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The unprecedented mortality of stony corals on Florida’s Coral Reef from stony coral tissue loss disease (SCTLD) was mitigated on some priority sites and corals through the use of a topical amoxicillin paste to halt disease lesion progression. One management concern about the use of antibiotics on these corals was the impact it may have on gametogenesis. We used histology to assess gametogenesis within Orbicella faveolata and Montastraea cavernosa samples from six sites and across three treatment groups. The sites covered the geographic regions of the Florida Keys, including both inshore and offshore habitats. The treatment groups were: healthy corals, samples adjacent to active SCTLD lesions, and samples adjacent to previous SCTLD lesions that were halted by topical amoxicillin. Across both species, colonies from all sites and treatment groups were producing normal oocytes and spermaries. For M. cavernosa, gametogenesis metrics did not differ among treatment groups. Among O. faveolata colonies, healthy corals exhibited higher fecundity and higher oocyte presence than treated corals and larger oocytes than diseased corals. However, of the treated corals, those which had been treated more frequently had higher fecundity than those that were treated less frequently, suggesting that diminished fecundity throughout the group may have been the result of disease occurring earlier in gametogenesis rather than the treatment itself. Fecundity of O. faveolata colonies in the diseased group was highly dependent on whether the corals were from nearshore or offshore environments. The relationship between disease, treatment, and habitat warrants further examination, but we show that amoxicillin treatments do not prevent gametogenesis in corals.
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1 Introduction

Coral colonies can live for hundreds of years, but the perpetuity of coral reef ecosystems depends on colony longevity and on successful sexual reproduction as new coral settlers are needed to replace lost adults. As coral reefs continue to come under increasing pressures from climate change, increased disease prevalence/severity, deteriorating water quality, and other stressors, novel genetic recombination arising from sexual reproduction is necessary to maintain genetic diversity and potentially create genotypes with increased resistance to these stressors. However, factors influencing corals’ ability to reproduce are still poorly studied. Efforts to promote successful reproduction of corals continue to expand, and include land-based assisted fertilization, field-based gamete collection and fertilization, and the development of field-based spawning hubs that bring individuals closer together in order to increase the probability of successful reproduction. Here we examine two factors that may impact the ability of corals to undergo gametogenesis: 1) the presence of stony coral tissue loss disease (SCTLD) lesions and the amoxicillin treatments used to prevent resultant mortality, and 2) geographic differences, including inshore/offshore variation as well as site-specific differences.

The geology of reefs in the Florida Keys includes an offshore bank-barrier reef, ranging from 6.5 to 10.5 km offshore, characterized by spur-and-groove formations. Between this offshore reef and the Keys archipelago, there are thousands of small inshore patch reefs. Overall, coral cover, density, species diversity, and calcification rates are higher on inshore reefs than offshore reefs (Lirman and Fong, 2007; Manzello et al., 2015). These characteristics make it probable that if gametogenesis and spawning are equal across inshore and offshore colonies, then the inshore reefs are more likely to have higher fertilization and thus contribute more to coral planulae available for settlement. However, most spawning observations in the Florida Keys have been on offshore reefs, and it is unknown whether these inshore corals are even capable of gametogenesis. Another reef invertebrate, the queen conch Strombus gigas, has been found to lack gonad development at inshore reefs, and transplant experiments between inshore and offshore individuals have identified differing environmental conditions, rather than genetic factors, to be the culprit (Delgado et al., 2004). Inshore and offshore reefs are subject to different stressors, with nutrient levels, turbidity, and temperature extremes generally decreasing as distance from the shore increases (Lirman and Fong, 2007). While all corals along Florida’s Coral Reef are subject to what has seemingly become routine heat stress, inshore reefs suffer from a higher number of heat stress days when compared to offshore reefs (Manzello, 2015), and inshore reefs showed notable paling/bleaching each summer from 2019-2022 (Neely lab, pers. obs.) while offshore reefs did not. Despite this, the inshore reefs show a quicker rate of recovery following heat stress and a higher calcification rate in these circumstances which may contribute to persistence of inshore coral reef cover (Manzello et al., 2015). In this study, we sampled a variety of inshore and offshore reefs to determine whether gametogenesis varied between reef types.

Another factor which may influence the ability of corals to undergo gametogenesis is SCTLD and/or the in-water treatments used to halt SCTLD lesions. Stony coral tissue loss disease spread through Florida’s Coral Reef (FCR) following its first documentation near Miami in late 2014 (Precht et al., 2016). At least 20 species of coral, including primary reef-building and Endangered Species Act-listed species, are susceptible to rapidly progressing lesions that often result in whole colony mortality (Hawthorn et al., 2024). Beginning in 2017, SCTLD spread beyond Florida and continued to spread through the Caribbean, causing significant declines in coral cover, species diversity, and colony density (Alvarez-Filip et al., 2022).

The unprecedented and devastating nature of SCTLD prompted the development of in-water treatments to halt active SCTLD lesions and prevent colony mortality. Amoxicillin mixed in a proprietary paste called Base2b is applied topically to active lesions and has been shown to halt SCTLD lesions with high efficacy (Neely et al., 2020, 2021; Shilling et al., 2021; Walker et al., 2021) As of March 2024, over 4800 corals in the Florida Keys were treated with the amoxicillin paste, with a four-year survival rate of 92% (Neely, 2023). However, the antibiotic treatment is not prophylactic, and some colonies develop new lesions after treatment. As such, corals treated in the Florida Keys were monitored every two months and, for those developing new lesions, additional treatments were applied. Despite gametogenesis and spawning in treated corals being repeatedly observed (B. Walker, K. O’Neil, H. Koch, pers comm; Renegar et al. (2024)), regulatory concerns about potentially negative effects of these amoxicillin treatments on reproduction persist.

In this study, we assessed gametogenesis in hermaphroditic Orbicella faveolata and gonochoric Montastraea cavernosa colonies from six sites. We histologically compared tissues from healthy colonies with those directly adjacent to active SCTLD lesions and those directly adjacent to previously-diseased, amoxicillin-treated tissues to determine whether SCTLD and/or antibiotic treatments impacted gametogenesis. The metrics utilized to assess reproductive status were the percent presence of gametes (oocytes and spermaries), polyp fecundity, and maximum oocyte diameter. Understanding the impacts of SCTLD and amoxicillin treatments on reproductive capacity is important to inform treatment protocols and support best management practices.




2 Methods



2.1 Sample collection

Multi-year disease intervention work and semi-monthly monitoring of Orbicella faveolata and Montastraea cavernosa colonies across the Florida Keys provided patient histories of corals exhibiting SCTLD and receiving treatments across a multitude of reefs. Three paired inshore patch reef and offshore fore-reef sites were selected from the Upper, Middle, and Lower Keys regions (Figure 1). The six reef locations were: Molasses Reef, Sombrero Reef, Looe Key, Cheeca Rocks, Marker 48, and Newfound Harbor. All sites were between 3 and 8 meters in depth.




Figure 1 | Map identifying the three inshore and three offshore reefs within the Florida Keys National Marine Sanctuary where histological samples were taken. Inshore reefs are warm-tone circles; offshore reefs are cool-tone squares.



The six study sites were part of long-term disease intervention work (Neely et al., 2021). Corals at four of the sites (Molasses, Sombrero, Looe, and Newfound Harbor) had been under a treatment and monitoring regime since early 2019; corals at Marker 48 and Cheeca Rocks had been monitored and treated as needed since early 2020. From those respective start dates, sites were visited every two months, and all SCTLD-affected corals were tagged, mapped, and treated for SCTLD using the standard topical Base2b + amoxicillin. The disease and treatment history of each tagged coral at each site was thus documented, allowing for health histories to be used in classifying corals for sampling (Supplementary Figure S1). Corals were identified from treatment histories as:

	Healthy, defined as a coral that had never been observed with SCTLD and had never been treated. Though these corals did not have targeted monitoring data before this experiment, we presume they have been unaffected because a) they were chosen for their largely intact coral cover and lack of unusual live/dead tissue margins and b) their location on the reef among other tagged colonies would have made SCTLD lesions during any previous monitoring apparent and they would have thus been tagged and treated.

	Actively diseased, defined as a coral with actively progressing SCTLD lesion(s) during the time of sampling, but which had never previously been observed with lesions or been treated. Lesions were a mix of acute and sub-acute, but all had at least 1cm of recent mortality.

	Treated, defined as a coral that was not currently affected by SCTLD but had been treated with topical amoxicillin for SCTLD lesions in the past. Treated corals had generally received their most recent treatment within six months of the sampling date, however, three O. faveolata colonies and one M. cavernosa colony in the “treated” group had received their most recent treatment over a year prior to sampling. Analyses were conducted both with and without these outlier colonies. All results exhibited the same statistical trends, and so the analyses detailed here were run with all treated samples. See Supplementary Figure S1 for full treatment histories of each coral.



The sampling goal was to collect 5 samples of each species in each treatment group from each of the six sites, for a total of 180 samples evenly divided between the two species and treatment groups (Figure 2). Though M. cavernosa is a gonochoric species and was predicted to thus yield lower sample sizes for most reproductive metrics, logistical and permitting considerations necessitated equal core numbers between species. At some sites (particularly Molasses Reef which had few remaining live coral colonies), it was not possible to collect all desired samples. In total, 81 O. faveolata and 65 M. cavernosa samples were collected in the weeks leading up to predicted spawning in August 2022 (between 08/04/2022 - 08/14/2022). This late-stage collection was done to assess fecundity, gamete presence, and oocyte size at the end of gametogenesis.




Figure 2 | Study design showing sample size across the two species (OFAV, Orbicella faveolata; MCAV, Montastraea cavernosa), three health statuses (healthy, treated, diseased), and six reef locations (three inshore and three offshore). Numbers in bold represent deviations from the planned five samples, which was largely driven by the lack of actively diseased colonies at some sites.



Divers took samples from the sides of colonies using a diamond tipped 2 cm hole saw attached to an underwater drill (Nemo 5M). On actively diseased corals, samples were taken adjacent to the active disease lesion. On treated corals, cores were taken adjacent to the previously-treated tissue area. Upon removal from the colony, cores were placed in labeled Whirlpak sample bags with small holes punched throughout and immediately transferred to 10% zinc-buffered formalin (Z-fix, prepared in seawater and kept in a cooler) when brought to the surface.




2.2 Histology

Histological preparation of tissue samples took place in the Nova Southeastern University Coral Histology Laboratory. Samples were rinsed and decalcified in a 5% HCl/ethylenediamine tetra acetic acid (EDTA) seawater solution, dehydrated in a graded series of ethanols and xylene, and embedded in paraffin wax (Paraplast Plus). Longitudinal and transverse sections (4 µm) were made with a Leica RM 2235 microtome, floated on a warm water bath to flatten, and mounted on slides. A total of 5 slides were prepared for each sample, with sections collected at 5 different tissue depths. Because of the difference in polyp size between species, sections were separated by 100µm for O. faveolata and 300 µm for M. cavernosa. Sections were cleared in xylene, stained with modified Heidenhain’s aniline blue, and mounted using Cytoseal 60. Stained slides were viewed with an Olympus BX 43 light microscope at magnifications ranging from 4X to 60X and photographed with an Olympus DP21 digital camera.

Histological sections were assessed for three metrics of reproductive capacity and gametogenesis: 1) percent presence of gametes, 2) polyp fecundity, and 3) oocyte maximum diameter. Assessment of these reproductive metrics in relationship to treatment group (healthy, diseased, and treated), habitat (inshore, offshore) and site (offshore: Looe, Sombrero, and Molasses; inshore: Newfound, Marker 48, and Cheeca Rocks) were carried out for both O. faveolata and M. cavernosa.

For the hermaphroditic O. faveolata, presence of both ovaries and spermaries were assessed for each colony (Figures 3A, B). For the gonochoric M. cavernosa, only ovaries or spermaries were expected for each colony (Figures 3C, D). The percentage of colonies with spermaries and with ovaries was compared among treatments, sites, and habitats.




Figure 3 | Gametes in (A) Orbicella faveolata (longitudinal section through polyp), (B) Orbicella faveolata (cross section through polyp), (C) Montastraea cavernosa (longitudinal section through polyp) and (D) Montastraea cavernosa (cross section through polyp). o, oocyte; s, spermary; ml, mesenterial lining; bbw, basal body wall in longitudinal sections; m, mouth/oral region. Slide photographs were taken of mid-depth sections of the polyps.



Fecundity per polyp was estimated as the product of the average number of gonads per polyp in cross-section for 5-10 polyps per sample and the average number of oocytes or ova per gonad in longitudinal section for 3-5 polyps per sample.

The maximum diameter of each complete oocyte (defined as those with visible nuclei) was assessed from micrographs using ImageJ (Image J with 68-bit Java 8, Version 1.53u 2022). A total of 1682 complete oocytes were measured for O. faveolata, and a total of 1006 for M. cavernosa.




2.3 Analyses

To compare the proportion of colonies containing oocytes, containing spermaries, or containing no gametes across treatments, sites, and/or habitats, we used Fisher’s exact tests and pairwise comparisons to determine post-hoc differences. A binomial generalized linear model (GLM) was used to determine treatment:site interactions for presence and absence data.

Fecundity data did not meet the Shapiro-Wilk normality assumptions nor the Bartlett assumptions for homogeneity of variances, so a log transformation was applied, and differences among treatment groups and sites were compared using Welch’s ANOVA. Post-hoc analyses were done with Games-Howell tests. Comparisons of fecundity between habitats (inshore/offshore) were assessed with a Welch’s t-test. Tests for O. faveolata fecundity were conducted both with and without the inclusion of empty (non-fecund) colonies, and both sets of results are reported. When only healthy colonies were analyzed for location and site differences, normality assumptions were met, and we used traditional ANOVA tests.

Maximum oocyte diameter data did meet all assumptions. We used a standard t-test to compare diameters between inshore/offshore habitats and used One-Way ANOVAs to compare diameters between treatment groups and between sites. Post-hoc Tukey’s tests examined pairwise comparisons. All statistical analyses were conducted in R Studio version 4.1.1 (R Core Team, 2013). Analyses of the two species were conducted separately.

Because fecundity of treated O. faveolata colonies was lower than that of healthy colonies, we further explored the relationships between fecundity and treatment history by evaluating relationships between the number of oocytes per polyp (fecundity) and 1) the total number of times the coral had been treated, 2) the number of times the coral had been treated in the past year, and 3) the number of days since last treatment. We assessed these relationships with linear regressions.





3 Results



3.1 Orbicella faveolata



3.1.1 Presence/absence of gametes

Oocytes were present in 94% of healthy corals, 68% of treated corals, and 68% of diseased corals (Figure 4A). These differences among treatments were significant (Fisher’s exact test: p = 0.03); a higher proportion of healthy corals contained oocytes compared to treated corals (post-hoc pairwise: p = 0.02), but diseased corals did not differ significantly from either healthy or treated corals. Spermaries were present in 94% of healthy corals, 84% of treated corals, and 74% of diseased corals (Figure 4B); none of these groups varied significantly from any others (p = 0.29).




Figure 4 | Percentage of Orbicella faveolata colonies containing (A) oocytes and (B) spermaries across treatments and sites.



Across all inshore sites, oocytes were present in 70% of coral colonies, and spermaries were present in 80%. Across offshore sites, 85% of colonies contained oocytes and 90% contained spermaries. These inshore/offshore differences were not significant (oocyte p = 0.1, spermary p = 0.2).

Comparisons of the proportion of colonies containing spermaries among the six reef sites yielded no significant differences (p = 0.06). However, the proportion of corals containing oocytes nearly reached the α-value for differences between sites (p = 0.051) and encouraged pairwise testing. The proportions of coral containing oocytes was smaller at Newfound Harbor (45%) than at Marker 48 (92%, post-hoc pairwise: p = 0.03), Looe Key (88%. p = 0.02), and Molasses (91%. p = 0.03).

No significant treatment:site interactions existed for either oocyte presence or spermary presence. A binomial GLM was additionally conducted for oocyte presence and confirmed that “healthy” as a treatment group was a positive significant predictor of presence (p = 0.02) while “Newfound’’ as a site was a negative significant predictor of oocyte presence (p = 0.03). The binomial GLM for spermary presence did not differ from the Fisher’s exact test results, confirming that neither treatment nor site were significant predictors.




3.1.2 Fecundity

Average polyp fecundity for O. faveolata ranged from 0 – 97.5 oocytes per polyp (Figure 5). Treatment type significantly affected fecundity (Welch’s ANOVA: F(2,41.37) = 9.1, p < 0.001). Polyp fecundity in healthy corals (55.3 ± 6.5 oocytes/polyp) was significantly higher than in treated corals (21.2 ± 4.5 oocytes/polyp. Games-Howell: p <0.001). Diseased coral fecundity averaged 34.8 (± 9.3) oocytes/polyp and did not differ significantly from healthy or treated colonies (Games-Howell: all p > 0.05). These patterns were true even if empty corals were removed from analyses; treatment groups differed significantly (Welch’s ANOVA: F(2, 27.66) = 5.8, p = 0.007), healthy corals had higher fecundity than treated corals (Games-Howell: p = 0.005), and diseased coral fecundity did not differ from that of healthy or treated colonies.




Figure 5 | Polyp fecundity (mean ± SE) across treatments and sites for (A) all sampled Orbicella faveolata colonies and (B) only colonies with gametes present.



Between inshore and offshore habitats, offshore corals were more fecund (51.5 ± 5.9 oocytes/polyp) than inshore corals (23.1 ± 3.6 oocytes/polyp. Welch’s t-test: p < 0.001). This was also true when empty colonies were excluded from analyses (p = 0.002).

Polyp fecundity varied significantly among sites (Figure 5. Welch’s ANOVA: F(5,33.53) = 4.3, p = 0.003). Fecundity was significantly lower at Newfound Harbor (11.8 ± 5.8 oocytes/polyp) than at both Molasses Reef (69.7 ± 14.9 oocytes/polyp. Games-Howell: p = 0.03) and at Looe Key (45.2 ± 11.3 oocytes/polyp. p = 0.03). Fecundity among all other sites was not significantly different (all p > 0.05). When non-fecund colonies were removed there were no significant differences in polyp fecundity between sites (Welch’s ANOVA: F(5, 22) = 2.22, p = 0.08).

There were no significant interactions between treatment group and site for polyp fecundity (Two-way ANOVA: F(9,64) = 1.94, p = 0.06). This remained true if non-fecund corals were removed from analyses (F(8, 46)= 1.5, p = 0.17).




3.1.3 Maximum oocyte diameter

Average maximum oocyte diameter for O. faveolata ranged from 60.3 - 656.7 µm (Figure 6. N = 1682) and varied significantly with treatment group (ANOVA: F(2,1679) = 4.8, p = 0.01). Oocyte diameter in healthy corals (350.0 ± 2.2 µm) was significantly larger than in diseased corals (333.8 ± 3.4 µm. Tukey’s: p = 0.005), while oocyte size in treated corals (341.27 ± 3.5 µm) did not significantly differ from either healthy or diseased corals.




Figure 6 | Maximum Orbicella faveolata oocyte diameter (mean ± SE) across treatments and sites. The number of oocytes and the number of colonies (in parentheses) are shown above each point.



Corals on offshore reefs had significantly smaller oocytes (335.7 ± 3.6 µm) than corals on inshore reefs (358.1 ± 3.1 µm. t-test: p < 0.001). Oocyte size also varied significantly across sites (ANOVA: F(5,1676) = 12.7, p < 0.001). Corals at Sombrero Reef had significantly smaller oocytes (330.4 ± 2.8 µm) than corals at Newfound Harbor (380.3 ± 10.2 µm. Tukey’s: p < 0.001), Cheeca Rocks (365.9 ± 4.6 µm. p < 0.001), and Marker 48 (346.4 ± 4.3 µm. p = 0.03). Oocytes at Molasses Reef (344 ± 5.6 µm) were significantly smaller than those at Newfound Harbor (p < 0.001) and Cheeca Rocks (p = 0.007). There were no other significant site-specific differences.




3.1.4 Healthy colony site comparison

Because the number of treated and diseased colonies varied across sites, the reproductive metrics of only healthy, untreated corals were independently assessed.

Neither oocyte nor spermary presence varied significantly across habitat or sites. Fecundity did not vary between inshore/offshore habitat, regardless of whether empty colonies were included or excluded. However, fecundity did vary significantly between sites (ANOVA: F(5,25) = 3.4, p = 0.02), with fecundity at Molasses Reef (94.2 ± 17.6 oocytes/polyp) higher than at Newfound Harbor (21.0 ± 12.6 oocytes/polyp. Tukey’s: p = 0.006). Fecundity did not differ between any other sites. If non-fecund colonies were excluded, there were no significant differences among sites.

Maximum oocyte diameter of healthy coral was higher on inshore reefs (354 ± 3.4 µm) than on offshore reefs (341 ± 2.8 µm. t-test: p = 0.002). Maximum oocyte diameter also differed between sites (ANOVA: F(5,946) = 7.4, p < 0.001). Oocytes were significantly larger at Newfound Harbor (372 ± 9.8 µm) than at Marker 48 (343.9 ± 4.1 µm. Tukey’s: p = 0.04), Molasses Reef (342.6 ± 5.2 µm. p = 0.02), and Sombrero Reef (330.2 ± 3.7 µm. p < 0.0001). Oocytes at Cheeca Rocks (367.9 ± 6.7 µm) were significantly larger than those at Molasses Reef (p = 0.03) and Sombrero Reef (p < 0.001), and oocytes at Looe Key (357.9 ± 5.3 µm) were significantly larger than those at Sombrero Reef (p = 0.002).




3.1.5 Treatment frequency and fecundity

Among corals previously treated with amoxicillin, fecundity was not significantly correlated with the total number of times treated (Figure 7A. Linear regression: p = 0.18). There was also no relationship with the number of days since the previous treatment (Figure 7C), regardless of whether the three outliers that had not been treated in over 800 days were included (p = 0.17) or excluded (p = 0.41). However, fecundity was positively related to the number of times a colony was treated in the previous year (Figure 7B. R2 = 0.19; p = 0.01), although these correlations were not significant within each habitat group.




Figure 7 | Polyp fecundity of Orbicella faveolata colonies across sites for corals that had previously received amoxicillin treatments, compared to (A) the total number of times a colony was treated, (B) the number of times the coral was treated in the year preceding sampling, and (C) the number of days since the last treatment.







3.2 Montastraea cavernosa



3.2.1 Presence/absence

The gonochoric nature of M. cavernosa necessitated adjustments to gamete presence calculations, as corals without gametes could not be classified as male or female and are termed “empty.” Oocytes were present in 40% of healthy corals, 22% of treated corals, and 18% of diseased corals (Figure 8A); these differences were not significant (Fisher’s exact test: p = 0.25). Spermaries were present in 42% of healthy corals, 48% of treated corals, and 64% of diseased corals (Figure 8B); these differences were also not significant (p = 0.4). The percentage of corals containing no gametes also did not differ among groups (p = 0.51); empty corals constituted 18% of healthy corals, 30% of treated corals, and 18% of diseased corals (Figure 8C).




Figure 8 | Percentage of Montastraea cavernosa colonies containing (A) oocytes, (B) spermaries, and (C) devoid of gametes (empty) across treatments and sites.



Among inshore colonies, 25% contained oocytes, 44% contained spermaries, and 31% were empty; for offshore colonies, 37% contained oocytes, 52% contained spermaries, and 11% were empty. None of these differences between inshore and offshore colonies were significant (oocytes p = 0.41, spermaries p = 0.29, empty p = 0.11). There were also no differences between sites in the proportions of colonies containing oocytes (p = 0.59), containing spermaries (p = 0.93), or that were empty (p = 0.55).

There were no significant treatment:site interactions for oocyte presence, spermary presence, or empty colonies. An additional binomial GLM was conducted to support the Fisher exact tests and confirmed that there were no significant differences in M. cavernosa oocyte (p = 0.05), spermary (p = 0.3), or empty colony presence (p = 0.15) with both treatment and site.




3.2.2 Fecundity

Fecundity of healthy M. cavernosa colonies (111.7 ± 16.5 oocytes/polyp) was approximately double that of treated corals (55.4 ± 23.7 oocytes/polyp) and 4x that of diseased ones (26.2 ± 24 oocytes/polyp), but these differences were not significant (Figure 9. ANOVA: F(2,17) = 3.1, p = 0.06).




Figure 9 | Polyp fecundity (mean ± SE) of Montastraea cavernosa colonies across treatments and sites.



Colonies at offshore sites averaged twice the fecundity (112.3 ± 17.4 oocytes/polyp) of those at inshore sites (65.8 ± 20.2 oocytes/polyp) but there was no significant difference between the two groups (Welch’s t-test: p = 0.09). Average fecundity at sites ranged from 73.2 (± 20.3) oocytes/polyp at Looe Key to 161.8 (± 16.1) oocytes/polyp at Sombrero Reef, but polyp fecundity did not differ significantly among sites (Welch’s ANOVA: F(5,14) = 1.8, p = 0.17). There was no significant interaction between treatment group and site (Two-way ANOVA: F(4,8) =1.3, p = 0.35).

The gonochoric nature of M. cavernosa resulted in low sample sizes for fecundity assessments. In addition to colonies being either male or female, empty colonies could not be included in fecundity values. A power analysis with existing sample sizes and a moderate effect with Cohen’s d identified current power for fecundity with both treatment group and site between 0.11 and 0.17. This highly increases the chance for type II error of failing to reject the null hypothesis when it is false. Power analysis also indicated that a sample size of 52 would be needed for accurate power for the treatment group, and an N = 32 would be required to appropriately assess site differences.




3.2.3 Maximum oocyte diameter

Average maximum oocyte diameter in M. cavernosa ranged from 212.9 to 723.3 µm (Figure 10, N = 1006). There was no significant difference in maximum oocyte diameter between healthy (455.3 ± 3.6 µm), treated (459.6 ± 11.7 µm), and diseased corals (465.6 ± 15.0 µm. ANOVA: F(2,1003) = 0.2, p = 0.8).




Figure 10 | Maximum Montastraea cavernosa oocyte diameter (mean ± SE) across treatments and sites. The number of oocytes and the number of colonies (in parentheses) are shown above each point. Note that for several groups, only one colony had measurable oocytes.



Oocytes from inshore corals were significantly smaller (446.3 ± 5.2 µm) than oocytes from offshore corals (463.4 ± 4.3 µm. t-test: p = 0.01). Oocyte size varied significantly across site (ANOVA: F(5,1000) = 2.7, p = 0.02). Oocytes from corals at Molasses Reef were significantly larger (468.8 ± 8.5 µm) than those at Marker 48 (435.3 ± 7.9 µm. Tukey’s: p = 0.04), but there were no other significant differences among sites.




3.2.4 Healthy colony site comparison

For healthy M. cavernosa corals, there were no differences between habitats (inshore/offshore) for oocyte presence (Fisher's exact: p = 0.83), spermary presence (p = 0.74), or empty colonies (p = 0.85). There were also no differences between reef sites for oocyte presence (p = 0.83), spermary presence (p = 0.74), or the proportion of empty colonies (p = 0.8).

Fecundity of healthy corals did not vary between the inshore and offshore habitat types (t-test: p = 0.37), nor did it vary between sites (ANOVA: p = 0.26). Maximum oocyte diameter of healthy corals did vary between habitats (t-test: p = 0.008), as did oocyte size between sites (ANOVA: F(5,889) = 2.6, p = 0.02), however Tukey’s post-hoc analysis did not identify site-specific differences.






4 Discussion

This study assessed the relationships of SCTLD-infection, amoxicillin treatments, and geography on three metrics of coral reproduction in the two reef-building species Orbicella faveolata and Montastraea cavernosa.



4.1 Health status

Gamete presence, fecundity, and oocyte size are related metrics that all assess whether, and to what extent, gametogenesis occurred in corals (Table 1). Healthy O. faveolata colonies had significantly larger oocytes compared to diseased colonies (Figure 6), but the difference may not be biologically relevant. The difference in averages between the two groups is small (just 16 µm, a 4.6% size reduction in the diseased colonies compared to the healthy ones), and all oocyte sizes fall within the range of measurements reported by Holstein et al. (2015). As oocytes in all groups appeared to be normally developed with no notable abnormalities, it seems unlikely that this difference in oocyte maximum diameter is one of biological significance.


Table 1 | Summary of significant differences for the reproductive metrics of Orbicella faveolata and Montastraea cavernosa among treatment groups.



Polyp fecundity for both species fell within expected ranges from past studies. Our observed average fecundity for healthy O. faveolata (55 oocytes/polyp) was lower than found in mesophotic reefs (87 – 144 oocytes/polyp) by Holstein et al. (2015), but higher than found in control colonies (~25 oocytes/polyp) by Weil et al. (2009). Weil et al. also measured fecundity in tissues adjacent to active yellow band disease, where fecundity (~12 oocytes/polyp) was notably lower than that of any of the treatment groups in our SCTLD study. For M. cavernosa, our observed average fecundity (112 oocytes/polyp) is within the range of the 62-139 oocytes/polyp found by Acosta and Zea (1997).

Among healthy O. faveolata, 100% of the samples at 5 of the 6 sites were gravid – a significantly higher proportion than for treated corals, which did not exhibit 100% gravidity at any of the sites (Figures 4A, 5). Healthy corals also had the highest fecundity of the treatment groups, but this was significant compared only to amoxicillin-treated corals. We would expect, based on resource allocation theory, for healthy corals to have the most energy reserves and thus potential for gamete presence and high fecundity. Indeed, reproductive studies on corals affected by white plague (Borger and Colley, 2010) and yellow band disease (Weil et al., 2009) both showed that disease-adjacent tissues had lower reproductive output than tissues further from lesions. However, some wild SCTLD-affected colonies have been observed spawning (Quiroz et al., 2023; Neely lab, pers. obs.), and we demonstrate here that most disease-adjacent tissues are still producing gametes, indicating that SCTLD infections do not prevent gametogenesis.

Fecundity analyses of diseased corals must take into consideration the state of the coral during the full gametogenic cycle, not just at the time of sampling. As samples were taken at the end of gametogenesis (just before spawning), actively diseased colonies had only been diseased for, at most, the last two months of gametogenesis, as corals showed no signs of disease during the previous monitoring period (Supplementary File 1). As SCTLD lesions progress rapidly across coral tissue (Florida Coral Disease Response Research & Epidemiology Team, 2018; Eaton et al., 2021), the core sites were only very recently (on the order of days) experiencing disease signs. Within these tissues, gametogenesis would have been expected to occur normally until disease lesions were proximal; therefore, we might expect healthy coral and diseased coral fecundity to be similar.

In treated corals, which were not diseased during sampling but experienced SCTLD earlier in the gametogenic cycle, infections may have caused a reallocation of energy reserves from gametogenesis to survival. That oocytes might be more detrimentally impacted than spermaries is also not surprising. Spermaries develop much later in the gametogenic cycle than oocytes and require less energy to produce (Szmant, 1991; Holstein et al., 2015). SCTLD infections earlier in gametogenesis may thus be more likely to impact oocyte development, and corals may preferentially reduce oocyte development over spermary development if energy reserves are limited.

Fecundity of actively diseased corals varied greatly depending on whether the corals were inshore or offshore (Figure 5), with diseased offshore corals showing high fecundity similar to healthy corals, while diseased inshore corals had almost no oocytes. We can only theorize why this geographic pattern exists, but one possible explanation is that inshore sites are subject to greater thermal stress during the summers than offshore sites. Corals at all three inshore sites exhibited paling during the previous (2021) summer while offshore corals did not. Paling and bleaching are known to negatively impact gametogenesis in subsequent years (Levitan et al., 2014; Leinbach et al., 2021). Though gametogenesis proceeded unimpeded in healthy corals at these inshore sites, perhaps the combined stressors of prior paling plus disease resulted in partial to total failure of gametogenesis in these corals, though as we suggest above, gametogenesis should have been well underway before disease lesions developed. This hypothesis, as well as other possible habitat-specific effects, would require further testing.

The disparity in diseased coral fecundity between habitats (Figure 5) also complicates our understanding of how amoxicillin treatments may or may not impact gametogenesis. At inshore sites, where diseased colonies’ fecundity was very low, treated corals’ fecundity was intermediate between healthy and diseased individuals. At offshore sites, where diseased coral fecundity was similar to that of healthy corals, treated coral fecundity was lower compared to both. It is possible that treatments and/or the presence of disease earlier in gametogenesis depressed fecundity compared to healthy corals. It is also possible that treatment of disease mitigated disease stress and allowed for improved gametogenesis compared to actively diseased corals. Most certainly, treatment of diseased corals prevented their probable mortality, which would eliminate all reproductive potential for the full lifespan of the colony.

The effects of amoxicillin on reproduction have been studied mostly in mammals. In the United States, amoxicillin is classed within USFDA pregnancy category B, meaning animal reproduction studies have failed to demonstrate a risk to the fetus (Briggs et al., 2011). Jepsen et al. (2003) found that babies born to women who had utilized amoxicillin during pregnancy had a slightly higher birth weight compared to controls, with the authors proposing this was likely a result of those fetuses not having infections that would cause lower birth rates. Studies of amoxicillin effects on reproduction in rodents also found no impaired fertility or harm to the fetus (Promoting the Quality of Medicines (PQM), 2017). However, Fahmy et al. (2017) did find increased sperm morphological anomalies in mice given high doses of amoxicillin-clavulanic acid. We found no such sperm anomalies in our coral samples.

Within the marine environment, studies of amoxicillin impacts are rare. In zebrafish, high doses of amoxicillin resulted in premature hatching of embryos (Oliveira et al., 2013). One non-reproductive study on a cnidarian (Hydra vulgaris) did not identify amoxicillin as being detrimental to survival, feeding, or bud formation (Pascoe et al., 2003). A recent paper by Renegar et al. (2024) assessed gametogenesis across seven O. faveolata colonies with various amoxicillin treatment histories and found no discernable patterns.

We would expect that if amoxicillin had a negative impact on fecundity, then increased amoxicillin treatments throughout gametogenesis would further decrease fecundity. In contrast, fecundity of treated corals had a positive relationship with the number of amoxicillin treatments applied in the year preceding core collections (Figure 7B). This is surprising in that, even assuming amoxicillin has no negative impact on gametogenesis, multiple treatment timepoints are also indicative of SCTLD occurrence at multiple timepoints. It is possible that, in addition to quickly halting disease and thus preventing any need for reproductive corals to redirect their energy resources, these treatments conferred other benefits on gametogenesis. Studivan et al. (2023) showed that these amoxicillin treatments “reset” gene expression pathways to those of healthy corals, which may benefit the immune response, and possibly confer advantages to gametogenesis. This hypothesis would, however, require further testing.

In summary, healthy corals had the highest oocyte presence (Figure 4A), fecundity (Figure 5), and oocyte size (Figure 6) of the three treatment groups. Among diseased corals, there was a distinct difference between low-fecundity inshore colonies and high-fecundity offshore colonies. Corals with disease earlier in their gametogenic cycle that were treated with amoxicillin had lower fecundity compared to healthy corals, but it is unknown whether this is due to the treatments themselves or the occurrence of disease during gametogenesis. The positive relationship between the number of times a coral was treated and fecundity (Figure 7B) suggests that it is not the treatment itself which depressed fecundity, but again this would require further testing. We show with certainty that treating corals with amoxicillin does not prevent gametogenesis, and by keeping these corals alive, amoxicillin treatments also allow the coral to contribute gametes for years to come.




4.2 Geography

Reproductive metrics were assessed across six Florida Keys reefs, including three onshore and three offshore sites (Tables 2, 3). Because treatment groups were uneven across sites, conclusions about geographic influences were drawn from healthy corals only.


Table 2 | Summary of significant differences for the reproductive metrics of healthy Orbicella faveolata and Montastraea cavernosa colonies between inshore and offshore locations.




Table 3 | Summary of significant differences for the reproductive metrics of healthy Orbicella faveolata and Montastraea cavernosa colonies among reef sites.



Oocytes were larger at inshore sites for O. faveolata, smaller at inshore sites for M. cavernosa, and greatest for O. faveolata on two inshore reefs – Newfound Harbor and Cheeca Rocks – than on many others. However, the differences are likely not biologically relevant as all fall within the expected size range for the species. There were no inshore/offshore differences in the proportion of healthy colonies with oocytes, the proportion with spermaries, or fecundity for either species. Coral fecundity studies in other regions have documented some inshore-offshore gradients. The coral Mussimilia braziliensis had higher fecundity at inshore reefs than offshore reefs off Brazil (Pires et al., 2011), and Pratchett et al. (2019) found higher coral fecundity at inshore Great Barrier Reef sites compared to mid- and offshore sites. However, the “inshore” locations in both of these studies were further from land than even our offshore reefs, and so conditions would not be expected to be comparable.

Our results show that corals at all sites were capable of producing gametes, and that with one exception, the inshore sites produced gametes at levels commensurate with offshore counterparts. While it is unknown why gamete percent presence and fecundity were lower at Newfound Harbor, it may be related to environmental differences including closer proximity to shore, shallower depth, and greater temperature variation compared to the other sites. Temperature loggers placed at Newfound Harbor the year preceding sampling recorded lower water temperatures during the previous winter compared to other sites, but temperatures aligned with other sites by March when gametogenesis typically begins. Paling and bleaching in the previous summer (2021) was also more notable at Newfound Harbor than at other sampling sites, which may have also impeded gamete development. However, these factors clearly do not limit gametogenesis entirely, as other corals at this site had normal fecundity values.

In general, these high-density inshore reefs appear highly capable of contributing reproductively to Florida’s Coral Reef. Because of the greater abundance, density, and diversity of corals at these sites, as compared to the depauperate offshore reefs, they are in fact more likely to have successful fertilization, and to provide a greater number of larvae to the system than offshore reefs. We suggest that their protection, including continuing SCTLD treatments to prevent mortality, be prioritized if preservation of reef-scale reproductive capacity is a management goal.
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