiance at 3.5
m between 2016—-2017, when our study took place, was roughly equivalent to light levels nearly 10 m
deeper on Rosario (L6pez-Londofio et al. 2021). Thus, reductions in light due to turbidity at Varadero
likely limited algal productivity and reduced the need for strong top-down control.

Because our study only involved a single sampling period it is unclear if the patterns we observed hold
year-round. Herbivory is typically stronger during warmer periods and relaxes during cooler seasons
(Lefévre and Bellwood 2010). However, water temperatures are similar at both Rosario and Varadero
throughout the year, with slightly cooler conditions at Rosario (Lépez-Londofo et al. 2021). Thus, any
temperature-driven fluctuations in grazing rates should be the same at both sites and not influence our
overall patterns. Similarly, while seasonal upwelling influences algal cover on some Colombian reefs
(Diaz-Pulido and Ferreira 2002) both Rosario and Varadero are south of the major Colombian upwelling
zone in Guajira (Gomez Gaspar and Acero 2020). Accordingly, while a more in-depth evaluation of the
seasonal dynamics at both sites would be valuable, we do not anticipate that it would change the overall
patterns in herbivory or coral cover recorded here.

The turbid conditions at Varadero also appear responsible for maintaining the coral community. Turbidity
can limit harmful interactions between high temperatures and irradiance that promote coral bleaching
(Cacciapaglia and van Woesik 2016). Furthermore, turbid systems often have greater amounts of
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suspended particulate matter that some corals species can consume to maintain a positive energy
balance, survive bleaching, and reestablish symbiosis (Anthony and Fabricius 2000; Grottoli et al. 2006;
Tremblay et al. 2016). As a result, turbid reefs are garnering attention as potential refuges from thermal
stress. Our study occurred at the end of a 3-year global coral bleaching event (Eakin et al. 2019). The
dramatically higher bleaching frequency we recorded at Rosario (nearly one-in-ten corals still bleached)
versus Varadero (fewer than one-in-fifty) suggests that protection from bleaching had substantial
impacts on preserving Varadero's coral community. Interestingly, in the early 2000’s Rodriguez-Ramirez et
al. (2010) reported coral cover was dominated by Agaricia spp. and Orbicella spp. were abundant.
However, both these coral groups are sensitive to bleaching and during our surveys Agaricia spp.
accounted for only 6% of benthic cover, and Oribcella spp. <1.5% (Fig. 4). Accordingly, as climate change
has caused increasingly frequent bleaching events, the unique abiotic conditions at Varadero that help
corals survive bleaching appear to be more important for community structure than the absence of strong
top-down pressure.

Yet the turbid outflow and pollution from the Dique canal also appears to make Varadero's existence
precarious. Nutrient enrichment promotes coral diseases (Vega Thurber et al. 2014) and coral microbial
communities at Varadero display increased microbial diversity that is indicative of stress (Roitman et al.
2020). Further, the average disease prevalence on Varadero, while highly variable, was > 2x greater than
Rosario (Fig. 4) and at depths below 10 m the reef is dominated by coral rubble and the skeletons of dead
Orbicella and Agaricia spp. (Pizarro et al. 2017; Lépez-Londofio et al. 2021). This coral mortality at depth
was absent at Rosario and suggests light limitation has killed corals in the deeper zones of Varadero (>
12 m), and that further declines in water clarity could endanger shallower corals. Therefore, Varadero
appears to be narrowly situated where the Dique canal’s sediment plume helps shallow corals persist
under low herbivory levels, but the pollution and light limitation still threaten the reef by promoting
disease and truncating the depth range where corals can survive.

Many reefs have experienced substantial declines in coral cover due to increasing pollution and coastal
development but in the past decade numerous reports of robust coral communities in turbid systems
have surfaced (reviewed by Zweifler et al. 2021). Results from our study and other investigations of turbid
reefs suggest that rates of herbivory are low and the importance of herbivores in maintaining coral
dominance on these reefs is reduced (Cheal et al. 2013; Guest et al. 2016b; Bauman et al. 2017). However,
the safe operating space for these turbid reefs may also be reduced. Corals that survive in these
environments must be resilient to sedimentation and either capable of tolerating low light or proficient in
heterotrophic feeding. Such species typically constitute only a small portion of reef communities and as
a result, expanding urbanization is likely to lead to the loss of diversity and structural complexity on most
coastal reefs (Heery et al. 2018). Further, while herbivory does not appear to be essential for maintaining
coral cover, the low rates of herbivory on turbid reefs could retard recovery when corals die in these turbid
environments (Heery et al. 2018). Thus, while our study suggests that high rates of herbivory are not
essential for maintaining coral cover on turbid coral reefs, their impacts on the resilience of these
ecosystems warrants further attention. Likewise, as anthropogenic impacts on the planet increase,

studying reefs in suboptimal conditions like Varadero will continue to provide insight into how future
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reefs will function and helps us understand processes that are important for maintaining reefs in human-
dominated habitats.
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Figure 1
(a) Satellite image of the study location. (b) Parrotfish and surgeonfish biomass at Rosario and Varadero.

Letters indicate significant differences based on Tukey’s HSD. (¢) Histograms showing the size structure
of parrotfish populations at Rosario and Varadero.
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Figure 2

Biomass-corrected bites per hour taken by parrotfishes recorded feeding at Rosario and Varadero.
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Figure 3

CCA Merulinidae
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Percent cover of the 5 most common algal groups (a) and coral families (b) calculated from
photoquadrats at Roasario and Varadero. Asterisks denote within group differences based on Tukey’s
HSD. (¢) nMDS plot showing the benthic communities at Rosario and Varadero with P-value based on
PERMANOVA. Arrows indicate the loading vectors for different benthic groups.
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Figure 4

Prevalence of bleached (a) and diseased (b) corals in photoquadrats at Rosario and Varadero. P-values
are from one-way ANOVA.
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