
Frontiers in Marine Science

OPEN ACCESS

EDITED BY

Lorenzo Alvarez-Filip,
National Autonomous University of Mexico,
Mexico

REVIEWED BY

Ryan McMinds,
University of South Florida, United States
Stephanie M. Rosales,
Oregon State University, United States

*CORRESPONDENCE

Ashley M. Carreiro

acarreiro2019@fau.edu

Joshua D. Voss

Jvoss2@fau.edu

RECEIVED 09 February 2024

ACCEPTED 09 September 2024
PUBLISHED 10 October 2024

CITATION

Carreiro AM, Eckert RJ, Sturm AB, Ingalls TC,
Combs IR, Walker BK and Voss JD (2024)
Assessment of nutrient amendments on stony
coral tissue loss disease in Southeast Florida.
Front. Mar. Sci. 11:1384534.
doi: 10.3389/fmars.2024.1384534

COPYRIGHT

© 2024 Carreiro, Eckert, Sturm, Ingalls, Combs,
Walker and Voss. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Original Research

PUBLISHED 10 October 2024

DOI 10.3389/fmars.2024.1384534
Assessment of nutrient
amendments on stony coral
tissue loss disease in
Southeast Florida
Ashley M. Carreiro1*, Ryan J. Eckert1, Alexis B. Sturm1,
Thomas C. Ingalls2,3, Ian R. Combs4, Brian K. Walker3

and Joshua D. Voss1*

1Harbor Branch Oceanographic Institute at Florida Atlantic University, Fort Pierce, FL, United States,
2School of Earth and Space Exploration, Arizona State University, Tempe, AZ, United States,
3Halmos College of Arts and Sciences, Nova Southeastern University, Dania Beach, FL, United States,
4Mote Marine Laboratory, Elizabeth Moore International Center for Coral Reef Research &
Restoration, Summerland Key, FL, United States
Florida’s coral reefs are facing a multi-year outbreak of stony coral tissue loss

disease (SCTLD) with dramatic consequences for coral communities. However,

potential anthropogenic and environmental drivers of SCTLD progression and

severity remain poorly understood. This study was designed to determine the

potential impacts of nutrient amendments on the progression and spread of

SCTLD on reefs in Southeast Florida. In situ fertilizer amendments with 30 g of

Osmocote™ slow-release fertilizer were used to mimic the effects of agricultural

and urban runoff. Fifteen healthy and thirty SCTLD-affected Montastraea

cavernosa coral colonies were tagged and divided into three experimental

groups: apparently healthy colonies, SCTLD-affected nutrient-amended

colonies, and SCTLD-affected control colonies. SCTLD lesion progression,

coral tissue loss, and disease prevalence were tracked over a 30-day nutrient

amendment period and for an additional 40 days after nutrient amendment

removal to determine if there were any latent or recovery effects. Coral tissue

loss was tracked over time using Structure-from-Motion photogrammetry and

disease prevalence was recorded from diver surveys within a 3-m radius

surrounding five centroid colonies from each experimental group. Throughout

the experiment, temperature, nutrient concentrations, and SCTLD status of the

coral colonies were also monitored. Ultimately, we observed no significant

differences in SCTLD progression or surrounding SCTLD prevalence between

the nutrient-amended and control groups, suggesting that nutrient amendment

had no effect on SCTLD severity during this experiment in Southeast Florida.
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1 Introduction

With rising ocean temperatures, nutrient pollution, and

overfishing driving ecological phase shifts, remaining coral

communities have become increasingly stressed and susceptible to

coral disease outbreaks (Green and Bruckner, 2000; Burke et al.,

2011; Lafferty and Harvell, 2014). Limited reef monitoring, the

abundance of anthropogenic stressors, and properties inherent to

the coral holobiont (e.g., microbiomes) often make it difficult to

determine the origin of newly-discovered coral diseases or

environmental conditions that may exacerbate disease (Bourne

et al., 2009). Throughout the Caribbean, coral diseases often

exhibit spatial and temporal variation and affect different species

regionally and seasonally, possibly due to differing environmental

conditions across reefs (Weil, 2004). Experimental and

observational studies have linked warming ocean temperatures to

both coral diseases and coral bleaching events. For example, both

white band disease and black band disease outbreaks have both

been observed following bleaching events driven by high thermal

anomalies (Burke et al., 2011; Van Woesik and Randall, 2017;

Chaves-Fonnegra et al., 2021). While there is evidence that

temperature stress may drive increased coral disease incidence,

severity, and/or progression, the effect of other anomalous

environmental factors and the interaction with the coral

holobiont leading to coral diseases is still poorly understood

(Richardson, 1998; Kuta and Richardson, 2002; Pollock et al.,

2011; Vega Thurber et al., 2020).

Stony coral tissue loss disease (SCTLD) was first characterized in

Florida off the coast of Miami-Dade County in 2014 following two

bleaching events in September 2014, and the Port of Miami dredging

project (Precht et al., 2016; Precht, 2021). This disease has since

spread throughout the entirety of Florida’s Coral Reef, reaching even

the remote areas of the Dry Tortugas in the spring of 2021 (Kramer

et al., 2019). SCTLD has also spread to coral reefs in multiple

countries throughout the tropical western Atlantic (Kramer et al.,

2022). This rapid spread of SCTLD across wide geographic regions is

attributed to the disease’s waterborne transmission (Aeby et al.,

2019), demonstrated by tank transmission experiments and

corroborated with ocean current modeling (Dobbelaere et al., 2020;

Muller et al., 2020; Meiling et al., 2021). Sediments have also been

identified as a potential vector (Studivan et al., 2022). Similar to many

other coral diseases, a pathogen has yet to be identified for SCTLD

and few clear links have been identified between SCTLD prevalence

or severity and environmental factors (Aeby et al., 2019; Muller et al.,

2020; Meiling et al., 2021; Papke et al., 2023). Unlike many other

marine diseases, evidence for a relationship between SCTLD severity/

prevalence and temperature is highly mixed and visual signs of

SCTLD often vary on individual colonies, throughout the year,

with visible waxing and waning of lesions (Aeby et al., 2019; Muller

et al., 2020; Shilling et al., 2021; Hayes et al., 2022). Increased SCTLD

prevalence and progression have been positively correlated to sea

surface temperatures (Walton et al., 2018; Jones et al., 2021; Walker

et al., 2021). However, others have reported SCTLD prevalence

decreased with increasing coral bleaching prevalence and

temperature stress (Meiling et al., 2020; Sharp et al., 2020; Williams

et al., 2021). Additional studies found no correlation between SCTLD
Frontiers in Marine Science 02
prevalence or progression with temperature variation (Aeby et al.,

2019; Hayes et al., 2022).

Several experimental studies have provided evidence for

nutrient enrichment driving increased prevalence or severity of

various other coral diseases or syndromes using nutrient

amendment approaches. In Mexico, Bruno et al. (2003),

artificially enriched ambient seawater around Gorgonia

ventalina sea fans, Orbicella franksi, and O. annularis coral

colonies by attaching bags containing 30 g of Osmocote™ slow-

release fertilizer, replacing fertilizer bags every 5-7 days for 90

days, and observed an increase in progression of aspergillosis on

sea fans and yellow-band disease on stony corals. Voss and

Richardson (2006) attached bags of 15 g of Osmocote™ onto

Siderastrea siderea coral colonies in the Bahamas for 30 days,

replaced the fertilizer every 5 days, and observed an increase in

black band disease progression. In the Florida Keys, Vega Thurber

et al. (2014), conducted a similar experiment in which 9 m2 plots

of reef were treated with 175 g of Osmocote™ slow-release

fertilizer, using PVC nutrient diffusers, replacing diffusers every

month over three years, in which they observed an increase of

dark spot syndrome prevalence and severity on S. siderea and

coral bleaching on Agaricia spp. within the enrichment plots

(Vega Thurber et al., 2014). However, in a five-day ex situ

nutrient enrichment experiment using 25 g of Osmocote™

slow-release fertilizer, nutrients did not have a significant effect

on dark spot syndrome prevalence in S. siderea, but did increase

bleaching prevalence (Gochfeld et al., 2006).

Proximity to nutrient-rich sewage outfalls has also been linked to

increased coral disease levels including increased black band disease

prevalence in the U.S. Virgin Islands (Kaczmarsky et al., 2005) and

white pox disease prevalence in the Florida Keys (Sutherland et al.,

2010). In Florida and the U.S. Virgin Islands, reefs with relatively high

SCTLD prevalence had enriched ammonium levels in the water

column, potentially from the sloughing of the diseased tissue

(Becker et al., 2023, 2024). Overall, the decline of water quality,

specifically within Southeast Florida and the Florida Keys has been

correlated with decreases in coral reef resilience to bleaching and

disease, increased coral reef stress, and degradation in reef health

(Lapointe et al., 2019; Whitall et al., 2019).

The primary goal of this study was to assess the potential effect

of excess nutrient availability on SCTLD severity and prevalence

through a controlled, in situ experiment. By combining high

frequency coral disease surveys and in situ temperature

monitoring, the study also targeted a secondary goal of assessing

the potential relationship between SCTLD and thermal stress.

Understanding the role of nutrients can determine if additional

efforts to improve water quality can help to reduce SCTLD impacts,

or if resources should be allocated to alternative management efforts

to slow the spread and progression of SCTLD.
2 Methods

Apparently healthy and SCTLD-affected coral colonies were

identified within a 200 x 50 m area ~200 m off the coastline of

Lauderdale-by-the-Sea, Florida in September 2021 (Figure 1). Thirty
frontiersin.org
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SCTLD-affected Montastraea cavernosa colonies were selected based

on visual signs of acute or subacute lesions. All selected colonies

exhibited the typical signs of SCTLD, including bleached tissue

borders surrounding areas of recent acute tissue loss. SCTLD-

affected colonies with sufficient tissue remaining (>100 cm2) were

selected so that during the 10-week experiment these colonies would

be unlikely to experience complete mortality, providing response data

for each timepoint. Histology has described SCTLD necrosis as first

affecting the basal body wall before presenting at the coral tissue

surface as a lesion (Landsberg et al., 2020). Therefore, for this

experiment corals that were visibly healthy were selected as

apparently healthy colonies, hereafter referred to as “healthy.” The

15 healthy colonies had similar live tissue area to the SCTLD-affected

coral colonies but showed no grossly visible signs of bleaching, paling,

past, or present tissue loss. Each coral colony in the experiment was at

least 3 m away from other experimental coral colonies to reduce any
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potential influence of nutrient amendments on control colonies,

following similar experimental methods in the literature (Bruno

et al., 2003; Voss and Richardson, 2006). Water samples were

collected and paired with coral disease surveys before any nutrient

amendments were added to quantify baseline nutrient and disease

levels. Each SCTLD-affected colony had a nail placed 5 cm from the

healthy tissue margin of a SCTLD lesion along with two reference

nails each placed 2 cm from the SCTLD lesion (Figure 2). Fifteen

SCTLD-affected colonies were randomly assigned to the nutrient-

amended group and the remaining fifteen colonies were assigned as

the control group.

The experiment was initiated on 22 September 2021. On each of

the nutrient-amended colonies, a nylon mesh bag, made from

polyester knee-high stockings, was filled with 30 g of coated

Osmocote™ 19-6-12, N-P-K (19% total nitrogen (N)3 – [10%

ammoniacal nitrogen (N-NH4) and 9% nitrate nitrogen (N-
FIGURE 1

Experimental site, off Fort Lauderdale, FL between the Port Everglades and Hillsboro Inlets (indicated by blue diamonds). The map insert represents
the Montastraea cavernosa coral colonies that were tagged and mapped via diver-towed GPS. The red points represent the nutrient-amended
colonies (n=15), the orange points represent the control colonies (n=15), and the green points represent the apparently healthy colonies (n=15).
The triangles represent the centroid colonies where HOBO loggers were placed, water samples were taken, and disease prevalence surveys were
conducted. All colonies were ≥ 3 m apart from one another.
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NO3)], 6% available phosphate (P2O5)3, and 12% soluble potash

(K2O)3 [potassium]) slow-release fertilizer (Worm et al., 2000) and

attached to the primary reference nail with a zip-tie, following

previously described methods (Bruno et al., 2003; Voss and

Richardson, 2006; Figure 2). This amount of fertilizer was shown

in earlier studies to increase nutrient concentrations surrounding

amended colonies within the range of anthropogenically enriched

levels on coral reefs without exceeding maximum levels reported

along Southeast Florida (Costa et al., 2000; Bruno et al., 2003;

Dinsdale et al., 2008; Whitall et al., 2019). Control colonies received

empty nylon bags zip-tied to their primary reference nail to control

for any effect that the bag, nails, or diver visits might have on the

coral colonies. Both the fertilizer-filled bags and empty control bags

were replaced every 3–5 days to simulate ongoing nutrient pollution

(Bruno et al., 2003; Voss and Richardson, 2006). The nutrient

amendments continued for 30 days and were removed on 22

October 2021 (Figure 3). Monitoring continued twice over 40

days, from 22 November to 1 December to evaluate any potential

latent effects and/or colony recovery.

All statistical analyses were run using R statistical software,

version 7.1.554 (R Core Team, 2018). Figures were made using the

ggplot2 package (Wickham and Chang, 2014). All data were tested for

normality by running the Shapiro-Wilk test in the rstatix package

(Kassambara, 2020). Log transformation was attempted to improve

normality metrics and used when successful. A t-Test was performed

to assess if initial colony sizes were different between nutrient-

amended and control colonies using the function t.test from the

stats package (R Core Team, 2018). When assessing potential

correlations exclusively between SCTLD activity and other

environmental factors “SCTLD-affected colonies” (nutrient-

amended and control) were combined based on SCTLD status, and

healthy colonies were left out of these analyses as they remained

healthy throughout the experiment.
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2.1 Water sampling

Five colonies in each of the experimental groups (healthy,

nutrient-amended, and control) were chosen haphazardly to serve

as the centroids for point locations of water collections, 3-m radius

disease prevalence surveys, and locations for Onset HOBO Pendant

Temperature/Light 64k Data Logger (Part # UA-002-64)

deployments. Water samples were collected ~10 cm above the

centers of five colonies from each of the experimental groups:

nutrient-amended, control, and healthy (n = 5 per group; Voss

and Richardson, 2006; Vega Thurber et al., 2014), which resulted in

measurements 25–100 cm away from the nutrient bags. Water was

collected with an acid-washed 60 mL needleless syringe prior to

nutrient amendment and repeated at 1 h, 2 days, 3 days, and 5 days

during the nutrient amendment treatment and twice after the final

removal of the nutrient amendments (Figure 3). This was done to

measure nutrient concentrations directly around each nutrient-

amended colony, as well as any changes in ambient conditions

surrounding control and healthy colonies. Water samples were

filtered through 25 mm diameter, 0.7 µm-pore, glass microfiber

filters within 15 min of collection. From this, 30 mL of the filtered

water was frozen and analyzed at the University of Maryland’s

Chesapeake Biological Laboratory. Phosphorus, ammonium, and

combined nitrate and nitrite concentrations were measured for all

water samples. A second nutrient amendment test was initiated in

March 2023 where five colonies were haphazardly chosen to serve

as a control and experimental group and the experimental colonies

were amended in the same way as the 2021 experiment. However,

water samples were collected 5 cm from the nutrient-amended bags

at 1 hr, 1 day, 3 day, and 5 day timepoints in order to determine if

there was an effect of sampling distance on nutrient concentrations.

These and the ambient water samples were processed the same as

during the experimental phase, as described above.
FIGURE 2

Small nylon mesh packets containing 30g of Osmocote™ 19-6-12 were applied to corals as shown, 5 cm away from an active SCTLD lesion.
Reference nails were used to track SCTLD linear lesion progression.
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The dissolved inorganic nitrogen to soluble reactive

phosphorous (DIN: SRP) ratios were calculated (Table 1) to

compare against the Redfield ratio of 16:1. Two-way mixed

analysis of variance (ANOVAs) were used to look at between

subject factors (treatment groups) and within-subject factors

(time) throughout the analysis. Two-way mixed ANOVAs were

performed using the function anova_test from the package rstatix

on all nutrients, including DIN: SRP ratios, to assess the potential
Frontiers in Marine Science 05
effects of experimental group, timepoint, and the interaction of the

two on the variation in nutrient concentrations/ratios (R Core

Team, 2018). For all ANOVA tests generalized Eta squared values

(h2
G) were also reported to better understand the effect size of the

factors (Olejnik and Algina, 2003), using guidelines from Cohen

(1988), with 0.02 as small, 0.13 as medium, and 0.26 as large effect

size parameters (Cohen, 1988). Local rainfall data available from the

South Florida Water Management District was utilized for Broward

County at 24-hour periods (South Florida Water Management

District’s corporate environmental database). To understand the

correlation of rainfall to DIN: SRP ratios a Pearson’s correlation test

using the function cor.test from the stats package was performed

(R Core Team, 2018). The average rainfall between timepoints was

taken, for timepoints ≥10 days apart the average rainfall was

calculated from the previous seven days before the timepoint. All

nutrient measurements from the second amendment trial, except

for the DIN: SRP ratios, were log-transformed for analyses. To

assess the differences between nutrient levels at closer sampling

distances, two-way mixed ANOVAs were performed followed by

pairwise post hoc tests using the pairwise_t_test function from the

rstatix package with Bonferroni correction (R Core Team, 2018).
2.2 Tracking disease progression

Divers measured the linear progression of each disease lesion on

all SCTLD-affected colonies every 3–5 days during treatment and

twice afterward (Figure 3). Measurements were taken by resting a

ruler on the nail with the nylon bag attached and each one of the

two other reference nails to ensure that the same points are being

measured at each timepoint (Voss and Richardson, 2006).
TABLE 1 Equations used to calculate change in tissue areas, lesion
progression, and the DIN: SRP ratio.

Calculation Equation

Proportion of change in healthy tissue area mm2
Tx −mm2

T(x−1)

mm2
T(x−1)

Rate of change in healthy tissue area per day mm2
Tx −mm2

T(x−1)

d

Proportional rate of change in healthy tissue area
per day

log(mm2
Tx=mm2

T(x−1))

d

Rate of change in linear lesion progression per day cmTx − cmT(x−1)

d

Proportional rate of change in linear lesion progression
per day

log(cmTx=cmT(x−1))

d

Proportion of change in healthy tissue area over
experimental phase

mm2
T8 −mm2

T1

mm2
T1

Change in linear progression over experimental phase cmT8 − cmT1

DIN: SRP ratio NO23 + NH4
PO4
The number of days in between measurements is represented by d and the timepoint
represented by T.
FIGURE 3

Dates measurements were taken throughout the experiment. The shaded box represents the dates and measurements collected when nutrient
amendments were deployed (Sept 24 – Oct 22). Disease prevalence represents the dates disease prevalence surveys were conducted. Linear
progression represents the days when nail to lesion measurements were taken. Surface area represents dates when structure from motion
photogrammetry was conducted. All nutrients represents when water samples were taken above each experimental group (nutrient-amended,
control, and healthy). Ambient nutrients only represent water samples were taken above healthy colonies only.
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At the start of the experiment, 3–5 days during the experiment, and

twice after nutrients were removed (Figure 3), 3D models were

generated for each nutrient-amended colony and each control colony

via scaled 3D Structure-from-Motion (SfM) photogrammetry to

determine the rate of tissue loss (Combs et al., 2021). No models

were generated for the healthy colonies as these colonies did not

experience any tissue loss throughout the experiment. A Canon 6D

mkII DSLR camera with a 24mm lens in an Ikelite underwater housing

was used to capture one still image every second. Scale bars were placed

on each side of the coral colony and the diver swam approximately 1 m

above the highest point of the colony following a lawnmower pattern

and circling the colony, capturing photos at two different angles (45°

and 90°), following a similar protocol to Young et al. (2018).

Overlapping runs were oriented to achieve 60–80% overlap in the

images. Images were imported into Agisoft Metashape Pro (Version

1.7.2, Agisoft LLC) for generation of 3D models through a four-step

process: 1. Camera alignment, 2. Dense point cloud generation, 3.Mesh

generation, 4. Texture overlay. The resulting 3D models were then

imported into Rhinoceros 3D (Robert McNeel & Associates) for

analysis (Young et al., 2018; Combs et al., 2021). The models were

scaled using the scale bars and verified using the two additional scale

markers with fixed distances. Of the 30 colonies captured throughout

the experiment, four colonies were removed, (two controls and two

nutrient-amended colonies) due to failure during QA/QC checks after

3Dmodel generation. All subsequent analyses were completed using 26

colonies for all timepoints. On all models, the total visually healthy

tissue was traced by hand in the program Rhinoceros 3D (Robert

McNeel & Associates). A drape and mesh were laid over the entire

colony, and the traced healthy area was selected to measure the surface

area (mm2) using the area function (Young et al., 2018; Combs

et al., 2021).

The proportion of change in healthy tissue area was calculated

by subtracting the area of each subsequent timepoint from the

previous and dividing by the total area of the previous timepoint

(Table 1). The distribution of change in initial area proportion from

the control and experimental colonies was not significantly different

from the normal distribution, and a two-way mixed ANOVA was

performed using the anova_test function from the rstatix package

(Kassambara, 2020). Rate of change measurements were derived by

taking the subsequent timepoint subtracted by the previous

timepoint and dividing by the number days in between the two

(Table 1). The proportional rate of change in healthy tissue area per

day was calculated by taking the log of the subsequent timepoint

divided by the previous timepoint and then dividing by the number

of days between the two and used for analysis (Table 1). Linear

lesion progression measurements were calculated by averaging

together the measured two nail-to-lesion distances. The

proportional rate of change in linear lesion progression per day

were then calculated similarly to the healthy tissue area

proportional rates and used for analysis (Table 1). Two-way

mixed ANOVAs were performed, as above, to assess the effect of

treatment group, timepoint, and their interactions on change in

healthy tissue area, proportional rate of change in healthy tissue

area per day, and proportional rate of change in linear lesion

progression rates. The proportion of change in healthy tissue area
Frontiers in Marine Science 06
over experimental phase; during treatment, post-treatment, and

over the entire experiment were calculated (Table 1). Linear lesion

progression over experimental phase (during treatment, post-

treatment, and entire experiment) was also calculated by taking

the average distance at the end of treatment and subtracting it from

the initial distance (Table 1). To assess if experimental phase and

treatment group interactions had any effect on change in area

proportion change or linear lesion progression a two-way

ANOVAs were performed followed by pairwise t.test post hoc

analyses on statistically significant results.
2.3 Assessing SCTLD activity

During the treatment phase of the experiment, every 3–5 days,

divers also conducted visual assessments of all the tagged colonies.

The assessments included photographing and noting the health

status of the colonies (active SCTLD, inactive SCTLD, or apparently

healthy). Once the treatment was removed, assessments continued

twice afterward on November 3 and December 1, 2023.

The analysis assessing the effects of SCTLD status was

completed using colonies from the experimental and control

groups, healthy colonies were not included as they remained

apparently healthy throughout the entirety of the experiment. A

generalized linear mixed model using the package glmmTMB was

performed to assess the effects of treatment group, time, and the

interaction of the two on the proportion of active SCTLD colonies,

as well as the interaction effect of SCTLD active status and time on

the change in area proportion, with colony ID as a random factor

(Brooks et al., 2017). To understand the effects in the model a type

III ANOVA was performed with the car package (Fox et al., 2023).

For all models that identified significant interactions, a Tukey’s post

hoc analysis was performed using the function glht (general linear

hypothesis) from the multcomp package (Hothorn et al., 2008).
2.4 Monitoring SCTLD prevalence

To comply with permitting requirements and ensure that this

experiment did not cause an SCTLD outbreak, we tracked SCTLD

prevalence in the immediate area surrounding the centroid colonies

(Figure 1). The surveys were conducted at the same intervals as

SCTLD activity assessments (Figure 3). Within each 3-m radius

survey area, divers counted, identified to the species level, and

recorded the health status of all coral colonies ≥10 cm in diameter.

From the SCTLD monitoring data, SCTLD prevalence was

calculated. A two-way mixed ANOVA was performed as above to

assess the interactive effects of timepoint and experimental group

(nutrient-amended vs. control vs. healthy; combined SCTLD-affected

vs. healthy) on surrounding SCTLD prevalence. To assess changes in

temperature throughout the experiment, a generalized linear model

using the function glm from the stats package was performed (R Core

Team, 2018), including Tukey’s post hoc analysis. Potential correlation

between temperature and SCTLD prevalence were assessed using

Pearson’s correlation in the function cor.test (R Core Team, 2018).
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3 Results

The mean initial tissue area in the control group was 3,967 cm2

and 3,585 cm2 for the experimental group. For all colonies within

the nutrient-amended and control group the mean initial tissue area

was 3,781 ± 2,639 cm2 (mean ± SD), ranging from 183 – 11,216

cm2. There was no significant difference in the starting colony size

between the nutrient-amended and control groups (t (23.501) =

0.353, p = 0.727).
3.1 Effect of treatment and time on
nutrient concentrations

Time had a significant effect with a relatively large effect

size on the levels of nitrate + nitrite (mixed ANOVA: F6,48 =

115.092, p < 0.001, h2
G = 0.915), ammonium (mixed ANOVA:

F6,48 = 5.035, p = 0.004, h2
G = 0.349), phosphate (mixed ANOVA:

F6,48 = 13.292, p < 0.001, h2
G = 0.582) and DIN: SRP ratios (mixed
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ANOVA: F6,48 = 8.720, p < 0.001, h2
G = 0.485). However, there was

no significant effect of treatment group on nutrient levels nor any

significant interaction effect of treatment group and timepoint. Post

hoc tests revealed nitrate + nitrite to be significantly different at

almost every timepoint besides the second sampling intervals (5

days post amendment and 1 hr post amendment), ammonium and

the DIN: SRP ratios were significantly higher at the initial timepoint

(pre-amendment) compared to most other sampling dates, and

phosphate was significantly elevated at the last time point (no

amendment) compared to all earlier timepoints (p < 0.001; Figure 4;

Supplementary Figure S1). When nutrient samples were taken

during the second amendment trial in 2023, from a 5 cm distance

from the nutrient amendments, we found a significant difference

in nitrate + nitrite levels (mixed ANOVA: F3,24 = 4.044, p = 0.018,

h2
G = 0.274) and ammonium (mixed ANOVA: F3,24 = 4.672, p =

0.01, h2
G = 0.312) between time, treatment group, and the

interaction of the two. Pairwise comparisons found significantly

higher nitrate + nitrite and ammonium levels within the nutrient

amendment group compared to the control group at the one-hour
FIGURE 4

Average nutrient concentrations throughout the experiment from each of the experimental groups on sampling dates. Points represent the average
concentrations on the dates when water samples were taken, no samples were taken above the nutrient-amended or control colonies from Oct 5 –

Oct 15, 2021. The dotted line represents when nutrients were removed from the reef (Oct 22). Bars represent standard errors.
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timepoint only (p < 0.05; Figure 5; Supplementary Figure S2).

Phosphate levels differed significantly over time (mixed ANOVA:

F1.49,11.89 = 8.865, p = 0.007, h2
G = 0.478); however, after Bonferroni

corrections on p-values from the pairwise tests, no significant

differences across time was found. We observed significant

differences among treatment groups’ DIN: SRP ratios (mixed

ANOVA: F1,8 = 7.033, p = 0.029, h�2
G = 0.176), with post hoc

pairwise comparisons revealing nutrient-amended DIN: SRP ratios

to be higher than control (p = 0.02). The variation of rainfall

throughout the experiment did not correlate to the variation in

DIN: SRP ratios (Pearson correlation: t8 = 0.282, p = 0.785, r = 0.99).
3.2 Effect of treatment and time on
disease progression

There was no significant effect of time, nutrient amendment, or

the interaction of the two on the proportion of change in healthy

tissue area (mixed ANOVA: F2.7,64.77 = 1.155, p = 0.331, h2
G = 0.036)

and on the proportional rate of change in healthy tissue area per day

(mixed ANOVA: F2.81,67.55 = 1.330, p = 0.272, h2
G = 0.044;

Figure 6A). There was no interaction effect of time and treatment

on the proportional rate of change in linear lesion progression per

day (mixed ANOVA: F2.04,48.88 = 1.452, p = 0.244, h2
G = 0.054;

Figure 6B) or an effect of just time (mixed ANOVA: F2.04,48.88 =

1.477, p = 0.238, h2
G = 0.055). Treatment did have an effect on the

proportional rate of change in linear lesion progression per day

(mixed ANOVA: F1,24 = 7.996, p = 0.009, h2
G = 0.019). However, the

effect size of treatment was relatively small and after Bonferroni

corrections on p-values from the pairwise tests, there was no
Frontiers in Marine Science 08
significant effect of treatment group on proportional rate of

change in linear progression. Neither experimental phase (during

treatment, post-treatment, and total), nutrient amendment, nor the

interaction of the two had a significant effect on the proportion of

change in healthy tissue area over experimental phase (two-way

ANOVA: F2,72 = 0.309, p = 0.735, h2
G = 0.009; Figure 7), the

proportional rate of change in surface area over experimental

phase (two-way ANOVA: F1,126 = 0.034, p = 0.854, h2
G = 0.0003),

or the change in linear progression over experimental phase (two-

way ANOVA: F1,73 = 0.004, p = 0.984, h2
G < 0.001).
3.3 Effect of experimental group and time
on disease status

Neither nutrient amendment nor the interaction of nutrient

amendment and time had a significant effect on SCTLD status

(active or inactive; glmmTMB ANOVA: c2 (5) = 1.199, p = 0.945).

Time was significantly related to SCTLD status (glmmTMB

ANOVA: c2 (5) = 65.564, p < 0.001) with a decrease in the

number of colonies with active SCTLD over time (p < 0.001;

Supplementary Figure S3). There was a significant effect of

SCTLD status (two-way ANOVA: F4,120 = 15.629, p < 0.01, h2
G =

0.115), date (two-way ANOVA: F4,120 = 3.449, p < 0.01, h2
G = 0.103)

and the interaction of the (two-way ANOVA: F4,120 = 3.458, p <

0.01, h2
G = 0.103) on the proportion of change in healthy tissue area.

Post hoc revealed a significant decrease in area on colonies with

active SCTLD (p < 0.05) from the experiments initiation (Sept 22)

to completion (Dec 1; p < 0.05) compared to those that had inactive

SCTLD (Figure 8).
FIGURE 5

Nutrient concentrations between the nutrient-amended (garnet) and control groups (gold) from the 5 cm sampling distance trial in 2023. The x-axis
represents the time/number of days after nutrient amendment that the water samples were taken. Bars represent standard errors.
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3.4 Effect of experimental group and time
on disease prevalence

From the roving diver surveys 14 coral species were recorded;

in order of decreasing relative abundance: M. cavernosa (70%),

Siderastrea siderea (11%), Stephanocoenia intersepta (6%), Porites

astreoides (5%), Siderastrea radians (3%), Solenastrea bournoni

(3%), Orbicella faveolata (3%), and Acropora cervicornis, Agaricia

agaricites, P. porites, Pseudodiploria strigosa, Mycetophyllia

lamarckiana, O. franksi, and Pseudodiploria clivosa (<1% each).

Average SCTLD prevalence followed a similar trend:M. cavernosa

(3.4%), O. faveolata (0.56%), S. siderea (0.4%), S. intersepta
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(0.15%), S. bournoni (0.13%), P. astreoides (0.1%), S. radians

(0.06%), O. franksi (0.04%), and the remaining species showed

no visible SCTLD. There was no significant difference between

treatment groups and healthy colonies and surrounding SCLTD

prevalence (mixed ANOVA: F2,12 = 0.170, p = 0.846, h2
G = 0.011)

or the interaction between treatment groups and time (mixed

ANOVA: F16,96 = 0.803, p = 0.679, h2
G = 0.076). There was a

significant effect of time on SCTLD prevalence (mixed ANOVA:

F8,96 = 2.094, p = 0.044, h2
G = 0.097; Figure 9), however the effect

size of time was relatively small and after Bonferroni corrections

on p-values from the pairwise tests, no significant differences

between time were found. The same was similar for SCLTD
FIGURE 6

(A) Mean rate of change in healthy tissue area per day (cm2) by treatment group, from SfM photogrammetry. (B) Mean rate of change in linear lesion
progression from 5 cm reference nail in cm/day. Negative numbers represent tissue loss and positive numbers represent tissue growth. In both plots
the x-axis represents the rate of change between that date and the previous date. End treatment represents the timepoint when nutrient
amendments were removed. Bars represent standard error.
FIGURE 7

Change in healthy tissue area percentage between experiment and control treatment groups grouped by experimental phase: nutrient amendment
(during treatment), once nutrients were removed (post-treatment), and then combined throughout the entire experiment (total). Negative values
indicate loss of tissue and positive values indicate tissue growth. Middle bars represent the median.
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prevalence surrounding SCTLD-affected (combined nutrient-

amended and control) and healthy colonies (Figure 10), with

time being the only significant effect (mixed ANOVA: F8,104 =

2.148, p = 0.038, h2
G = 0.093), but again the effect size of time was

small and post hoc tests with Bonferroni corrections on the p-value

revealed no significant differences in time. Water temperature

decreased significantly over time (glm ANOVA: (5) = 1.018 * e 31,

p < 0.001), but was not significantly correlated to the change in

surrounding SCTLD prevalence on the reef (Pearson correlation:

t78 = 1.657, p = 0.102, r = 0.18).
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4 Discussion

This study sought to evaluate the effects of nutrient enrichment

on SCTLD-affected Montastraea cavernosa colonies in Southeast

Florida. Although we followed similar methods to previous studies

in regard to fertilizer amounts and distance from sampling, we

initially did not detect significant differences in nutrient levels

surrounding the colonies among the treatment groups within the

initial experimental phase (Figure 4). However, based on the results

of the second nutrient amendment trial, there is evidence that
FIGURE 8

Percentage of change in healthy tissue area across timepoints between active SCTLD colonies and inactive SCTLD colonies. Negative values indicate
tissue loss while positive values indicate tissue growth. End treatment represents the date when nutrient amendments were removed. Error bars
represent standard error.
FIGURE 9

Mean SCTLD prevalence over time surrounding the centroid colonies of the experimental groups: nutrient-amended SCTLD-affected (nutrient-
amended), unamended SCTLD-affected (control), and apparently healthy (healthy) colonies. End treatment represents the timepoint when nutrient
amendents were removed. Error bars represent standard error.
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nutrients were released and elevated as demonstrated by the

significant differences measured at the 1 hr timepoint (Figure 5;

Supplementary Figure S2). These nutrients appeared to dissipate or

were absorbed; after 24 hours there were no significant differences

in nutrient levels between the nutrient-amended and control

colonies (Figure 5; Supplementary Figure S2). The lack of

significant differences in the measured SCTLD response variables

between nutrient-amended and control colonies suggests that

nutrient amendments had no effect on SCTLD progression or

prevalence during this 30-day experiment in Southeast Florida

(Figures 6, 7, 9, 10). These findings are similar to an

epidemiological study that did not find a significant relationship

between SCTLD prevalence and density across Florida’s Coral Reef

and chlorophyll-a concentration, which is often used as a proxy for

nutrients (Muller et al., 2020). While generally eutrophication is

thought to decrease holobiont health and performance, a nutrient

enrichment study using 175 g of Osmocote™ fertilizer on an

oligotrophic reef, instead reported increased coral holobiont

performance and algal symbiont density (Becker et al., 2021).

Likewise, a controlled tank experiment with elevated nutrients

reported increased photochemical efficiency in coral's algal

symbionts (Palacio-Castro et al., 2021). However, in our study,

there were no significant differences in SCTLD progression rates

among the experimental colonies; thus, we were unable to attribute

nutrient amendments to either positive or negative effects on

SCTLD-affected colonies.

This study took place within a disease endemic zone, where the

disease has been present ≥ 9 years (Costa et al., 2021) and was at a

relatively low prevalence during the experiment at an average of

~5% throughout the surrounding reef area (Figures 9, 10). SCTLD
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endemic reefs have also been characterized as having slower SCTLD

progression rates (Costa et al., 2021). We observed, using 3D

models, an average tissue loss rate of 0.11% per day among

SCTLD-active colonies. Our results are comparable to a recent

study trackingM. cavernosa tissue loss on SCTLD-endemic reefs in

Fort Lauderdale, near our study site, which reported ~0.14% tissue

loss per day using visual photo assessments (Aeby et al., 2021). We

did not observe significant differences in SCTLD-driven tissue loss

between control and nutrient-amended colonies or over time, nor

did we observe significant differences in SCTLD disease prevalence

between control and nutrient-amended colonies or over time.

However, it remains important to consider that nutrient levels

may affect SCTLD progression during phases of more rapid tissue

loss such as in SCTLD epidemic reef zones.

Significant changes in tissue area were detected over time

among those colonies that remained SCTLD active, independent

of treatment group, between the first and last timepoint (Sept 30 –

Dec 1; Figure 8). Small net changes in tissue area over time are

difficult to capture, even using 3D photogrammetry, and model

shape error can account for ~1.7 cm2 for each model, with relative

error rates of ~6% (Combs et al., 2021). In this experiment, ~70% of

the area change measurements between sequential timepoints were

<6% change in area, indicating even precise photogrammetry may

not be sufficient to capture surface area changes within a scale of

days. Therefore, we hypothesize that significant surface area

changes were not detected between sequential timepoints (e.g.,

Oct 10, Oct 22) due to the combination of slow SCTLD

progression rates in the endemic zone, short periods between

monitoring, and inherent error associated with calculating surface

area from 3D models. Nonetheless, the lack of treatment effect
FIGURE 10

Surrounding SCTLD prevalence throughout the entire experiment grouped by experimental group: SCTLD-affected amended with nutrients
(nutrient-amended), SCTLD-affected with no nutrient amendment (control), and apparently healthy coral colonies. Middle bars represent
the median.
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across the entire 30-day duration of the experiment, suggests that

nutrient amendment did not exacerbate SCTLD progression in

this study.

Our methods followed those of previous experiments that

observed significant increases in ambient nutrient levels using

similar nutrient amendment methods. For example, Voss and

Richardson (2006) used half of the amount of Osmocote (15 g; 9-

6-12) compared to our experiment and observed a ~2-fold increase

of ammonium, nitrite, and nitrate above ambient levels in the

Bahamas. In Mexico, Bruno et al. (2003) used 30 g (9-6-12) of

Osmocote™ (the same amount used in this study) and observed a

2–5 x increase in nearby nutrient levels. Here, we used a slightly

different Osmocote formulation (19-6-12), for which we expected to

see a greater increase in nitrogen levels than we observed.

We hypothesized that we were unable to detect significantly

elevated nutrient concentrations during the initial experimental

phase of the study due to the increased distance between the

nutrient enrichment bags and the water sample collection

location (25 – 100 cm away; Figure 4). When the same nutrient

amendments were repeated with closer sampling distances (5 cm),

significant nutrient enrichment over ambient levels were detected,

but only at one-hour post-deployment (Figure 5; Supplementary

Figure 2). Bruno et al. (2003) reported ~3– 4 x higher nutrient

concentrations 1–10 cm away from the nutrient amendments

compared to 100 cm, 10 min post-deployment. However, after 4

days there was a much weaker gradient of decreasing nutrient

concentrations with distance (~0.5 µM at 1 cm away from the

nutrient amendments compared to 100 cm). It is possible that the

sampling distance in this study combined with other flow dynamics

co-factors may account for the lack of significant difference in

nutrient concentrations between the nutrient-amended and

ambient water samples in the original experiment and the quick

drop in enrichment during the second amendment trial.

During the follow-up trial, when nutrient amendment colonies

were resampled at the 24-hour post-deployment timepoint, nutrient

levels had dropped, and were insignificantly different from ambient

levels (Figure 5; Supplementary Figure 2). This rapid decrease in

nutrient levels post-amendment could have been due to rapid

dilution of nutrients due to physical dynamics on the reef, and/or

rapid uptake of the nutrients by other reef organisms. Algae,

especially macroalgae, turf algae, and benthic cyanobacteria are

known to rapidly uptake nutrients and are associated with more

eutrophic reefs (Littler et al., 2006). A previous experiment examining

enhanced nutrient uptake by different reef organisms showed that

Dictyota macroalgae quickly acquired large amounts of nutrients

from episodic runoff events (Den Haan et al., 2016). Fort Lauderdale

reefs have high macroalgae cover (60%) and Dictyota spp. are

relatively dominant within Southeast Florida (Banks et al., 2007;

Aeby et al., 2021). There were noticeably large amounts of turf and

macroalgae surrounding the coral colonies; however, their relative

abundance was not monitored throughout this experiment. In

comparison, reefs in Akumal, Mexico where Bruno et al. (2003)

conducted their experiment, had <5% macroalgae cover during

2000–2004 (Randazzo-Eisemann et al., 2021).

Importantly, the ambient nutrient concentrations at our study

site were already higher (maximum DIN = 3.12 µM) than what
Frontiers in Marine Science 12
would be expected under oligotrophic conditions, which could

explain why we did not observe a significant increase in nutrient

levels from our amendments over ambient levels after the one-hour

timepoint. Specifically, the maximum ambient concentrations of

ammonium and nitrite + nitrate recorded here were 4.9 x and 0.5 x

higher, respectively, than the maximum ambient concentrations

reported by Bruno et al. (2003), and 6 x and 3.5 x higher,

respectively, than the maximum ambient nutrient concentrations

reported by Voss and Richardson (2006). Several maximum

nutrient levels observed in our study were comparable to those

observed in and around the eutrophic waters of the Hillsboro and

Port Everglades inlets near Fort Lauderdale. One study reported

that bacterial communities on reefs in Broward County were similar

to those found nearby treated wastewater outfalls, speculating that

there could be transport and mixing of wastewater from local

currents through the formation of eddies driving the high levels

of eutrophication on these reefs.

The timeframe of our experiment may also have prevented the

observation of significant differences in disease progression or

prevalence. The 30-day length of the experimental treatment was

chosen because of the typically fast pace of SCTLD lesion

progression and the uncertainty that colonies may reach mortality

prior to the end of the experiment. Voss and Richardson (2006)

observed significant increases in black band progression in just 20

days. However, similar experiments that attributed disease

progression to chronic nutrient enrichment were over longer

periods (Bruno et al., 2003; Vega Thurber et al., 2014). Vega

Thurber et al. (2014) observed an increase in dark spot syndrome

prevalence due to nutrient enrichment over three years, while

Gochfeld et al. (2012) did not find nutrient enrichment to

enhance dark spot syndrome over a much shorter 5-day

experiment. Although these experiments used different amounts

of fertilizer, it is possible that the short study period led to the lack of

observable effects of the nutrients in the Gochfeld experiment

(Gochfeld et al., 2012). Our experiment suggests that nutrient

amendment over a month-long period does not directly affect

SCTLD progression on M. cavernosa. This is important as

nutrient enrichment events can occur over relatively short periods

such as during a storm or from flux in tides and inlet outflows

(Lapointe et al., 2005).

It is possible that SCTLD dynamics may differ if the nutrient

amendments were sustained over a longer period. In Southeast

Florida, temporal models showed a positive correlation of SCTLD

lesions to temperature stress, inlet flow and total rainfall (Walker

et al., 2022). Spatial models also indicated a positive correlation of

SCTLD lesions to the number of septic tanks within a 5-km radius

(Walker et al., 2022). This raises the question of whether long-term

chronic nutrient enrichment might affect SCTLD dynamics

differently than more common short-term, episodic nutrient events.

Different environments, species, and the timing of SCTLD onset

may play a role in the effects of nutrient enrichment on the severity

of SCTLD. For instance, we observed high variability in disease

status and progression across individual colonies from both the

control and nutrient-amended SCTLD-affected groups. This

relatively high colony-level variation may explain why we did not

observe statistically significant differences between the nutrient-
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amended and control groups. Intraspecific variation in SCTLD

resistance and tolerance (i.e., the amount of time that colonies are

infected but do not experience total colony mortality), as well as

quiescence and reactivation of SCTLD lesions, have been observed

in M. cavernosa populations in Fort Lauderdale and other SCTLD

intermediately susceptible species such as O. faveolata (Walker and

Klug, 2015; Aeby et al., 2019, 2021; Papke et al., 2023). Variation in

holobiont partnerships including coral host genotype, algal

symbiont, and microbial community structure combinations may

be particularly advantageous, underpinning disease resistance and

driving intraspecific variation (Vollmer and Kline, 2008; Aeby et al.,

2021). The variability in disease dynamics observed across the

SCTLD-affected colonies could be attributed to this intraspecific

variation and make it difficult to interpret the effects of

nutrient amendment.

From what we have observed, small-scale, colony-level nutrient

amendments added over one month did not significantly affect

SCTLD dynamics on M. cavernosa colonies or result in an SCTLD

outbreak to surrounding coral colonies. These results are specific to

this SCTLD endemic reef system with corals that exhibit high

intraspecific variation in their susceptibility to SCTLD. We

recommend that potential environmental drivers be tested

individually and in combination ex situ. Such results could better

inform how to allocate resources towards mitigating environmental

drivers of SCTLD versus treatments or restoration efforts. It is also

recommended to repeat these experiments on multiple species as

SCTLD affects species differently, therefore an environmental factor

may exacerbate SCTLD dynamics in some species and not others.

Water quality did not appear to influence SCTLD prevalence or

severity in Southeast Florida during this timeframe. While efforts to

improve water quality may improve overall coral reef resilience,

direct effects on SCTLD were not observed in this study.

Furthermore, it is important to prioritize pairing monitoring

water quality in concert with coral reef health surveys as it is

difficult to understand the effects of nutrient enrichment on SCTLD

dynamics and other health indicators where baseline data is lacking.
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SUPPLEMENTARY FIGURE 1

The change in DIN: SRP ratio over time. Start treatment is the first

timepoint when nutrient amendment were present, and end treatment
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is when nutrient amendment were removed. Error bars represent
standard error.

SUPPLEMENTARY FIGURE 2

Log scaled nutrient concentrations between the nutrient-amended (garnet)

and control groups (gold) from the 5 cm sampling distance trial in 2023.
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The x-axis is on a log scale in order to see the differences more clearly. Bars
represent standard error.

SUPPLEMENTARY FIGURE 3

Proportion of SCTLD-affected colonies grouped by treatment at each

SCTLD-activity monitoring timepoint.
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