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ABSTRACT

Understanding the dynamics of coral recruitment and post-settlement is fundamental to 
a better comprehension of coral reef dynamics and recovery. We studied the abundance and 
survivorship of coral recruits and juveniles together with benthic dynamics at a scale of months 
and centimeters in Playa Mero reef, a disturbed reef in Morrocoy National Park. For this, we 
used photogrammetry to monitor eight permanent 50x50 cm quadrats haphazardly deployed 
every 3–4 months over 18 months. Juveniles and recruits of Agaricia spp. were at least four times 
more abundant than reef builders such as Orbicella spp. A distance-based linear model showed 
that rugosity, macroalgae, coral cover, and sand were the most important benthic variables 
and predicted up to 46% of the spatial and temporal variation of recruit and juvenile corals.  
The mortality of juvenile corals was higher than net recruitment rates, and only a limited number 
of genera such as Agariciids, Colpophyllia, Porites, and Scolymia were observed as recruits. 
Using a logit model, we also found a positive relationship between the mean growth rate and 
survivorship of juvenile corals (Nagelkerke R2= 0.67). We concluded the lack of recruitment of 
large reef builders, and the rapid mortality of a limited number of juvenile species, might be a 
sign of a coral community's failure to increase coral cover. 
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RESUMEN

Comprender la dinámica de reclutamiento de corales y la etapa de asentamiento es 
fundamental para un mejor entendimiento de la dinámica y recuperación de los arrecifes de 
coral. En este experimento, estudiamos la abundancia y supervivencia de reclutas y juveniles  
de coral junto con la dinámica bentónica a una escala de meses y centímetros en el arrecife de Playa 
Mero, un arrecife perturbado en el Parque Nacional Morrocoy. Para esto, utilizamos fotogrametría 
para monitorear ocho cuadrantes permanentes de 50x50 cm desplegados aleatoriamente cada 
3–4 meses durante un período de 18 meses. Los juveniles y reclutas de Agaricia spp. fueron al 
menos cuatro veces más abundantes que los de constructores de arrecifes como Orbicella spp.  
Un modelo lineal basado en la distancia mostró que la rugosidad, las macroalgas, la cobertura 
de coral y la arena eran las variables bentónicas más importantes y predijo hasta un 46% de la 
variación espacial y temporal de los corales jóvenes y reclutas. La mortalidad de los corales jóvenes 
fue mayor que las tasas netas de reclutamiento y solo se observó la presencia limitada de géneros 
como Agarícidos, Colpophyllias, Porites y Scolymias. Usando un modelo logístico, también 
encontramos una relación positiva entre la tasa de crecimiento promedio y la supervivencia de 
corales juveniles (Nagelkerke R2 = 0.67). Concluimos que la falta de reclutamiento de grandes 
constructores de arrecifes y la mortalidad rápida de un número limitado de especies podrían ser 
señales de una comunidad de coral fallando en la lucha por recuperar la cobertura de coral y, por 
lo tanto, podría haber ocurrido un cambio de fase en el arrecife estudiado.

Palabras clave: corales juveniles, arrecifes perturbados, fotogrametría, complejidad estructural, tasas de crecimiento, 
Caribe.

INTRODUCTION

Coral reefs are highly diverse and often resilient ecosystems and their ability to recover from 
disturbances is a common feature of their evolutionary history (Connell et al., 1997; Mumby & 
Steneck, 2011). Nevertheless, in the most recent few decades, many reefs have lost live coral 
cover and are undergoing rapid phase shifts from coral to macroalgal communities from local 
to global scales (Hughes, 1994; Souter et al., 2021). Understanding the ecological dynamics of 
highly disturbed reefs can shed light upon the causes of phase shifts, successful recovery, and/
or lack thereof. 

Ecological processes acting during the early life stages of corals (i.e., recruitment and 
post-settlement survivorship/mortality) are important bottlenecks that determine much of coral 
demography and the fate of coral communities after a disturbance (Birkeland et al., 1981; 
Chong-Seng et al., 2014; Connell et al., 1997; Edmunds et al., 2015; Hughes et al., 2010; Ritson-
Williams et al., 2009; Vermeij & Sandin, 2008). These stages are important links to recovery 
trajectories on coral reefs, because survivors will likely become competitive and reproductive 
adults in the population and contribute to live coral cover (Chong-Seng et al., 2014; Doropoulos 
et al., 2015; Hughes & Tanner, 2000; McClanahan et al., 2014).

The survival of early-life stages of corals depends on a series of biotic and abiotic factors 
that vary in space and time (Carleton & Sammarco, 1987; Dajka et al., 2019; Doropoulos et al., 
2015; Sebens, 1982). The abundance and distribution of substrate competitors (e.g. sponges and 
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macroalgae) and/or calcareous coralline algae which provide the chemical cues for coral larval 
settlement are all believed to affect recruitment and survivorship of juvenile corals (Dajka et al., 
2019; Sato, 1985; Vermeij, 2006). Likewise, the habitat structural complexity has been proven to 
have a positive relationship with coral juveniles and recruits’ presence (Carleton & Sammarco, 
1987; Dajka et al., 2019). Moreover, life history traits such as growth rate and morphology are 
key factors for corals determining early survivorship (Sato, 1985; Vermeij, 2006). 

In the past, the study of coral recruits (i.e., new colonies recorded during consecutive periods 
[Caley et al. 1996]) and juveniles (i.e., each coral colony below or equal to 4 cm in diameter 
[Vermeij et al., 2011]) relied on the ability of divers to spot corals in the field, which can be 
challenging, expensive, and logistically complicated. Recent advances in digital photography, 
such as Structure from Motion technology (SfM), have allowed the creation of accurate 
3-dimensional (3D) models of reef sections (Figueira et al., 2015) to study the dynamics of 
corals during their early stages (e.g. growth rates as in Ferrari et al., 2017). This technique has 
revolutionized the study of coral reef ecology, from polyps to landscapes (Gutierrez-Heredia 
et al., 2016; Martínez-Quintana et al., 2023; Urbina-Barreto et al., 2020). 

This paper aims to evaluate the temporal and spatial dynamics of coral recruits and juveniles, 
and the surrounding benthic community in Playa Mero (PM), a section of Las Animas Cay within 
Morrocoy National Park, Venezuela. Historically estimated loss of living corals in this Marine 
Protected Area varies from 60 to 90% since 1996 (Laboy-Nieves et al., 2001; Villamizar, 2000). 
Former reef-building coral species in MNP and other Caribbean reefs such as Orbicella spp. 
were the main affected species by the massive mortality event that occurred in 1996 (Edmunds & 
Elahi, 2007; Laboy-Nieves et al., 2001; Villamizar, 2000), A survey conducted in 2017, showed 
a community dominated by macroalgae (Miyazawa et al., 2019). Using SfM technology to 
build 3D models of the habitat, we monitored the abundance and survivorship of juvenile corals  
and recruits on eight 2500 cm2 quadrats to see if changes in the benthic community structure and 
the structural complexity explained spatial and temporal changes of these juvenile and newly 
settled corals over 18 months. We also tested if the probability of survivorship was determined 
by growth rates of specific coral genera.

OBJECTIVES

Despite the rapid decline of coral reef health in Morrocoy, there is limited information about 
the recruitment and survivorship of juvenile and coral recruits, both being important variables 
for the dynamics of this degraded ecosystems. 

 - The objectives of the study were to: 1) understand the spatial and temporal variability of 
juvenile corals and benthic community in Playa Mero reef at a spatial scale of centimeters 
and a temporal scale of months, 2) determine which biotic and abiotic factors of the substrate 
affect the abundance of juvenile corals at the scale of time and space studied, 3) observe the 
recruitment dynamics in Playa Mero Reef at the temporal and spatial scale studied, 4) model 
the relationship between the survivorship of the juvenile and the mean growth rates.
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MATERIALS AND METHODS

Study Area

Playa Mero (PM) (10.8 N; -68.2 E) is a fringing reef located inside the boundaries of 
Morrocoy National Park (MNP) which is the largest Marine Protected Area (MPA) on the 
Venezuelan western coast (Villamizar, 2000; Weil, 2003). The area is seasonally exposed to 
terrestrial runoff from the Aroa, Tocuyo, and Yaracuy rivers. Two large human settlements are 
located near the MPA; one in Chichiriviche and the other at Tucacas. Intense fishing, tourism, 
and coastal development have been ongoing for decades (Bone et al., 2005). The area has also 
had a long history of chemical pollution from industrial operations that have expanded over the 
last 60 years. 

Experimental design 

We determined spatial and temporal variability on the abundance, mortality, and survivorship 
of juvenile corals and benthic composition over eight haphazardly placed 50x50 cm quadrats, 
along the reef scape. The quadrats were delimitated by 4 metal bars, each one representing a 
vertex from the quadrat, and marked with individual underwater tags. All the quadrats were 
followed over 18 months starting in March 2017 (T1), and monitored in September 2017 (T2), 
February 2018 (T3), and August 2018 (T4). Thus, each quadrat represents a unique timeline for 
a 2500 cm2 area, and therefore, conclusions are only valid for that section of the reef.

Data collection in the field

For each quadrat, 2-to-3-minutes videos were filmed with a GoPro Hero 3TM following the 
lawnmower procedure outlined by Young et al. (2017) with slight modifications. To reduce lens 
distortion, Structure from Motion (SfM) based techniques require loop closure by starting and 
finishing the video always at the same point. Two videos for each quadrat were taken following 
the contour of the reef: one at 1 m and the other at 50 cm from the substrate to capture finer-scale 
details. A known reference scale was placed for the posterior scaling in each quadrat.

Data processing in the laboratory

Data processing in the laboratory consisted of 3 steps 1) Video processing 2) Construction 
of 3D models and orthomosaics 3) Data extraction from the 3D models and orthomosaics.

Video processing 

Every video was converted into still frames by sampling at 3 Hz using the software FFmpeg 
(http://www.ffmpeg.org/), to obtain a 60-80% overlap between consecutive images (Young et 
al., 2017). Color balance was empirically adjusted and calibrated for every batch of images 
using XNConvert (freely available at https://www.xnview.com/en/xnconvert/).

about:blank
about:blank
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Figure 1.  Scheme used to obtain ecological data from the 3D models. 

A. 3D model
Each quadrat from each 
time was rendered and 
we obtained the following 
data from them (B-E).

B. Abundance, survivorship, 
recruitment
Each individual was tagged followed 
through time in the 3D models.

C. Benthic community
Biotic and abiotic elements were censured in 
the orthomosaics. The area of each element 
was selected in Photoquad Software.

D. Rugosity
Ratio between surface 
area from mesh and 
orthomosaic area.

E. Growth rate
Surface area from each juvenile 
from each time was calculated.
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Construction of 3D models and orthomosaics

We produced the 3D models with Agisoft Photoscan Professional v 1.4.3 (Agisoft Software, 
2016) from the colour-corrected images for each quadrat. Following standard workflow (Young 
et al., 2017), we first aligned the photos, then create the dense point cloud and from that we built 
the mesh, which is the geometric representation (Agisoft Software, 2016) of the quadrat surface. 
The final step consisted of adding texture to the model, that gives the realistic view of the surface 
adding the colors and textures. Detailed procedures explaining pipelines to generate 3D models 
in coral reef studies can be found in (Burns & Delparte, 2017; Ferrari et al., 2017; Figueira et 
al., 2015; Young et al., 2017).

During the post-processing phase, each model was rescaled using the reference placed 
during the video acquisition step. Then, the corners were identified and tagged to delineate the 
50x50 cm2 polygon of the quadrat. Models were then rotated to align the corners with positive 
X and Y axis (Figueira et al., 2015). Finally, models were trimmed down by only selecting the 
area within the quadrat for posterior analyses (Fig. 1). The quadrat reconstruction models are 
available at sketchfab: https://sketchfab.com/gloria_mb/models.

For each model generated, we produced an orthomosaic, the orthogonal projection on a 
planar area of the model, selecting the “Orthomosaic Building” option in the Agisoft Software.

Data extraction from the 3D models and orthomosaics 

Temporal and spatial changes in the abundance of juvenile corals

A visual census was conducted on each model to locate all present juvenile corals. Each 
individual  bellow 4 cm in diameter was marked with the Agisoft Photoscan Professional marker 
tool and assigned a unique code for tracking over time. Coral juveniles were identified at the 
genus level (Vermeij et al., 2011). 

Recruitment

To determine if Playa Mero provides suitable conditions for the settlement and survival of 
recruits, a visual survey was conducted to find settled coral individuals after time one. A recruit 
was defined in this work as a new individual that appeared between one time and another. Each 
recruit was marked with a unique identification code within the 3D model, and its development 
was tracked over time to determine whether it survived or not. Based on these data, the number 
of recruits that did not survive until the final time point was calculated by genus.

Benthic community structure

The substrate elements were surveyed for each quadrat at each time through the generated 
orthomosaics. Using the Photoquad program (Trygonis & Sini, 2012) the orthomosaics were 
scaled, and with the “Freehand ROI” tool each element of the substrate was delimitated 
by hand drawing a line around and then assigning the area inside to different categories  
(Fig. 1C). All substrate elements were surveyed following the functional group approaches 
for benthic community elements (Littler et al., 1983) macroalgae fleshy and calcareous, 

about:blank
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crustose coralline algae (CCA), turf, cyanobacteria. Dictyota spp. was identified because of its  
competitive importance with corals in the Caribbean (Box & Mumby, 2007). The other categories 
were sponges, anemones, octocorals, and scleractinian coral cover. The abiotic elements were 
grouped as sand and limestone debris, while unidentified elements, both biotic and abiotic,  
were categorized as “unknown elements.” A comprehensive survey of all substrate elements was 
conducted rather than using random points due to the spatial scale of the work (cm).

Surface rugosity

Another characteristic of the environment included in this analysis was surface rugosity, 
defined as the ratio between the mesh surface area (i.e., the three-dimensional area of the object 
or scene) and its orthogonal projection onto the surface plane (i.e., the two-dimensional area). 
This was represented by Equation 1, adapted from Friedman et al. (2012). The mesh surface 
area was calculated using the Agisoft PhotoscanPro program, while the orthogonal projection 
area was measured from the orthomosaic generated in Agisoft Photoscan and measured in the 
PhotoQuad software.

Equation 1. Surface rugosity equation taken from Friedman et al. (2012). Where A = mesh surface area 
and A’ = orthogonal projection area.

Survivorship of juveniles 

To study the survival dynamics of juvenile corals, surviving corals (i.e., individuals present 
at T1 and at the end of the experiment, at T4) and non-surviving corals (i.e., juvenile corals 
present at T1 but not at T4) were counted. As each individual had a unique identification code, 
survivors and non-survivors were identified in the abundance matrix. 

Measurement of growth rates

The measurement of growth rates was based on changes in surface area in each individual 
between one time and the next. The surface area measurement tool in Agisoft PhotoscanPro 
was used. For each time and quadrat, each juvenile coral was cropped, and its surface area was 
measured. The growth rate was calculated for each individual using Equation 2. Regarding the 
corals that died, the growth rate was calculated using the area of T1 and the area from the time 
before their death. The average growth rate was used to obtain more information about growth 
behavior.

Equation 2. Growth rate for the individual “X” between two adjacent times, where T = Time; AX(Ti+1) 
= Surface area of the individual “X” at time Ti+1; AX(Ti) = Surface area of the individual “X” at time Ti; 
and M = Number of months between Ti and Ti+1.
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Statistical analysis

The data acquisition and statistical analysis stage is explained below. For all statistical 
analyses, a significance level of p < 5% or p < 0.05 and 999 permutations were used for ANOSIM 
analyses.

Temporal and spatial changes in the juvenile corals’ abundance

To study if the variability in juvenile coral abundance was determined by the factor of time 
and/or space (i.e., different locations of the quadrats on the reef), an Analysis of Similarities 
without replication (ANOSIM; Clarke & Gorley, 2006) was conducted. A Bray-Curtis similarity 
matrix was constructed for the analysis using Primer 6 software (Clarke & Gorley, 2006). 

Relationships between substrate characteristics and coral juvenile abundance

To determine the substrate variables (both biotic and abiotic) that best predicted the 
spatiotemporal variability of juvenile coral abundance, a Distance Based Linear Model 
(DistLM, Anderson et al., 2008) was used. This routine allows modeling the relationships 
between a multivariate data cloud described in the similarity matrix with one or more variables 
(Anderson et al., 2008). In this study, we constructed a Bray-Curtis similarity matrix. The 
predicted variables were the substrate elements (biotic and abiotic) along with surface rugosity.  
The routine allows for the adjustment of individual or combined variables, providing information 
on how much each predictive variable explains the behavior of the response variables (i.e., 
marginal tests) or how much variation in the response variables can be explained together by 
all the predictive variables (i.e., sequential tests) (Anderson et al., 2008). This analysis was 
conducted using the PERMANOVA + software of PRIMER 6 (Anderson et al., 2008).

Relationship between survivorship of juvenile corals and growth rates

To further investigate the differences between individuals who survived and those who did 
not, a logistic logit model (Hilbe, 2015) was used to establish whether the survival probability 
of individuals depended on their genus or their growth rate. A fraction of the previously 
collected abundance data was chosen for analysis. The experimental units were the groups of 
quadrats at each time point, and the sampling units were the juvenile coral individuals of each  
genus with at least three individuals, thus excluding Colpophyllia spp. from the analysis.  
The factors studied were the genera of juvenile corals (with six levels) and growth rates 
(continuous values). Logistic models are suitable for studying survival because they use binary 
response values, such as the success or failure of a particular attribute. In this case, successful 
response was defined as the survival of an individual (variable taking a value of 1), and failure 
was the lack of survival (variable taking a value of zero). The survival predictors were the genera 
and the averages of the growth rates.
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The effects package (Fox & Hong, 2009; Fox & Weisberg, 2019) in R V 3.6.0 was used  
(R Development Core Team, 2019). An important condition to run logit models is that the 
predictors are not correlated. Therefore, before this test, an ANOVA was run in R to determine 
if the variability in the average growth rates was significantly related to the genera of 
the individuals. It was found that the genera did not significantly explain the differences in  
the growth rates (p > 0.05), so the logit model was used.

RESULTS

Patterns of temporal and spatial changes in the abundance of juvenile corals

A total of 83 juvenile coral colonies belonging to seven genera were found in Playa Mero 
during the study period. ANOSIM test showed spatial (ρav = 0.537, p = 0.001) and temporal 
(ρav = 0.387, p = 0.001) statistical differences in the composition of juvenile corals in PM. Our 
results show that only a few genera managed to settle and/or reach sizes above 4 cm in PM. 
The genus Agaricia spp. dominated the juvenile coral community, with the total number of 
individuals per each period varying from approximately 30 to 40 (Fig. 2), approximately four 
times more individuals than the other genera. 

 
Figure 2. Total abundance of juvenile corals in Playa Mero Reef for 18 months and in eight 25 cm2 quadrats. AGAsp = Agaricia 
spp., COLsp= Colpophyllia spp., ORBsp= Orbicella spp., PORsp= Porites spp., PSEsp= Pseudodiploria spp., SCOLsp= Scolymia 
spp., SIDsp= Siderastrea spp.
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Relationships between substrate variables and coral juvenile abundance

In the DistLM relating juvenile coral abundance to other features of the substrate, the 
marginal tests showed that macroalgae, sand, scleractinian coral cover and rugosity independently 
correlated with variation of the juvenile coral community through time and space (Table I).  
Fleshy macroalgae alone explained nearly 23% of the variability in the juveniles’ abundance, 
followed by calcareous macroalgae (near 16%). When all the variables are considered together 
in the sequential tests, the model explained up to 46% (Adj R2 = 0.46) of the spatial and temporal 
variability of juvenile corals at PM (Table II). The combination of macroalgae, sand, coral cover 
and surface rugosity explained most of the variation in this model, with up to 38%.

Table I. Marginal tests from de DistLM to predict juvenile coral abundance from substratum elements. 
SS(Trace)= Sum of squares; Pseudo-F= DistLM statistic, analog to Fisher’s F; P= Type Error I probability; 
Prop= Variance explained percentage by each variable. The variables denoted by bold characters, hold 
statistical significance (p< 0.05).

Variable SS(Trace) Pseudo-F P Prop (%)

Actinaria 1187.2 0.764 0.538 0.0248

Crustose coralline algae 1084.7 0.696 0.565 0.0227

Cyanobacteria 2763.1 1.84 0.132 0.0578

Dictyota spp. 2357.3 1.55 0.169 0.0493

Octocorals 326.7 0.206 0.935 0.0683

Calcareous macroalgae 7836.5 5.88 0.001 16.4

Fleshy macroalgae 10895 8.85 0.001 22.8

Sponges 2689.7 1.79 0.143 0.0562

Rubble 2058.8 1.35 0.266 0.0431

Sand 5787.2 4.13 0.003 12.1

Scleractinian corals 4851.8 3.39 0.014 10.1

Turf 2479 1.64 0.174 0.0519

Surface rugosity 5079.3 3.57 0.012 10.6

Unknown elements 496.96 0.315 0.872 0.0104
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Table II. Sequential tests from de DistLM to predict juvenile coral abundance from substratum elements. 
Adj R2= Adjusted R2; SS(Trace)= Sum of squares; Pseudo-F= DistLM statistic, analog to Fisher’s F; P= 
Type Error I probability; Prop= Variance explained percentage by each variable; Res.df= Degrees of 
freedom. The variables denoted by bold characters, hold statistical significance (p< 0.05).

Variable Adj R2 SS(trace) Pseudo-F P Prop (%) Cumul. Res.df

Fleshy 
macroalgae

0.136 7836.5 5.88 0.004 0.163 0.163 30

Calcareous 
macroalgae

0.189 3726.9 2.98 0.039 0.078 0.242 29

Surface rugosity 0.262 4389.3 3.86 0.012 0.092 0.334 28

Sand 0.305 2923.2 2.73 0.067 0.061149 0.394 27

Scleractinian 
corals

0.387 4072.8 4.26 0.011 0.0852 0.480 26

Dictyota spp. 0.378 876.5 0.914 0.407 0.0183 0.498 25

Cyanobacteria 0.387 1301.6 1.38 0.271 0.0272 0.526 24

Crustose 
coralline algae

0.412 1851.5 2.04 0.139 0.0387 0.564 23

Actinaria 0.437 1751.3 2.02 0.147 0.0366 0.600 22

Octocorals 0.447  1184.3 1.39 0.232 0.0248 0.626 21

Rubble 0.457 1170.6 1.40 0.266 0.0245 0.650 20

Turf 0.448 551.32 0.648 0.554 0.0115 0.662 19

Sponges 0.495 2159.7 2.78 0.085 0.0452 0.707 18

Unknown 
elements

0.461 112.39 0.135 0.967 0.0235 0.705 17

Survivorship of juvenile corals and growth rates

Regarding the survivorship of juvenile corals, about 40% (n= 24) out of 61 individuals 
recorded in March 2017 died by August 2018. While linear growth rates did not statistically 
differ among genera (Table III), the logistic regression model showed this variable explained 
the overall chances of survivorship of any given juvenile colony (Nagelkerke R2= 0.67)  
(Table IV). The estimate of the variable mean growth rate is b= 5.225 which is positive, therefore 
an increase in the mean growth rate will increase the possibility of survivorship in the individual.
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Figure 3. Recruiting patterns at Mero Reef during the study. A, total abundance of the recruits by genus and their survivorship until 
T4. B, changes in abundance over time per genus. AGAsp. = Agaricia sp., PORsp. = Porites sp., PSEsp. = Pseudodiploria sp., 
SCOLsp. = Scolymia sp.
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Recruitment 

We recorded 22 new colonies recruiting in our permanent quadrats, with the genus Agaricia 
spp. accounting for 82% of the new settlers for the 18-month period. From these recruits, 5 of 
them died during the study, and all of them belonged to the genus Agaricia. (Fig. 3A). New 
colonies of species in the genus Pseudodiploria, Scolymia and Porites were seldom recorded 
recruiting in PM (Fig. 3B). Our results indicate that only a few genera recruited during the study 
period with the genus Agaricia spp. being the genus with the highest number of new settlers but 
largest mortality during the study period.

Table III. ANOVA testing if the variability in growth rates can be explained by genus. Df= Degrees 
of freedom; Sum sq= Sum of squares; Mean sq= Mean square; F value= Fisher’s statistic; Pr(>F) = 
Probability of making a type I error. 

Df Sum sq Mean Sq F value Pr(>F)

Genera 5 6.28 1.256 0.802 0.554

Residual 53 83.04 1.567

Table IV. Logit model output. Estimate= the intercept (b0) and the beta coefficient associated to each 
variable; Std. Error= the standard error of the coefficient variables; z value= the z-statistic; Pr(<|z|) = P 
value corresponding to the z-statistic. The only significant variable for predicting survivorship in juvenile 
corals at Playa Mero were the mean growth rates.

(Intercept) 16.53 2728.420 0.006 0.99528

Agaricia -15.973 2728.420 -0.006 0.99533

Orbicella -14.470 2728.421 -0.005 0.99577

Porites -14.798 2728.421 -0.005 0.99567

Pseudodiploria -17.571 2728.426 -0.006 0.99486

Mean growth rate 5.225 1.636 3.193 0.00141
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DISCUSSION

In this work, we utilized photogrammetry to study the change in coral communities at Playa 
Mero (PM) for 18 months. Our goal was to understand the ecological dynamics of juvenile 
and coral recruits from a disturbed reef in the Southern Caribbean. Our results showed that the 
variation in coral juvenile abundance was explained up to 46% by some benthic elements, such 
as fleshy algae and rugosity. Furthermore, there was recruitment of corals over 18 months, but 
these were dominated by a single genus (Agaricia spp.). Overall, this study demonstrated the 
strength of 3D reconstruction methodology in the detection and tracking of juvenile corals.

Patterns of temporal and spatial changes in the abundance of juvenile corals 

Similar to other studies, this work reports the predominance of brooding species (e.g., 
Agaricia spp.), above species recognized as reef builders (e.g., Bak & Engel, 1979; Hughes 
& Tanner, 2000; Rogers et al., 1984; Vermeij et al., 2011). The most abundant genus in the 
juvenile community was Agaricia spp., but this genus had low adult coverage, according to 
a survey made the same year of this study (Miyazawa, 2019). Bastidas et al. (2006) visited 
another reef in MNP damaged by the same mortality event, Playa Caimán, where they also did 
not find some correspondence in the patterns of recruit abundance with the coverage of adult 
scleractinian corals in 2003. They discovered that over half of the the juvenile species were 
absent as adults. The dominance of Agaricia spp. in juvenile coral communities is not unusual 
in Caribbean coral reefs (Bak & Engel, 1979; Van Moorsel, 1985; Vermeij et al., 2011). This can 
be explained, among other reasons, by some characteristics of their life history. For example, 
Agaricia agaricites is a moderate sediment rejector (Bak & Engel, 1979) and tends to grow 
faster than other species, so they are expected to be better adapted to invade new substrates 
after disturbance (Hughes & Jackson, 1985). Despite the relative success in the juvenile life 
phase, it has been reported that Agaricia agaricites and other Agaricia spp. species such as  
Agaricia humilis are easily damaged and highly susceptible to mortality (Bak & Engel, 1979; 
Hughes & Jackson, 1985; Van Moorsel, 1985). This study shows that this species was the most 
recruited but also had the highest mortality recorded. This could explain its low cover as adult 
in the Playa Mero reef.

Relationships between substrate variables and coral juvenile abundance

The benthic elements commonly discussed in the literature as predictors for juvenile corals 
were established as factors predicting the patterns of juvenile abundance on the Playa Mero reef. 
Macroalgae, are significant reducers of juvenile coral abundance (Edmunds & Carpenter, 2001). 
They can make the substrate unsuitable for recruitment due to competition for space (Kuffner 
et al., 2006), directly damaging or killing juvenile corals by overgrowing them or through 
allelopathy (Edmunds & Carpenter, 2001; Sato, 1985; Vermeij et al., 2009). The presence of live 
coral cover, particularly the presence of certain genera surveyed in this study (e.g. Siderastrea 
spp. and Agaricia spp.), has been positively related to the abundance of juvenile corals. Vermeij 
(2005) demonstrated that larvae of Siderastrea siderea settle near parental colonies. This can 
partly explain why the presence of adult Siderastrea siderea corals is an important predictor of 
juvenile abundance patterns in Mero. Vermeij (2005) also found that the survival rate decreased 
near parental colonies and suggested that this could be because survival is dependent on density 
among recruits. This could explain the low abundance of Siderastrea spp. juveniles observed in 
the study. 
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Roughness, as an element of the topographic complexity of the substrate, was also important 
in determining juvenile abundance. Substrate irregularities and roughness have been positively 
correlated  with the abundance patterns of benthic sessile organisms at various latitudes (Babcock 
& Mundy, 1996; Connell, 1961; Kuklinski et al., 2006), and specifically, with the abundance 
and survival of juvenile corals (Carleton & Sammarco, 1987; Gallagher & Doropoulos, 2017). 
Martínez-Quintana et al. (2023) found in the US Virgin Islands that roughness was an important 
predictor of recruitment of scleractinian corals. Greater roughness is associated with an increase 
in surface area (e.g., due to the presence of cracks and caves (Luckhurst & Luckhurst, 1978), 
and this can lead to a potential increase in microhabitat diversity (Sebens, 1991). Different 
microhabitats will vary the exposure of juvenile corals to predators (Gallagher & Doropoulos, 
2017) or the flow of water currents over them that can lead to changes in the concentration, 
movement, or deposition of sediments around juveniles (Davis & Barmuta, 1989). But some 
studies have not found a relationship between the success of juveniles (i.e., survival) and different 
types of microhabitats (Edmunds et al., 2004; Roth & Knowlton, 2009). According to Edmunds 
et al. (2004), these negative results could be caused by spatial events at larger spatial scales that 
drive juvenile mortality. The mixed results found in the literature highlight the need to follow 
coral individuals over the long term to establish the cause-and-effect relationship between the 
structural complexity elements of the reef and the ecological dynamics of juvenile corals.

Survivorship of juvenile corals and growth rates

We found in this study that the success in the survival race in juvenile corals was defined by 
growth rates, regardless of their genus. However, Edmunds (2007) found differences in growth 
rates among juvenile coral taxa in the long-term experiment on the Caribbean Island of Saint 
John. Probably, in the study conducted in Playa Mero, there was a low number of samples with 
few replicates, as the survivors’ data was obtained as subsamples of the original data. This 
could mean a lack of statistical power for this test. On the other hand, Hughes & Tanner (2000) 
discovered that the probability of survival within the same coral species depended on the size 
class, with the smaller ones being more vulnerable to death. In this regard, Edmunds (2007) 
reported that the variability of growth rates in the same species and the same initial size class 
was highly variable. Therefore, the study of growth rates may be more accurate if factored by 
species or genus and size class, rather than just genus. Growing faster can determine whether 
a colony survives competition with macroalgae (Ferrari et al., 2012) or other coral colonies 
(Zilberberg & Edmunds, 2001). Hence, this characteristic possibly allows corals to reach faster 
the sizes at which they can overcome environmental and biological stress present in Mero.

Recruitment 

During the study period, recruitment occurred, yet the recruits' community displayed 
limited diversity and differed significantly from the adult coral community in 1996 (Villamizar, 
2000). Agaricia species dominated the recruits while Orbicella sp. or other typical Caribbean 
reef builders were entirely absent at the time and depth of the investigation. Agaricia spp. have 
notably high and consistent recruitment rates, whereas Orbicella spp. have been reported to 
exhibit low or absent recruitment (Hughes & Jackson, 1985; Hughes & Tanner, 2000; Miller 
et al., 2000; Woesik et al., 2014). This disparity might stem from their reproductive strategies; 
Agaricia species release planulae with multiple reproductive cycles yearly (Van Moorsel, 1983), 
while Orbicella spp. spawn gametes only once or rarely twice annually (Van Veghel, 1994),  
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affecting their capacity to colonize disturbed areas primarily reliant on successful sexual 
reproduction events (Szmant, 1986). 

The observed dynamics of coral juveniles and recruits at Playa Mero indicate a remote 
likelihood of the reef restoring its pre-1996 coral-dominated community. Understanding the 
drivers and mechanisms perpetuating these dynamics stands as the subsequent pivotal step in 
comprehending Mero’s recovery stagnation. These dynamics may stem from Morrocoy’s chronic 
disturbance regime, prevalent since the early 1970s (Weiss & Goddard, 1977). Disturbance 
factors outlined in literature affecting recruitment and juvenile survival such as sedimentation 
(Babcock & Smith, 2000; Fabricius, 2005, Tuttle & Donahue, 2022; Van Moorsel, 1985), 
hydrocarbon pollution (Hartmann et al. 2015), and presence of diseases (Cróquer et al., 2022)  
are present in MNP (Bastidas et al., 1999; Bone et al., 2005; Cróquer & Bone, 2003;  
García et al., 2011; Jaffé et al., 1998; Latchinian et al., 2017; Weiss & Goddard, 1977). 

CONCLUSIONS AND LIMITATIONS

In conclusion, this study elucidated the dynamics of juvenile and coral recruits in Playa 
Mero, revealing key patterns: (1) juvenile abundance dominated by non-reef-building species, 
exemplified by Agaricia spp.; (2) a fluctuating juvenile community with an overall declining 
trend in space and time; (3) absence of reef-building coral recruits; (4) net recruitment rates 
lower than juvenile coral mortality; and (5) limited recruitment of species. The persistence of 
these dynamics is proposed to potentially lead to the collapse of the remaining coral community 
at Playa Mero. Literature evidence supports the notion that chronic disturbances spanning 
over 60 years in PNM may be linked to the dynamics of Mero’s recruits and juveniles, further 
studies should be followed to determine if and how these stresses are affecting coral early stages 
dynamics. However, while this paper seeks to explain temporal changes in recruitment using 
a deterministic approach, corals at this stage of their life cycle are likely driven by stochastic 
dynamics. Moreover, despite the limitations of 3D model analysis (i.e., paucity of light in 
areas partly shadowed where crevices are abundant and recruits often settle), we showed that 
photogrammetry is a useful tool to study the dynamics of coral during their early life stages as 
they digitally store the reef’s state, offering extended observation time and the option to revisit 
raw data.
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