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Introduction

Coral species are negatively impacted by anthropogenic stressors worldwide. Nearshore coastal ecosystems provide an excellent study system for the investigation of the impacts of local land-based stressors such as nutrients on coral assemblages due to their proximity to land based sources of pollution. The nearshore environs of the Florida Keys are an intensively developed and intensively managed system; Florida Keys waters have been characterized by chronic eutrophication since 1999. Benthic communities are known to change or “shift” under chronic eutrophication.



Objectives

This research examines the patterns of occurrence in stony corals correlating to detailed nearshore water quality measurements. The questions addressed are a) What are the coral assemblages within 500 meters of the shoreline, and which species are resilient to these environs? b) How does water quality impact coral occurrence?



Methods

This study examined the immediate nearshore (0-500m) areas of 13 sites using a randomized blocked experimental design for both water quality and benthic sampling. Water quality parameters measured included chlorophyll-a, nitrates + nitrites (NOx), total nitrogen, total Kjeldahl nitrogen, total phosphorus, Salinity, pH, temperature, and dissolved oxygen. Benthic surveys documented stony coral occurrence using belt transects with point intercept measurements.



Results

Stony coral species occurrence was limited at most of the study sites. Siderastrea radians and Porites divaricata were the two common species that appear to have a higher tolerance to eutrophic conditions under these shallow water conditions. Of the 13 study sites, 2 sites had no coral species occurring; this analysis was based on the comparison between sites with and without stony coral species. Water column Chlorophyll-a, pH, dissolved oxygen saturation, temperature, NOx, N:P ratio, total nitrogen and total phosphorus were found to be significantly different between the sites with and without corals. Further multivariate analysis showed a clear clustering of the two groups.



Conclusion

The low overall diversity and the higher occurrences of stress tolerant species provide evidence of the effects of coastal eutrophication on the coastal Florida Keys ecosystem. Our data suggest that more conservative water quality thresholds should be posed to improve nearshore biodiversity and ecological functioning of coastal systems.
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1 Introduction

Worldwide, reef-building corals are experiencing an unprecedented decline due to human-induced stressors (Putnam et al., 2017; Good and Bahr, 2021). Corals are impacted by both global and local stressors, while in many instances, multiple stressors work synergistically to deteriorate coral survival and health (Ban et al., 2014; Ellis et al., 2019). Coral reef decline is often linked to the effect of localized stressors such as pollution, overfishing and coastal development (Zaneveld et al., 2016). Water quality has been recognized as one of the most important anthropogenic factors that affects coral health and survival (De’ath and Fabricius, 2010; Browne et al., 2015), critical indicators of coral health include coral biodiversity (De’ath and Fabricius, 2010) and species assemblage composition (Uthicke et al., 2010). Coral assemblages in nearshore habitats may play an important role in supporting and replenishing coral reefs through increasing their genetic diversity. Nearshore corals are exposed to greater environmental variability within these shallow habitats and might thus benefit coral resilience and influence long-term metapopulation persistence (Semon, 2007)

The Florida Keys (Florida, USA) is an intensely used and intensively managed system associated with the larger Everglades ecosystem of South Florida, and the Comprehensive Everglades Restoration Plan (CERP), the largest wetland restoration project in the world (McIvor et al., 1994; Lott, 1996, Office of National Marine Sanctuaries, 2011). Moreover, anthropogenic pressures such as coastal development, and tourism have had and continue to have an immense impact on the nearshore water quality of the area. This, in combination with a history of leaching from cesspits since 1940’s until advanced wastewater treatment installation in 2017, has contributed to poor water quality with the accumulation of nutrients in the nearshore environs (Lapointe et al., 1990; Paul et al., 1997; Montenero et al., 2020). A central component of Florida Keys coastal development is the presence of over 500 dredged residential canals and marinas; these exacerbate the accumulation of nutrients through a variety of processes (Montenero et al., 2020).

Water quality was first identified as a central challenge to Florida Keys marine resources by the Environmental Protection Agency (EPA) in 1999, and by 2017, advanced wastewater treatment had been implemented throughout the Florida Keys to reduce nutrient loading to the nearshore waters. Monroe County addressed this challenge of canal remediation within selected residential canals through demonstration projects designed to address nutrient loading. Elevated nutrient concentrations in the water column have been linked to the alteration and loss of diversity in nearshore marine communities (Lapointe et al., 1994; Fourqurean et al., 1995; Ferdie and Fourqurean, 2004; López et al., 2019). Nutrient pollution was cited as a major contributor to coral reef decline (NOAA,1988); sewage leaching into coastal waters was one of the factors that led to the formation of the Florida Keys National Marine Sanctuary (FKNMS) Act in 1990 which mandated a multi-agency Water Quality Protection Program (WQPP) (NOAA,1996). The WQPP program recognized that both local (within the FKNMS) and regional (i.e., on the South Florida mainland; wider Caribbean) sources of nutrient enrichment, must be addressed in coral reef management.

The effects of eutrophication on benthos in the Florida Keys have been well documented for seagrass communities. Seagrass exposed to eutrophic conditions experience excessive epiphyte growth (Frankovich and Fourqurean, 1997); seagrass communities can be displaced by competitive fast-growing benthic algal species (Armitage et al., 2005). Hard corals are affected by nutrients (Koop et al., 2001; Adam et al., 2021), though there is limited experimental evidence for the mechanisms by which elevated nutrient availability leads to coral decline (Szmant, 2002; Lesser, 2021). The creation of the FKNMS has led to long-term research initiatives to address the threats facing coral reefs (Lirman et al., 2011; Vega Thurber et al., 2014; Enochs et al., 2015; Neely et al., 2021). Less attention has been given to nearshore patch reefs and hardbottom communities that fall outside the FKNMS jurisdiction and are managed by Monroe County and State of Florida agencies. Nearshore communities have greater exposure for land-based sources of pollutants (Lapointe et al., 2004; Lapointe et al., 2019). This study is focused on the occurrence of stony corals in the immediate nearshore environs (i.e., adjacent to the shoreline up to 500m offshore) and the effects of local stressors on these communities.

Nutrient pollution has negative effects on coral ecology, from coral demography (Duprey et al., 2016) to specific physiological responses and promoting diseases at the population and species level (Browne et al., 2015). The symbiotic relationship of Scleractinian coral species with dinoflagellate algae (zooxanthellae) hosted in the tissue of the coral (Muscatine, 1990) is easily disrupted with water quality changes. Previous experiments have shown that elevated nutrient availability might negatively impact coral functions such as reproduction and calcification (Stambler et al., 1991; Loya et al., 2004; Dunn et al., 2012). Conversely, other studies have found a positive relationship between nutrients and coral functions such as growth rates (Koop et al., 2001; Bongiorni et al., 2003; Dunn et al., 2012). Nevertheless, it has been suggested that values in both the extremely low and extreme high levels of the nutrient concentrations on coral reefs are not optimal for coral health.

Therefore, levels beyond certain thresholds might be detrimental for coral health and occurrence, although these thresholds can be species-specific (D’Angelo and Wiedenmann, 2014). Past research suggested that concentrations of chlorophyll-a above 0.2 mg m−3, especially under chronic eutrophic stress can be unsustainable for coral communities at Great Barrier Reef (Bell et al., 2014). Further, stony coral percent cover in the Florida Keys (Looe Key, Lower Keys), have been negatively affected by anthropogenic nutrient inputs, over the past 30 years with Dissolved Inorganic Nitrogen and chlorophyll-a concentrations being highly correlated with coral degradation (Lapointe et al., 2019). Particularly, since the early 1990s chlorophyll-a concentrations have peaked at approximately 0.6 mg/l and have averaged 0.25 mg/l since 2000. For reference, the respective baseline value in the 1980s was 0.14 mg/l and thus an almost two-fold change has been observed (Lapointe et al., 2019).

This study examines a fine-scale water quality dataset collected over two years in nearshore waters linked to the occurrence of corals in the nearshore environs of the Florida Keys. The study elucidates the species of corals remaining in eutrophic areas throughout the Keys. The research addressed two questions: a) What coral species currently occur in the very nearshore environs in the Florida Keys? and b) Are there significant differences in the nearshore water quality between areas where corals are present and areas where corals are absent? Our initial assumption, based on benthic habitat maps created in the Florida Keys, is that corals should occur throughout the nearshore environs as suitable habitats are available, including seagrass beds, hard bottom, and patch reefs. We wish to understand the severity and extent of nearshore eutrophication, and how water quality may have impacted nearshore coral occurrence.



2 Materials and methods


2.1 Study areas and sampling methods

Thirteen study coastal sites were selected throughout the Florida Keys (Upper, Middle and Lower) on both the bay and ocean sides of the islands. The nearshore environs that extended from the shoreline up to 500m offshore were investigated for all sites. These sites were adjacent to both developed and undeveloped shorelines (Figure 1A). Water Quality and benthic sampling started in January 2019 and continued through May 2021.




Figure 1 | Map of the Florida Keys depicting the locations of all 13 study sites (A) and map showing the blocked experimental design (B).



This research is part of a larger project that examined the impact of water quality on nearshore diversity of the Florida Keys. The research design employed a stratified random block within a 40-block grid (200 m * 500 m grid subdivided into 50 x 50 m survey blocks). The blocks were divided in three different zones in which 0 to 100m correspond to Zone A; 100 to 300m correspond to Zone B; 300 to 500m correspond toZone C (Figure 1B; see Patus et al., 2022).

Benthic surveys were carried out throughout the sampling period, and a point intercept method was used along a 25-meter transect in randomly selected blocks. Each survey consisted of six replicates of a 0.5m * 0.5m quadrat deployed randomly along the transect line within each surveyed block. Quadrats were divided into a 16-point grid, and benthic epifauna and submerged aquatic vegetation species were recorded below each of these 16 points. Species occurrences were recorded at the functional group level (i.e., algae, seagrass, hard corals, soft corals, sponges, and other invertebrates) and at the species level. This research reports on the stony coral (Scleractinia) and fire coral (Hydrozoa; Milleporidae) occurrence across these three zones as related to 8 quarters of water quality measurements.

For the water quality measurements, the water column was sampled for nine water quality parameters over eight quarters (two years), resulting in a complete dataset for all 13 sites and all quarters; except the data corresponding to the first quarter of sampling at Long Key (22) site. Water quality measurements followed FL-DEP guidelines and all data is archived in the Florida Watershed Information Network (FL-WIN). Surface measurements of dissolved oxygen saturation (DO), pH, salinity, and temperature were recorded by a Yellow Springs Instruments ProQuatro multiparameter meter equipped with conductivity, pH, and DO sensors. Surface water grabs were collected, processed, and preserved and sent to a NELAP-accredited laboratory for determination of chlorophyll-a content, total phosphorous (TP), total nitrogen (TN), total Kjeldahl nitrogen (TKN), and nitrate + nitrite (NOx) concentration. The molar nitrogen-phosphorous ratio (N:P) was calculated by replacement of zero TP concentrations with the minimum nonzero value found within the TP dataset.

A large water quality dataset was developed in a two-year project studying nearshore Florida Keys ecology. Details of the water quality sampling and results are given in Patus et al., 2022. Each of the water quality parameters was subjected to interpolation by empirical Bayesian kriging (EBK) by quarter, within sites using ArcMap 10.5. Following the generation of these interpolated surfaces, the zonal statistics tool was used to extract the mean interpolated parameter value within each of the 40 blocks in each study area to be used for further statistical analysis. Quarterly data were condensed into a single value for each water quality parameter at each block in the sample area by calculating the bootstrapped (x 10,000) geometric mean of each indicator’s quarterly dataset within each block, resulting in a mean value for each parameter related to the centroid of every block in the sample areas. Due to the occurrence of zero values in the dataset, a modified formula for the calculation of geometric means that accounts for the presence of non-positive values (Habib, 2012) was used.

The data set compiled for this research only included the corresponding blocks that were surveyed for benthic community transects and the corresponding water quality dataset.



2.2 Summary statistics and statistical analysis


2.2.1 Coral occurrence description

To visualize coral species richness, a map with all the study sites and their corresponding species richness was constructed using ArcMap 10.5. The total occurrence of each species across all sites (measured in number of blocks in which each species was recorded) was also reported to allow for identification of the most abundant coral species occurring in the nearshore areas of the Florida Keys. A heatmap was designed to visualize the relative percent occurrence of each coral species within each study site, using the ggplot2 R package (Wickham, 2016). Due to the variation in sampling effort across sites, the coral occurrence values were normalized by site, as the quotient of the number of coral occurrences divided by the total number of points surveyed to allow for comparisons between sites (Supplementary Table 1). The small discrepancy between the overall normalized coral occurrences within each site (Supplementary Table 1) and the relative percent occurrence for each coral species within each site (Figure 2), are due to the fact that the former values were rounded to be used for the heatmap construction and that species with lower than 0.1% occurrence were excluded from the heatmap. Additional graphs depicting the species richness, Shannon’s diversity, and Pielou’s evenness per site were added as a supplemental figure to allow for diversity comparisons among Coral Present sites (Supplementary Figure 1).




Figure 2 | (A) Eutrophic conditions in nearshore benthic communities have created environmental conditions that are difficult for stony corals to recruit, survive and reproduce. (B) S. radians colonies in a hard bottom community off Lignum Vitae Key (C) P. divaricata colony in hardbottom community off Bahia Honda, and (D) P. astreoides off Geiger Key.





2.2.2 Water quality and coral occurrence

To explore the relationship between water quality and coral occurrence, two groups were formed. Sites 34 (Curry Hammock State Park) and 39 (Big Pine Key) comprised the “Coral Absent” group, since no coral species were recorded within these sites. All other sites, where there was at least one species recorded, comprised the “Coral Present” group. To test for statistically significant differences in water quality between Coral Present and Coral Absent groups, the mean water quality differences of the two groups (i.e., Coral Present - Coral Absent) were bootstrapped (R=1000, resample with replacement) for each parameter, and frequency histograms were created for each parameter. The corresponding mean values and 0.90 confidence intervals of the bootstrapped mean differences were used to test for significance between the groups. The simpleboot R package (Peng, 2019) was used to conduct the bootstrap and the ggplot2 R package (Wickham, 2016) to construct the histograms.

A Principal Component Analysis (PCA) was performed to further investigate the water quality and nutrient parameters that contribute the most to the differences shown between the two groups. Only the water quality parameters that presented significant differences between the two groups were included in this analysis. To reduce the noise in the graph, blocks were grouped by zones within each site and the mean within the zone for each parameter was used as input for the PCA. An Analysis of Similarities (ANOSIM) was conducted on this data set using Bray-Curtis dissimilarity distance metric and based on coral presence/absence grouping using the vegan R package (Oksanen J. et al., 2020). The contribution of each water quality variable to each of the dimensions of the PCA, was shown using a correlation plot, constructed using the corrplot R package (Wei and Simko, 2021). The ggplot R package (Wickham, 2016) and the ggpubr R package (Kassambara, 2020) were used to construct the PCA plot. All statistical analysis was conducted in R (R Core Team, 2020) using R Studio (RStudio Team, 2020).





3 Results


3.1 Coral occurrence and diversity

Several conspicuous coral species of the nearshore benthos in the Florida Keys are shown in Figure 3. Coral species richness is shown on a map of study sites with the corresponding number of stony coral species occurring. Two sites had no corals, 11 sites had from 8 to 2 coral species occurring. Two sites in the Lower Keys, Geiger Key and Bahia Honda State Park, had the highest number of coral species present, with 8 and 7 different species recorded respectively. Two sites in the Middle Keys, Marathon and Lignumvitae Key State Park, had 6 coral species occurring. Three sites in the Upper Keys presented the lowest coral species occurrence with 2 to 4 species occurring (Figure 4).




Figure 3 | Map of the study area in the Florida Keys. Each circle represents the coral species richness within the corresponding site. The two red dots represent study sites within which no coral species were recorded.






Figure 4 | Bar plot of coral species occurrence. Occurrence is measured in overall number of blocks that each species was recorded, while the aggregated percent occurrence (i.e., number of blocks where the species was recorded to total number of blocks surveyed) is shown next to each bar.



Small weedy coral species characterized the nearshore areas of the Florida Keys, and the most common coral species were Siderastrea radians and Porites divaricata with occurrences within 60 and 31 blocks respectively. The aggregated percent occurrence (i.e., number of blocks where the species was recorded to total number of blocks surveyed) was 27% and 14%. Favia fragum was present at 15 blocks with 7% aggregated percent occurrence and Solenastrea hyades was recorded within 12 blocks and 5% percent occurrence. Manicina areolata was present within 9 blocks overall (4% aggregated percent occurrence), S. siderea in 6 blocks (3%), P. astreoides in 5 blocks (2%). Dichocoenia stokesii, Millepora alcicornis, and Orbicella faveolata were recorded in 3 blocks (1%), while Meandrina meandrites, P. porites, and Pseudodiploria strigosa were the least common species and occurred within only one block (<1%) (Figure 2).

The within sites percent occurrence followed a similar pattern as the within sites species richness, with two sites in the Lower Keys, Bahia Honda, and Geiger Key, and Lignumvitae Key in the Middle Keys presenting the highest total percent occurrences, with 7%, 5.7%, and 4.2% respectively (Figure 5, Supplementary Table 1). Seven different coral species were recorded at Bahia Honda. S. radians and P. divaricata presented the highest percent occurrences within this site with 2.8% and 2.5% occurrence respectively. O. faveolata and F. fragum presented 0.6% occurrence, while S. siderea(0.2%), P. asteoides(0.2%), and M. alcicornis (0.1%) occurred in lower percentages (Figure 5, Supplementary Table 1) Within Geiger Key, S.radians presented the highest percent occurrence (4.4%), followed by P. divaricata(0.6%). F. fragum (0.3%), D. stokesii, P. astreoides, P.strigosa, and M. areolata were present in lower percent occurrences (0.1%). S. radians also occurred the most within Lignumvitae Key, with a 3.7% occurrence. P. divaricata (0.2%), S. hyades (0.2%), and S. siderea (0.1%) were present in lower percent occurrences, while P. porites and F.fragum were also part of the coral assemblage of this site yet their occurrences were lower than 0.1% and thus are not depicted in Figure 5.




Figure 5 | Heatmap depicting hard coral normalized percent occurrence for all species present within each study site. Percent occurrences lower than 0.1% for species within certain sites were excluded from the graph. Site names are shown on the y axis and species names on the x axis. Both sites and species are ordered from highest to lowest mean percent occurrence.



All sites in the Middle Keys presented an intermediate percent coral occurrence. At Marathon, the overall percent coral occurrence was 4%, from which 2.5% corresponded to S. radians occurrence, 0.7% to S. hyades, 0.3% to P. divaricata and F. fragum, and 0.1% to S. siderea and M. alcicornis (Figure 5, Supplementary Table 1). Rock harbor had 1.3% total coral occurrence, 0.9% of which was represented by S. radians, and 0.1% by each of the species S. hyades, P. divaricata, and M. areolata. The total percent occurrence for Little Torch Key was 1.2%. From this, 0.9% was S. radians, and P. divaricata, M. alcicornis, M. areolata, and D. stokesii, each accounted for 0.1% occurrence. P. divaricata was the most common species within Lower Matecumbe site with 0.9% occurrence, while M. areolata was the only other species found within this site with o 0.1% occurrence, accounting together for an overall 1% coral occurrence within this site. Conch Key presented a total coral occurrence of 0.9%, and M.areolata accounted for 0.5%, S. radians for 0.2%, while P. divaricata, F. fragum and M. meandrites accounted for 0.1% each. At Long Key, the total coral occurrence was 0.8%. S. radians and S. hyades occurred at 0.3% each of the total point surveyed, while P. divaricata and F. fragum were also present with 0.1% occurrence.

The Upper Keys presented the lowest coral percent occurrence. At Key Largo and Dagny Johnson, the total percent occurrences were 0.6% and 0.2% respectively. At Key Largo, F. fragum and S. radians accounted for 0.2% each. In addition, S. hyades and S.siderea accounted for 0.1% each. Dagny Johnson presented the lowest percent occurrence compared to all other sites with 0.3% total coral occurrence. P. divaricata accounted for 0.2% and S. hyades for 0.1%. (Figure 5, Supplementary Table 1).

A summary figure depicted species diversity values for each site. Bahia Honda presented the highest Shannon’s diversity index, species richness, and Pielou’s evenness index. At Geiger Key although the number of species was the highest, Shannon’s diversity was relatively low compared to all other sites, and evenness was the lowest of all sites. Dagny Johnson and Lower Matecumbe were the two sites with the lowest number of species and lowest Shannon’s diversity. Dagny Johnson presented low evenness yet Lower Matecumbe had a relatively high evenness (Supplementary Figure 1). A summary table is presented to allow for a numeric comparison between Coral Absent and Coral Present groups for all water quality parameters. This table gives the means and standard deviations by group for each water quality parameter (Table 1).


Table 1 | Summary of means and Standard Deviations (SD) of each water quality and nutrient variable for coral present sites and coral absent sites.





3.2 Water quality and coral occurrence

Chlorophyll-a, TP, and temperature were significantly higher for the Coral Absent group (The 90% confidence intervals around the mean differences between groups included only values < 0 when subtracting Coral Present from Coral Absent values). The mean chlorophyll-a concentration for the Coral Absent group was 0.54 ug/L and 0.34 ug/L for the Coral Present group (Figure 6A, Table 1).TP average value for the Coral Absent group was 0.0032mg/L while for the Coral Present group the corresponding value was 0.0010mg/L (Figure 6B, Table 1). Temperature mean value for the Coral Present sites was 27.36 °C, and 28.10 °C for the Coral Absent sites (Figure 6C, Table 1).




Figure 6 | Histograms depicting the frequency of bootstrapped mean differences for each of the water quality and nutrient parameters: (A).  depicting chlorophyll-a; (B). Total Phosphorus (TP); (C). temperature; (D). Dissolved Oxygen (DO); (E). pH units; (F). Nitrates and Nitrates (NOx); (G). N:P ratio; (H). Total Nitrogen (TN); (I). Salinity in ppt; and (J). Total Kjeldahl Nitrogen (TKN). The differences were calculated by subtracting the coral absence group values from the coral presence group values (i.e., coral presence- coral absence). For each parameter, the mean value of the differences is depicted with a vertical solid black line, while the confidence intervals (0.10, 0.90) are depicted with dashed lines. The red lines correspond to the zero value and are used for significance reference.



DO, pH, NOx, N:P ratio, and TN were significantly lower for sites within the Coral Absent group (the 90% confidence intervals around the mean differences between groups included only values > 0 when subtracting Coral Present from Coral Absent values). DO was lower on average within the Coral Absent sites (83.10%), compared to the Coral Present sites (89.61%) (Figure 6D, Table 1). The Coral Present group had a mean pH value of 8.07, and the corresponding value for the Coral Absent group was 7.99 (Figure 6E, Table 1). The mean NOx value was higher for the Coral Present sites (0.0044 mg/L) and lower for the Coral Absent sites (0.0022 mg/L) (Figure 6F, Table 1). The mean TN value within the Coral Present group was 0.16 mg/L and within the Coral Absent group was 0.12 mg/L mean value (Figure 5H, Table 1). As expected, the same was true for N:P ratio for which Coral Present sites had a value of 80.61, while Coral Absent sites presented a mean value of 33.08 (Figure 6G, Table 1).

The parameters that did not show significant differences between the two groups (the 90% confidence intervals around the mean differences between groups included only values = 0 when subtracting Coral Present from Coral Absent values) were salinity, and TKN. The mean salinity value for the Coral Present group was 36.03 ppt, and 36.01 ppt for the Coral Absent group (Figure 6I, Table 1). The TKN mean value was 0.15 mg/L for the Coral Absent group and 0.16 mg/L for the Coral Present group (Figure 6J, Table 1).

The significance of the overall model of the PCA (ANOSIM, R2 = 0.26, p=0.05), showed a clear separation of the overall water quality characteristics between the two groups as shown in the PCA biplot (Figure 7). Chlorophyll-a, pH, TP, followed by DO are strongly correlated with the first axis of the PCA. N:P ratio and TN were the parameters that were most strongly correlated with the second axis, followed TN(Supplementary Figure 2). The Coral Absent group is located in the lower left and lower right quadrants of the PCA. The variables (arrows) pH, and DO, were positively correlated with each other, while they are negatively correlated to chlorophyll-a, T, and TP. N:P, TN, and NOx are positively correlated to each and explain most of the variance within the Coral Present group. The variable T seemed to contribute the least to the overall variation of the samples as shown by the length of the corresponding arrow on the graph (Figure 7).




Figure 7 | Principal Component Analysis (PCA) biplot representing both PC of sites (depicted as dots) and water quality parameters (depicted as arrows). The length of the arrows represents the level of influence they have on the corresponding PC. Coral present sites are shown in blue color, while coral absent sites are shown in red color. Concentration ellipses are drawn around the 0.90 confidence intervals.






4 Discussion

The assumption entering in this study is that certain stony corals were and should be present in Florida Keys nearshore benthic communities. More specifically, 20 stony coral species were identified cumulatively during the years 1989-1996 within only one nearshore hardbottom site (Sullivan, 1993; Thanopoulou, 2022a). The coral assemblages in the nearshore Florida Keys today present an unprecedented loss of species diversity. This loss seems to be exacerbated by the chronic eutrophic conditions in these nearshore environs as confirmed by the present and previous studies, to the point where corals were completely absent from sites with more extreme eutrophic conditions. These results suggest that hard corals have water quality thresholds, beyond which corals may not persist in ecologically meaningful populations. The research addressed two questions: a) What is the stony coral species assemblage in the nearshore environs in the Florida Keys? and b) Are water quality parameters significantly different between sites characterized by coral presence and sites that are completely devoid of corals? The results showed very few species of corals in the nearshore environs, and a strong correlation between coral occurrence and eutrophic conditions.


4.1 Loss of Coral Species in Nearshore environs

The nearshore coral assemblages in the Florida Keys are now characterized by low species richness and low overall occurrence, with only a few sites and few species deviating from this pattern. This research illustrates the paucity of coral species in nearshore environs of the Florida Keys, a finding that was inconsistent with past assessments. Surveys of Florida Keys nearshore benthic communities from 1989 to 1993 reported Solenastrea bournoni and Occulina diffusa accounted for over 90% of the total hard coral cover (Chiappone and Sullivan, 1994). However, neither species was recorded in the present study. Moreover, up to 12 hard coral species were reported within only one study site (Chiappone and Sullivan, 1994) whereas in the present study, the highest species richness within a single site was 8 species, with an overall Keys-wide richness of 13 species. Nonetheless, the hard coral species assemblage described in 1994 was similar to the species assemblage described in this study, except for the two aforementioned species. Loss of stony coral species is a widespread phenomenon across the Florida Keys, with the Florida Reef Tract and the nearshore patch reefs presenting a striking decline in species richness and live coral tissue cover over the past years (Montenero et al., 2020).

Regarding the diversity indexes, the two sites with the highest species richness (i.e., Bahia Honda and Geiger Key) presented a different pattern in terms of Shannon’s diversity and evenness. The low diversity and the even lower evenness at Geiger Key suggest that there was dominance of certain coral species, which was not true for Bahia Honda. As suggested by Figure 5, S. radians was the dominant species within Geiger Key and is presumably the species that drove evenness so low. A similar trend is observed within the two sites with the lowest species richness: Lower Matecumbe and Dagny Johnson, where the first presented high evenness relative to the second. Again, one of the most common species across our study sites (P. divaricata) was the driver of this divergence between these two sites. These inconsistencies in species diversity and evenness between sites characterized by the same species richness suggest that S. radians and P. divaricata often occur in unbalanced abundances compared to other coral species within the nearshore areas of the Florida Keys. The species S. radians and P. divaricata were the most common within these nearshore environs (Figures 2 and Figure 5). This finding is in agreement with previous studies that have described these two species as common in the nearshore hard-bottom communities (Chiappone and Sullivan, 1994; Fletcher et al., 2013). Moreover, S. radians is a species well known for its resilience in environments with high sedimentation and environmental fluctuations such as salinity abnormalities (Lirman and Manzello, 2009). Despite this naturally occurring stress tolerance due to often exposure to environmental extremes, S. radians’ resilience can be significantly reduced leading to increased mortality under chronic stressors (Lirman and Manzello, 2009). Further, the stress tolerance of S. radians and P. divaricata to temperature and salinity extremes did not make them immune to other stressors such as ocean acidification which was shown to heavily impact S. radians’ calcification rates (Okazaki et al., 2013) and the survival of P. divaricata under extreme acidic pH conditions (Crook et al., 2012). Besides, the health and reproductive output of these populations seems to be impaired. S. radians is a small gonochoric encrusting species whose larvae release is not based on lunar cycles (Szmant, 1986), therefore a continuous presence of recruits would be expected within a healthy population in an ideal environment. A past study suggested that healthy coral populations (including S. radians populations) produced higher number of larvae per unit cover when compared to declining populations (Hartmann et al., 2018). Although not directly measured in this study, the presence of coral recruits of this species was scarce (only observed at Lignumvitae Key). These two findings combined, suggest that even in species that seemingly persist within these environments, unobserved sublethal effects might undermine their long-term viability. Sublethal effects such as stony coral disease leading to loss of coral populations have been previously linked to poor water quality and heat stress (Precht et al., 2016; Lapointe et al., 2019).

An additional factor that may have played a role in the low observed hard coral occurrence of this study is the lack of appropriate substrate. The nearshore benthic communities in the Florida Keys are comprised largely by seagrass beds as well as hard bottom communities (Lirman et al., 2019). In fact, seagrass was the dominant benthic community type within our study sites and occurred within over half of the total area surveyed (Thanopoulou, 2022b). Therefore, the dominance of seagrass meadows versus hardbottom communities that are considered as a more appropriate substrate for corals may have played a role in the low overall coral occurrence within our study sites. However, the presence of certain Scleractinia coral families such as Poritidae and Siderastreidae has been previously associated with seagrass communities (Lohr et al., 2017) and this pattern was also observed within the present study, where the species P. divaricata was common within seagrass communities (Thanopoulou, 2022b). Additionally, hard-bottom communities were also common within our study sites and thus it may not be inferred that the lack of appropriate substrate was the sole reason for the low coral occurrence. This variability in naturally occurring habitats was also true for the Coral Absent sites, where four different types of communities were recorded: hardbottom, seagrass beds, algal beds, and infauna/soft sediment communities (Thanopoulou, 2022b) making it unlikely for the complete lack of corals to be attributed to the absence of coral settlement appropriate habitat.



4.2 Water quality and chronic eutrophic conditions at Coral Absent sites

The significant differences observed between Coral Absent and Coral Present sites for numerous nutrient and water quality parameters support the idea that water quality plays an important role in corals’ occurrence. The Coral Absent sites were characterized by higher chlorophyll-a, TP, and temperature, more acidic pH, lower DO, NOx, TN, and N:P ratio (Figure 6).

The high concentrations of chlorophyll-a in the water column throughout the 2-year study, suggest that the nearshore areas of the Florida Keys are suffering from chronic eutrophication. High chlorophyll-a concentrations have been previously linked with coral reef decline (Bell et al., 2014; Seemann et al., 2014; Guo et al., 2019). The negative effects of eutrophication on coral reefs (Bell, 1992) include reduced biodiversity (Duprey et al., 2016) and increased coral-algae competition by favoring the increase of benthic algae (Koop et al., 2001). The mean values of both groups (Coral Present and Coral Absent) for chlorophyll-a were above the limit set by the Florida DEP (0.2-0.3 ug/L), suggesting that the nearshore areas are highly eutrophic. Furthermore, previous studies in the Florida Keys and elsewhere have suggested that for chlorophyll-a concentrations above 0.2 ug/L that persist through time, impacts on coral communities may be detrimental (Bell et al., 2014; Lapointe et al., 2019). Even so, some coral species seem to have been adapted within these highly eutrophic environments (Figure 4). However, the higher chlorophyll-a content within the Coral Absent sites may indicate that even coral species seemingly adapted within these environments may present specific chlorophyll-a thresholds beyond which their survival is threatened.

Temperature has been linked to severe effects on corals (Hoegh-Guldberg, 1999) and was higher within the Coral Absent sites. Temperature anomalies and especially higher than normal temperatures have been shown to affect the coral holobiont both directly, for example by causing bleaching (Brown, 1997; McWilliams et al., 2005) and indirectly by increasing coral susceptibility to pathogens (Rosenberg and Ben-Haim, 2002). Moreover, temperature has been suggested as one of the most influencing stressors when it comes to synergistic stressor effects on coral reefs (Ban et al., 2014). In the present study, although the mean value for either of the groups was not extremely high, temporal variation in temperature was not captured in the mean values and thus temperature extremes were not represented by the analysis. Furthermore, these shallow areas might be disproportionately affected by temperature extremes when compared to coral reefs in deeper environments. The increased turbidity in the water with higher Chlorophyll-a concentrations can add to the heat absorption and higher temperatures in very nearshore areas. This interconnection between temperature and water turbidity was a decisive factor for the inclusion of a physical parameter such as temperature in an analysis mostly composed by anthropogenic eutrophication stressors.

DO plays an important role in coral occurrence. The lower saturation of DO within the Coral Absent compared to Coral Present sites illustrates the necessity of higher dissolved oxygen concentrations for corals to occur. Hypoxia is yet another factor that is increasingly threatening coral reefs, and a few recent studies have tried to raise awareness concerning this matter (Nelson and Altieri, 2019). Oxygen affects various aspects of coral physiology such as photosynthesis (Finelli et al., 2006), calcification (Colombo-Pallotta et al., 2010), and respiration (Shick, 1990). Both hypoxia and hyperoxia may act as stressors on coral reefs and their direct and indirect effects have been effectively summarized in a recent study (Nelson and Altieri, 2019). Hypoxia tolerance among different taxa and different species naturally varies and therefore a single threshold is impossible to implement, considering this variation. A past study showed that hypoxia may vary vastly between taxa, with certain species being impacted by DO as low as 0% while others present a hypoxia threshold for certain functions as high as 75% saturation (Gray et al., 2002). Moreover, duration, frequency, and severity of hypoxic conditions should be considered when imposing dissolved oxygen thresholds. The DEP limit seems to be reflecting this, since it is stated that the 30-day average DO% saturation should not be below 56% more than once per year (DEP, 2016). Although this limit was not exceeded even within the Coral Absent group, it should be mentioned that often hypoxia thresholds fail to consider sublethal effects and might therefore not be appropriate for the survival and health of all benthic organisms.

Various studies have experimentally confirmed the negative influence of low pH on coral growth (Venn et al., 2013) and reproductive success (Albright and Langdon, 2011). Additional studies have suggested that ocean acidification may work in tandem with other stressors such as global warming and high nutrient concentrations to exacerbate coral health by causing bleaching and increasing bioerosion rates (Anthony et al., 2008; DeCarlo et al., 2015). These findings support the idea that pH plays an important role in coral occurrence in the present study, since the Coral Absent sites presented significantly lower pH (more acidic) when compared to the Coral Present sites (Figure 6E). As shown in Table 1, the difference is only in the range of <0.1 units, however, calcifying organisms such as corals are highly susceptible to such small changes. Nevertheless, this ecologically significant sensitivity does not seem to be reflected in the pH limits set by the Florida DEP. The lower DEP limit is set to pH=6.5 (DEP, 2016) and is unreasonably acidic for calcifying organisms to survive.

Nutrient enrichment is the driving factor behind eutrophication and nitrogen and phosphorus are two of the elements that studies have focused on when discussing the effects of nutrient enrichment on coral reefs. High nitrogen concentrations have been found to negatively impact coral physiology by reducing their heat tolerance and calcification rates. Moreover, nitrogen enrichment has been found to cause various indirect effects such as increased coral disease vulnerability via increases stimulation of viruses (Thurber et al., 2017) and pathogenic bacteria (Barott and Rohwer, 2012). Predominantly, skewed stoichiometries of inorganic nitrogen and phosphorus have been shown to impact zooxanthellate coral species (Wiedenmann et al., 2013; D’Angelo and Wiedenmann, 2014; Rosset et al., 2017). A recent study that investigated the impact of nitrogen and phosphorus enrichment and skewed N:P stoichiometry on coral skeletal growth, suggested that under nutrient limited (i.e., either N or P is in low concentrations) conditions, skeletal growth was limited (Buckingham et al., 2022). Nevertheless, the authors pointed out that sensitivity of coral responses to nutrient changes is taxonomy specific and that N:P environmental ratio should be considered when drawing conclusions.

In the present study, the Coral Absent sites had an overall lower TN and NOx concentration (nitrites and nitrates), as well as lower N:P ratios than the Coral Present sites, while at the same time the TP concentrations were higher. Even though the Coral Present sites had higher NOx concentrations and N:P ratios when compared to the Coral Absent sites, both groups seem to have a highly skewed N:P stoichiometry. Although the higher N values within the Coral Present sites are opposite to what we would have anticipated, the fact that both groups deviated markedly from the expected 16:1 N:P Redfield Ratio (Redfield, 1958) suggests that the nearshore environs of the Florida Keys are suffering from nutrient enrichment that has possibly shaped the corresponding coral assemblages. However, it is worth noting that as shown in the PCA, the high nitrogen values within the Coral Present group were strongly related to the site 04- Key Largo (Figure 7) which was one of the sites that presented the lowest overall percent occurrence of corals (Figure 5). Moreover, the low concentrations of TP within both groups are driving the N:P ratio even higher, adding to the negative effects of skewed stoichiometry on coral health. In fact, the N:P ratio presented a fivefold deviation from the Redfield ratio for the Coral Present sites and a little over twofold increase for the Coral Absent sites. In summary, our results show a positive correlation of Coral Absent sites with high TP, but all nitrogen related parameters did not correlate as direct drivers of coral loss. However, the highly skewed N:P stoichiometry at all sites suggests that although nitrogen was not directly correlated with coral loss, it may act a secondary stressor to stony corals throughout these nearshore areas. Nevertheless, it should be mentioned here that most studies have been focused on the sublethal effects of nutrification and have taken place in controlled experimental settings. The analysis in the present study has focused on the differences between Coral Present and Coral Absent sites and did not consider any coral physiology responses. Therefore, additional ecosystem processes and/or environmental parameters not taken into consideration in this analysis might be playing a role since this was an in-situ study with no nutrient concentration manipulation.

Although salinity is often a factor considered as a stressor for coral survival (Kuanui et al., 2015) and coral physiology and health (Hoegh-Guldberg and Smith, 1989; Dias et al., 2019), there was no direct indication in the present study that this parameter might have affected coral presence. This might be explained by the fact that while nutrients may enter the water column through point sources of pollution, salinity is influenced at a more regional scale. Therefore, highly localized salinity conditions were not expected to be observed. The same was true for TKN which represents the amount of organic and ammonia forms of N, for which no differences between the two groups were observed. However, sampling frequency in this study may have missed the possible effects of extreme rainfall events that might have caused large salinity fluctuations within these nearshore environments.

The idea that specific water quality and nutrients are strongly influencing coral survival within the study sites, was further supported by the findings of the PCA (Figure 7). The clustering of the sites corresponding to the Coral Absent and Coral Present groups reflects the differences of water quality and nutrient conditions observed between groups. Most of the parameters previously found to have significant differences between the groups are shown to be driving the presence/absence of corals. More specifically, Coral Absent sites are characterized by higher chlorophyll-a, higher TP, higher T, lower DO, and more acidic pH. However, the PCA suggested that N was not one of the nutrients that influenced coral presence/absence, yet it explained some of the overall model variance most notably due to the high N values within the Coral Present site 4 (Key Largo) (Figure 7).

Overall, quarterly sampling may have missed a large amount of variance of water quality parameters as well as large and rapid fluctuations such as these caused by extreme weather events. Thus, the data may have been kept within a narrow and less representative of reality range of values which would not be expected, in-and-of themselves, to affect coral survival.



4.3 Conclusions and implications for coastal management

Water quality, including physical characteristics and nutrient concentrations play a crucial role in coral ecology in nearshore benthic environs of the Florida Keys. Our results suggest that the role of pH, DO, chlorophyll-a, and TP as water quality parameters that shape coral assemblages to the point of determining coral presence or absence. Annual mean values of pH ≤ 7.99, DO ≤ 83.10%, Chlorophyll-a ≥ 0.54 ug/L, and TP ≥ 0.0032 mg/L are detrimental for coral survival. These mean parameter value thresholds can be used as a baseline for future ecologically meaningful management and conservation efforts. This study suggests that if eutrophication within these nearshore communities persists, exacerbated water quality impacts will result in a decrease in hard coral occurrence, with a potential consequence of the complete disappearance of functional coral populations.

Future studies examining the impact of eutrophication on coral assemblages in the nearshore areas should also focus on the sublethal effects on corals. Furthermore, additional water quality parameters known to be affecting coral survival such as turbidity should also be investigated. This study highlights the need to reassess the way in which water quality regulations are defined in terms of ecological impacts, especially phase shifts in coastal systems. Ecosystem health in general and more specifically coral health should be considered when mitigating water quality in management and conservation planning. Nutrients and the abiotic parameters measured in this study are only one aspect of the overall water quality in the nearshore areas of the Florida Keys. Other pollutants have been shown to affect marine organisms and especially corals (Nalley et al., 2021) and were not considered in this study. Contaminants and pathogens are also major components of water quality and may play an important role in coral occurrence. We suggest that water quality thresholds linked to ecological metrics should be established to account for the synergistic effects of stressors (such as climate change -induced thermal stress) acting upon benthic communities. Stony corals may be a critical component of benthic biological diversity that can be monitored to measure success of water quality mitigation measures.
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Supplementary Figure 1 | Diversity plots depicting Shannon’s diversity indexes (A), species richness (B), and Pielou’s evenness (C) for each Coral Present study site. Sites are presented in descending order for species richnes (B) and each site is represented with a different dot color.

Supplementary Figure 2 | Correlation plot of contributing variables and dimensions of the principal components to highlight the most contributing variables for each dimension.
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Summary of means and Standard Deviations (SD) of each water quality and nutrient variable for coral present sites and coral absent sites. Parameters that were higher for the Coral Absent

group were chlorophyll-a, TP, and temperature. Parameters that were higher in the Coral Present group were DO saturation, pH, NOx, N:P ratio, and TP. Salinity and TKN were not
significantly different between the two groups.
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