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Sedimentation is a critical threat to coral reefs worldwide. Major land use alteration at steep, highly erodible semi-arid islands accelerates the potential of soil erosion, runoff, and sedimentation stress to nearshore coral reefs during extreme rainfall events. The goal of this study was to assess spatio-temporal variation of sedimentation dynamics across nearshore coral reefs as a function of land use patterns, weather and oceanographic dynamics, to identify marine ecosystem conservation strategies. Sediment was collected at a distance gradient from shore at Bahia Tamarindo (BTA) and Punta Soldado (PSO) coral reefs at Culebra Island, Puerto Rico. Sediment texture and composition were analyzed by dry sieving and loss-on-ignition techniques, and were contrasted with environmental variables for the research period (February 2014 to April 2015). Rainfall and oceanographic data were analyzed to address their potential role on affecting sediment distribution with BEST BIO-ENV, RELATE correlation, and linear regression analysis. A significant difference in sedimentation rate was observed by time and distance from shore (PERMANOVA, p < 0.0100), mostly attributed to higher sediment exposure at reef zones closer to shore due to strong relationships with coastal runoff. Sedimentation rate positively correlated with strong rainfall events (Rho = 0.301, p = 0.0400) associated with storms and rainfall intensity exceeding 15 mm/h. At BTA, sediment deposited were mostly composed of sand, suggesting a potential influence of resuspension produced by waves and swells. In contrast, PSO sediments were mostly composed of silt-clay and terrigenous material, mainly attributed to a deforestation event that occurred at adjacent steep sub-watershed during the study period. Spatial and temporal variation of sedimentation pulses and terrigenous sediment input implies that coral reefs exposure to sediment stress is determined by local land use patterns, weather, and oceanographic dynamics. Comprehensive understanding of sediment dynamics and coastal ecosystem interconnectivity is fundamental to implement integrated and adaptive management strategies aimed to promote sustainable development at watershed and island wide-scale to fully mitigate terrigenous sediment impact to marine ecosystems. Furthermore, decision-making processes and policy needs to address sedimentation stress in the context of future climate to reduce land-based threats and strengthen coral reef resilience.
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INTRODUCTION

Coral reefs are highly productive ecosystems, which provide vital ecological services that sustain human coastal communities' livelihoods (Moberg and Folke, 1999; Roberts et al., 2002; Barbier et al., 2011). Nevertheless, live coral cover decline and coral reef habitat degradation have been documented in the Caribbean region during recent decades (Gardner et al., 2003; Wilkinson and Souter, 2008; Hughes et al., 2010; Jackson et al., 2014). Coral reef degradation has been mainly attributed to a combination of cumulative and synergistic effects from diverse human-induced stressors, including global climate change (Hughes, 1994; Wild et al., 2011; Hernández-Delgado, 2015). Coastal sediment fluxes produced by sediment-laden runoff have been identified as one of the primary causes of coral reef habitat degradation (Rogers, 1990). Sedimentation is a natural process defined as the distribution of unconsolidated particles (derived from terrestrial or marine sources) through fluvial hydrodynamic means that interconnects the terrestrial, coastal, and marine ecosystems (Apitz, 2012). Thus, there is a major concern regarding the potential influence of unsustainable development of arid watersheds and projected climate variability (i.e., increased frequency of extreme rainfall events) on fluvial sediment delivery to nearshore ecosystems of small tropical islands (Brooks et al., 2007; Smith et al., 2008; Hernández-Delgado et al., 2014a).

Trends of unsustainable urban sprawl and deforestation at sensitive coastal areas, such as arid steep slopes, increase watersheds' vulnerability to erosion during extreme rainfall episodes (Nemeth and Sladek, 2001; Hernández-Delgado et al., 2012, 2014a; Ramos-Scharrón et al., 2012; Gellis, 2013; Edmunds and Gray, 2014). Sediment yield and influx from arid coastal watersheds into marine ecosystems vary in response to the watershed's catchment size, slope, land use patterns, and local rainfall volume and intensity (Rogers, 1990; Ramos-Scharrón and MacDonald, 2007; Rodrigues et al., 2013; Browning et al., 2016). In addition, seasonal meteorological and oceanographic forces, which are related to wind, wave and currents, influence local hydronamics, affect sediment distribution along the coastal marine environment (Ogston et al., 2004; Storlazzi et al., 2009). Spatial and temporal sediment dynamics along near-shore coral reefs emphasize existing land-sea and climate interactions. Therefore, to address sediment dynamics it is important to tackle terrestrial impacts, at the watershed scale, of local weather and oceanographic forces.

Elevated suspended sediment loads and accumulation rates have been associated with coral bleaching, partial colony mortality, reduced growth rates, lower coral recruitment rates, declining species diversity, and coral tissue damage (Loya, 1976; Rogers, 1983, 1990; Cortés and Risk, 1985; Richmond, 1997; Torres and Morelock, 2002; Nugues and Roberts, 2003; Fabricius, 2005). Thus, when sedimentation rates abruptly increase, the ecosystem capacity to adapt and cope with ongoing and further change is compromised (Hughes et al., 2010; Fabricius, 2011). Sedimentation impact on coral reef benthic habitat has been related to the sediment accumulation rates, which in turn have been associated with sediment grain size and composition, and have been identified as key factors that determine sediment distribution and the magnitude of influence on coral reefs health (Nugues and Roberts, 2003; Weber et al., 2006; Fabricius, 2011). Thus, there is a major concern about the effects of sedimentation fluxes along near-shore coral reefs in tropical regions. As extreme rainfall events associated with erosion, runoff and sedimentation stress become more recurrent, coral reefs become more susceptible to phase shifts on their benthic community structure favoring dominance of species resistant to sedimentation (Loya, 1976; Hernández-Delgado et al., 2009; Bégin et al., 2013).

Currently, there is a general lack of quantitative information regarding sediment dynamics along near-shore coral reefs surrounding small semi-arid islands. At the same time, there is a need to understand the effects of changing land uses, local weather, and oceanographic conditions on coastal sediment distribution processes. Understanding the spatial and temporal sediment accumulation rates and sediment properties along targeted restoration sites has the potential to enhance management actions effectiveness in order to prevent further coral reef degradation due to local sedimentation stress. This information is of particular importance when it comes to marine conservation because it can provide the foundation for decision-making regarding integrated watershed and coral reef management aimed to reduce land-based source pollution (LBSP) and coral reef decline.

This study assessed and analyzed sediment spatio-temporal dynamics along two near-shore coral reefs of Culebra Island, Puerto Rico, in the northeastern Caribbean Sea. Culebra's coral reef benthic communities have been recognized to possess high biodiversity and benthic assemblages representative of the northeastern Caribbean region (Hernández-Delgado, 2000, 2003). The island's tropical semi-arid climate and ephemeral stream flow regime have often low influence on sediment input to its coastal waters. This historical trend persists when coastal watersheds remain undisturbed, thus providing optimum conditions for the development of healthy coral reefs (Ramos-Scharrón et al., 2012). However, an increasing trend of unsustainable development, alteration of coastal watersheds, and bare soil exposure have increased sediment delivery to Culebra's coastal waters during heavy rainfall events and have caused a live coral cover decline (Ramos-Scharrón et al., 2012; Hernández-Delgado et al., 2014a). The susceptibility of soil erosion by storm water runoff is aggravated by a general lack of appropriate sediment erosion control practices, the extension of dirt roads network, and the deforestation of coastal buffer zones (Ramos-Scharrón and MacDonald, 2007; Hernández-Delgado et al., 2011, 2012, 2014a; Ramos-Scharrón et al., 2012; Sturm et al., 2014). At the same time, an increase in popularity of Culebra Island beaches has intensified the use of coastal areas by increasing vehicle traffic (Hernández-Delgado et al., 2014a). These combinations of emergent land use activities have resulted in coastal gully erosion, and sediment influx increase to coral reef study sites. In the last decade, sedimentation threats to coral reef ecosystems have become a local management priority to conserve Culebra's valuable coral reefs (DNER, 2013).

The goal of this study was to assess sedimentation spatio-temporal patterns and dynamics across near-shore coral reef ecosystems as a function of contrasting land use, precipitation, and oceanographic hydrodynamics. Therefore, this study aimed to (i) assess spatial and temporal sediment accumulation rates, grain size, and composition, and (ii) assess spatial and temporal variability of sedimentation dynamics as a response to meteorological and oceanographic conditions in two near-shore coral reefs in small semi-arid island of Culebra.

MATERIALS AND METHODS

Data Acquisition, Field Sampling, and Laboratory Analyses

Culebra Island is a mid-shelf semi-arid island located 27 km off the eastern coast of Puerto Rico, in the northeastern Caribbean Sea. The study was conducted from February 2014 to April 2015 across two leeward coral reef locations: Bahía Tamarindo (BTA, 18°18′ N, 65°19′ W) and Punta Soldado (PSO, 18°16′ N, 65°17′ W; Figure 1).
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FIGURE 1. Study site at Culebra Island, Puerto Rico. BTA, Bahia Tamarindo; PSO, Punta Soldado.



Sediment samples were collected on PVC cylinder sediment traps with a height of 22 cm and circular aperture of 5.5 cm (4:1 height to diameter ratio), following Storlazzi et al. (2009) recommendation for aspect ratio. Sediment traps were deployed 40 cm above sea floor at both sites. The study consisted of 12 sampling periods with an average of 30 days. Sediments deposited on each trap were used to estimate vertical flux of sediment particles as a proxy of sedimentation rate (Smith et al., 2008; Storlazzi et al., 2011). Sampling stations consisted of three replicate traps located across two distance zones from the coastline. Zone A (<60 m from shore) had a depth range from 1.5 to 3 m, and zone B (>60 m from shore) had a depth range from 3 to 6 m. In BTA there were three sampling stations along zone A and two along zone B, with a total of 15 sediment traps. In PSO there were a total of two sampling stations along zone A and B, with a total of 12 sediment traps. Traps were capped underwater and placed on a dark environment and laboratory room temperature until analyzed within 72 h.

In the laboratory, supernatant water was siphoned until water reached 2.4 cm on top of sediment deposited on the sediment trap. The remaining water and sediment sample was decanted to centrifuge tubes and processed in a Centrifuge 5810 Eppendorf for 5 min at 3,500 rpm. Supernatant water was decanted and sediments were placed in an evaporating dish to oven dry at 60°C for 24 h, or until a constant weight was achieved (Edmunds and Gray, 2014). Total dry sediment weight was recorded on an electronic analytical balance. Sedimentation rate was calculated with the diameter of the sediment trap (r) and days of trap deployment following Equation (1) (Rogers et al., 1994; Storlazzi et al., 2009; Edmunds and Gray, 2014).
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Consolidated dry sediment was disaggregated in a ceramic mortar. Sediment texture was analyzed through dry sieving techniques to classify particles into grain size, silt-clay (<63 μm, 4 Φ), and sand (>63 μm, 4 Φ) fractions (Folk, 1974). Silt and clay particles are recognized to originate from terrigenous sources and calcareous sediments are derived from biological sources and processes in the marine environment (Torres and Morelock, 2002; Hernández-Cruz et al., 2009; Edmunds and Gray, 2014).

The organic matter, carbonate, and terrigenous composition of sediment samples were determined stoichiometrically, with a sequential weight loss following the Loss on Ignition (LOI) method (Heiri et al., 2001; Edmunds and Gray, 2014). Subsamples (at least 500 mg) of sand and silt-clay portions were placed on pre-weighed crucibles and were burnt on muffle furnace for 3 h at 550°C to assess organic carbon composition. Sediment weight loss was recorded and samples were exposed for 3 additional hours at 950°C to assess the carbonate fraction (Bengtsson and Enell, 1986; Heiri et al., 2001; Edmunds and Gray, 2014). Terrigenous sediment proportion (%) was calculated by subtracting the organic and carbonate proportion from sample weight prior to LOI. Afterwards, this proportion was multiplied by the sediment accumulation rate to get the terrigenous sediment accumulation rate (Gray, 2012).

Rainfall intensities were documented with a HOBO RG3 (Onset Computers, Co.) rain gauge located at a coastal watershed adjacent to coral reef study sites. Total monthly rainfall data were acquired from Culebra Hill station of National Weather Service online database (https://www.ncdc.noaa.gov/cdo-web/datatools/findstation), while historical rainfall data were acquired from a local resident rain gauge (W. Kunke, unpub. data). Simple daily intensity index was calculated as the ratio of total precipitation to number of wet days (mm/day) according to Zhang et al. (2011) to assess the relationship with sedimentation dynamics in the coral reef. Other abiotic variables related to oceanographic hydrodynamics, such as wave height, dominant wave period, wind speed, and wind gusts were acquired from the Caribbean Integrated Coastal Ocean Observing System (CariCOOS) online database (http://www.caricoos.org/data-download, buoy NDBC 41056 located at Vieques sound.

Statistical Analyses

Sediment data were tested using four-way non-parametric permutational analysis of variance (PERMANOVA) and pair-wise comparison for the fixed factors of seasons, time, site and distance from shore (Anderson et al., 2008). Significant relationship was identified by factors that had P < 0.0500. Ranks ordering of dissimilarities were acquired through Euclidean distance resemblance measure (Clarke et al., 2014). Non-metric multi-dimensional scaling (nMDS) and principal coordinate ordination analysis (PCO) were afterwards tested to acquire a display of the spatial and temporal patterns of variation (Anderson et al., 2008). The nMDS and PCO ordination analysis provided a simple graphical representation in low dimensional space (two or three dimensions), where points represented assessed sediment characteristics, and the distance between points preserved the original rank order of dissimilarities (Anderson et al., 2008; Clarke et al., 2014). Therefore, the nMDS and PCO ordination techniques provide a straightforward interpretation of multivariate data showing how much sediment samples relate to each other, or how much relationship exists between the factors being analyzed (Chariton et al., 2016). The centroids from multivariate sediment data and the Euclidean distance from each pair of centroids were used to create the PCO ordinations plot (Gower, 1966; Anderson et al., 2008). Vectors were superimposed to assess how sediment and environmental factors explained spatio-temporal variation. BEST BIO-ENV and RELATE (Spearman rank) correlations were used to determine the best environmental variables that explained observed sedimentation patterns (Clarke and Ainsworth, 1993). Analyses were conducted in PRIMER v7 and PERMANOVA v1.16 statistical programs (Plymouth Marine Laboratory, UK). Linear regression analysis was conducted on SigmaPlot 11.0 (Systat software Inc.) to determine the relationship between sediment and environmental variables and was also used for graphical representation of data. Sediment variables and environmental data, including weather and oceanographic hydrodynamics data (i.e., precipitation, wave height, dominant wave period, etc.), were log10-transformed prior to analyses to meet assumptions of normality and homogeneity of variances (Smith et al., 2008; Gotelli and Ellison, 2013). All multivariate tests were based in 10,000 permutations (Anderson, 2001; Hernández-Delgado et al., 2014b).

RESULTS

Sedimentation Rate

Sedimentation rate patterns were significantly different among time periods (PERMANOVA, Pseudo F = 57.21, p = 0.0001), and distance zone from shore (Pseudo F = 16.54, p = 0.0040; Table 1). There was also a significant difference among time by distance (Pseudo F = 5.94, p = 0.0010), and site by distance interactions (Pseudo F = 11.18, p = 0.0100). Nevertheless, sedimentation rate patterns did not show a significant difference by seasons or sites. Sediment accumulation rate was consistently higher at BTA with 2.42 ± 0.42 mg cm−2 d−1 (mean± standard error) for the whole study period, and 0.47 ± 0.05 mg cm−2 d−1 at PSO. In BTA significant sediment pulses were recorded from December 2014 to February 2015, and from October to November 2014, corresponding to extreme rainfall and runoff events during winter and autumn seasons respectively (Figure 2A). Total rainfall during these two periods was 171.20 and 182.37 mm, respectively. Mean sedimentation rate in BTA during the winter season was 6.84 ± 2.14 mg cm−2 d−1.


Table 1. Results of a permutational analysis of variance (PERMANOVA) sedimentation rate and terrigenous rate.
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FIGURE 2. Sedimentation rate (±S.E.) for both sites (A), sedimentation rate at BTA by distance zones (B), sedimentation rate at PSO by distance zones (C), terrigenous rate for both sites (D).



At BTA the highest sediment accumulation occurred at distance zone A (<60 m) and for these sampling periods mean total sediment accumulation was 6.80 mg cm−2 d−1 (Oct-Nov) and 21.04 mg cm−2 d−1 (Dec-Feb 2015; Figure 2B). The highest total rainfall was recorded from October to November, with values up to 171.20 mm. Rainfall reached 182.37 mm from December 2014 to February 2015. Likewise, for these sampling periods with greatest sediment accumulation rate a high frequency of intense wave height (>1 m) was also experienced. It can be suggested that coral reefs located at BTA had a higher exposure to sedimentation stress associated with runoff from intense rainfall events. Mean sedimentation rate at BTA during the winter season was 6.84 ± 2.14 mg cm−2 d−1. The highest sediment pulse (Dec-Feb) had a percent increase of 1,259% from the period with lowest sedimentation rate, recorded from June to July 2014. The second in magnitude (Oct-Nov) had a percent increase of 386%. After a rainfall peak registered in April 2014 an extreme drought event persisted across the wider Caribbean region that lasted until August 2014 (Figure 3), and was related with the period with lowest sediment accumulation rate for both sites (Figure 2A). Sediment accumulation at PSO had an overall lower mean rate and a single sedimentation pulse event was recorded from July to August, with a mean rate of 1.52 ± 0.05 mg cm−2 d−1. It had a percent increase of 52% from the period with lowest sedimentation rate recorded from February to March 2014. Moreover, sediment accumulation at PSO was non-significant by distance zones (Figure 2C).
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FIGURE 3. Rainfall variability for Culebra Island. Black dots represent mean rainfall by months from 1987 to 2015 (±S.E.) and white dots represent total rainfall for research period from 2014 to 2015.



Terrigenous sediment accumulation rate showed a significant difference among time, site and distance zones (Table 1). However, difference among seasons was marginally significant (Pseudo F = 3.80, p = 0.0700). Terrigenous accumulation rate had a similar pattern as sedimentation rate, yet they differed since terrigenous accumulation rate shows the portion of sediment derived from land. At BTA terrigenous sediment accumulation had a total mean of 1.25 ± 0.2 mg cm−2 d−1, which was significantly higher than at PSO. In PSO the mean terrigenous sediment accumulation was of 0.16 ± 0.2 mg cm−2 d−1. The highest terrigenous accumulation rate in BTA was documented from December to February 2015, with a mean of 6.35 mg cm−2 d−1 (Figure 2D). There was a great difference from the terrigenous sediment accumulated at BTA between the distance zones (Pair-wise t = 3.94, p = 0.0050). Closer to shore, zone A, the terrigenous sediment reached accumulation rate of 9.86 mg cm−2 d−1 from December to February 2015 and 3.23 from October to November 2014. Total terrigenous sediment accumulation rate had a mean of 1.25 mg cm−2 d−1, while zone B had a mean of 0.39 mg cm−2 d−1. At PSO, the mean terrigenous sediment accumulation rate also had similar patterns as sedimentation rate. The sampling period with highest accumulation was from July to August, and it was associated with period of intense rainfall after long drought period.

Sediment Dynamics

Sediment dynamics showed a significant difference between sites (Pseudo F = 9.05, p = 0.0020) and distance from shore (Pseudo F = 10.71, p = 0.0030). Also, the interactions of site and distance (Pseudo F = 7.01, p = 0.0060), time and site (Pseudo F = 14.20, p = 0.0001), time and distance (Pseudo F = 2.35, p = 0.0020), time and site and distance (Pseudo F = 1.87, p = 0.0200) were significant. The principal coordinate analysis ordination (PCO) identified three large clusters from the overall sediment patterns by season, site, and distance zone (Figure 4). The farthest cluster was identified by similar sediment dynamics at fall and winter seasons in BTA zone A. It had a strong relationship with major variations in sedimentation rate, terrigenous rate, terrigenous content, and sand. However, sediment dynamics during winter season at zone B was explained by variation in sand grain size. Organic matter was a key factor during summer season at both distance zones, and it might be related to deposition due to lower wave energy. Sediment dynamics in PSO at both distance zones responded predominantly to variations in silt-clay grain size sediment and carbonate content. During winter season there was a critical rainfall event that produced a significant silt-clay input that reached zone B. Nevertheless, zone A had similarity to patterns explained for BTA at spring, fall and winter seasons. The proposed PCO explains 97% of the observed patterns of variation in sedimentation dynamics.
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FIGURE 4. Principal coordinate ordination (PCO) analysis of centroids of sedimentation components by seasons, sites and distance zone from shore based on Euclidean assemblage data. Squares represent BTA and circles PSO. Clusters based on a Euclidean distance cutoff level of 1.9. This model explained 97.1% of the observed spatio-temporal variation in sedimentation patterns. Seasons are represented as sp, spring; su, summer; fa, fall; wi, winter.



Sediment Texture

Sediment texture was significantly different among time series (Pseudo F = 5.55, p = 0.0010), sites (Pseudo F = 31.26, p = 0.0010), and for the interactions time by site (Pseudo F = 8.70, p = 0.0001), and site by distance (Pseudo F = 5.52, p = 0.0300; Table 2). Sediment grain size categories, sand and silt-clay showed similar spatio-temporal patterns, with significant differences among time series and sites. However, there was no significant difference among seasons or between distance zones. Sediments that accumulated along BTA reef had a major influence of sand particles. The accumulation of the sand, coarser-grained sediments in overall had a mean proportion of 65%, with the highest proportion being recorded at both distances zones from December 2014 to February 2015, with a mean of 83% (Figure 5A). This period corresponded to winter season (Figure 5B). Similarly, for this sampling period a mean wave height at BTA of 1.16 m was documented, with a dominant wave period or the period with maximum wave energy of 8.45 s, and wind speed ranging from 2.45 to 8.30 m/s (Figures 6A–C). It also showed that 45% of days wave height overpassed 1 m and 13% of days waves were higher than 1.5 m. At BTA sand accumulation at sampling stations ranged from 9% to 96% in zone A and from 7% to 90% in zone B. In contrast, silt-clay accumulation had a mean proportion of 30%. The highest accumulation of fine sediments proportion was recorded during sampling period April to May and July to August, with a mean of 40% for both time intervals. These time periods corresponded to spring and summer seasons, respectively, which were characterized by calmer oceanographic conditions. During these seasons, multiple meteorological systems were also experienced (i.e., cold fronts and tropical storms) that produced extreme rainfall at the northeastern Caribbean region.


Table 2. Results of a permutational analysis of variance (PERMANOVA) of sediment texture, sand, and silt-clay grain size sediments.
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FIGURE 5. Patterns of variation in sediment grain size proportion by time and season at BTA (A,B) and PSO (C,D). Dark gray stacked bar: sand, light gray: silt-clay, and black: other.
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FIGURE 6. Variations of meteorological and oceanographic environmental data through the study period. Wind speed (A), dominant wave period (B), and wind speed (C). Data acquired from CARICOOS NDBC 41056 buoy.



PSO showed contrasting sediment accumulation patterns, since in overall it had slightly higher proportions of silt-clay grain size sediments (Figure 5C). The fine-grained sediment had a mean proportion percent of 50% and the highest proportion was recorded from December to February 2015, and from April to May, with a mean proportion of 57% for both sampling periods following rainfall pulse events. A significant difference was observed between zones, as a consequence that zone B received a higher portion of silt-clay sediments. Silt-clay particles that accumulated along the reef ranged from 18 to 66% in zone A, and from 3 to 94% in zone B, showing drastic variations throughout the study. Subsequent to a massive deforestation event that occurred on April 2014 along the steep coastal watershed of PSO the silt-clay sediment accumulation increased and it was a major contribution to sedimentation fluxes across the coral reef during intense rainfall events. However, sand particles accumulation in PSO had the highest distribution from November to December, with a mean of 54%. During this sampling period sand accumulation proportion in zone A reached a mean of 62% and a maximum of 85%. However, there was no significant difference for sediment distribution in PSO across seasons (Figure 5D). Documented mean wave height for November to December sampling period was of 1.22 m, dominant wave period of 8.78 s, with 61% of days overpassing a wave height of 1 m, and 19% of days the waves were higher than 1.5 m (Figures 6A,B).

nMDS analysis showed three distinct clusters of sites and distance zone by time, based on the proportion of sand grain size category distribution (Figure 7A). The farthest cluster included four events of major sand distribution, predominantly across BTA zone A, suggesting strong recurrent sediment resuspension and bedload transport episodes. These events were associated to a combination of cold fronts and tropical storms that produced extreme rainfall events with significant runoff, surface erosion and swells. Therefore, it can be suggested that sand is transported predominantly through inner coastal areas during periods of active ocean conditions, either by waves or wind-induced turbulence. Besides these extreme events, sand showed a decreasing gradient of effects with similar distribution patterns across most of the remaining events at BTA through zones A and B, evidencing a significant difference between distance zones (Pair-wise, t = 3.09, p = 0.0100). The remaining cluster included the majority of events or sampling periods of PSO, with no significant difference between distance zones.
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FIGURE 7. Non-metric multidimensional scaling (nMDS) plot for sand grain size (A) and silt-clay (B) by time, site, and distance zones. Clusters are based on a Euclidean distance cutoff level of 0.83 (A) and 0.92 (B). Ordination diagram shows sediment particle grain size distribution on first two dimensions, X axis (nMSD1) and Y axis (nMDS2).



The second nMDS plot shows three distinct clusters of sites and distance zone by time, based on the proportion of silt-clay grain size category distribution (Figure 7B). It shows a gradient of events that distinguished silt-clay distribution from BTA and PSO. In PSO the majority of the events reached a similar silt-clay distribution between distance zones. However, during two events, there were major silt-clay sediment input and distribution that significantly accumulated or deposited across distance zone B. These events were associated with the tropical trough and cold fronts that produced extreme rainfall, and combined with surface erosion, runoff, and sediment delivery to coastal waters. These events highlighted the ability of fine sediments to remain suspended in the water column long distances and settle far from shore (>60 m) on coastal benthic communities during calmer oceanographic conditions. The remaining two clusters indicated significant differences between distance zone A and B at BTA (Pair-wise, t = 2.85, p = 0.0200). Both nMDS plots had a very low stress value (0.01), suggesting that the plots are an accurate spatial representation of the sediment grain size differences of distribution and accumulation between time, sites, and distance zones.

Sediment Composition

Sediment composition analysis showed a statistically significant difference among time series (Pseudo F = 13.58, p = 0.0001), between distance zones (Pseudo F = 4.15, p = 0.0400), and the interaction time series and sites (Pseudo F = 11.45, p = 0.0001; Table 3). The largest variation in sediment composition was caused by calcium carbonate (CaCO3) and terrigenous material, as a consequence of the low content of organic matter contributing to <10% of sediment assessed for both sites. The average CaCO3 content across BTA reef was 45% (Figure 8A), with the highest CaCO3 content recorded from April to May, and from June to July. The season with the highest CaCO3 proportion was summer, with a mean of 48% (Figure 8B); however there was no significant difference among seasons. Overall, CaCO3 content was similar between distance zones and showed no significant difference. Sediments that accumulated across the reef had mean CaCO3 content ranging from 27 to 84%. There was a similar pattern for terrigenous content with a mean of 45%. The highest terrigenous content was recorded at sediments that accumulated from March to April 2014, corresponding to spring season, at both distance zones. Terrigenous content that accumulated across the reef ranged from 7 to 65%, representing great sediment accumulation along the study period.


Table 3. Permutational analysis of ANOVA (PERMANOVA) for sediment composition, organic matter, CaCO3, and terrigenous content of sediments.
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FIGURE 8. Patterns of variation in sediment composition proportion by time (A) and seasons (B) at BTA, and PSO (C,D). Dark gray stacked bar: percent organic matter, light gray: percent CaCO3, and black: percent terrigenous.



Sediments that accumulated across PSO reef had a mean CaCO3 content of 50%, greater than BTA. The highest CaCO3 content was identified from April to May 2014 (Figure 8C), which corresponded to calmer oceanographic conditions and increased fine-grained sediment deposition in the reef. However, there was no significant difference among seasons (Figure 8D). Meanwhile, terrigenous content in PSO had a mean percent of 40%. The highest terrigenous content was identified in sediment that accumulated from February to March 2014, with a mean percent of 45%, but there was no significant difference between distance zones. However, the highest terrigenous accumulation occurred during fall and winter season with a mean value of 41% for both seasons. Terrigenous sediment that accumulated across the reef ranged from 32 to 43%, representing consistently higher levels.

nMDS plot shows two distinct clusters based on the proportion of marine sediment terrigenous content that mostly distinguished distribution between sites (Figure 9). The plot shows a gradient of events at BTA, indicating that the proportion of terrigenous sediment accumulation experienced variations by seasons and across distance zones. BTA experienced higher terrigenous sediment accumulation during most of the study, except for the summer on distance zone B, while there were calmer meteorological conditions. Overall, terrigenous sediment accumulation was 5% higher in BTA than in PSO. In PSO, most of the seasons received similar terrigenous content within different distance zones. However, the plot shows that for both sites terrigenous content was higher on the distance zone closer to shore on spring, fall and winter. These seasons were associated with cold fronts and frontal boundary events that produced extreme and intense rainfall events and provoked significant soil erosion, runoff and terrigenous sediment influx to inner coral reef areas. The nMDS plots had a very low stress value (0.01), suggesting that it is an accurate spatial representation of the terrigenous sediment differences of distribution and accumulation among sites, and between distance zones by seasons.
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FIGURE 9. Non-metric multidimensional scaling (nMDS) plot for terrigenous content by time, sites and distance zone from shore. Clusters based on a Euclidean distance cutoff level of 0.70. Ordination diagram shows terrigenous content on first two dimensions, X axis (nMSD1) and Y axis (nMDS2). Seasons are represented as sp, spring; su, summer; fa, fall; wi, winter.



Sedimentation Patterns and Environmental Variables

Sedimentation rate, sediment texture, and composition responded differently to variations in environmental conditions. Regression analyses indicated that sedimentation rate had a positive marginal linear relationship with wave height in BTA (r2 = 0.33, p = 0.0511), and a significant relationship with total precipitation in PSO (r2 = 0.41, p = 0.0240; Figure 10). At BTA, sedimentation rate also showed a nearly marginal relationship with total precipitation (r2 = 0.25, p = 0.0986) and a positive linear relationship with dominant wave period (r2 = 0.45, p = 0.0167), defined as the period with maximum wave energy. The non-parametric correlation BEST BIO-ENV (Spearman rank) analysis demonstrated that terrigenous sedimentation rate had a strong correlation with total precipitation and with dominant wave period (Rho = 0.36) by time series. Furthermore, a positive linear relationship between terrigenous rate and total precipitation (r2 = 0.40, p = 0.0379) was documented at PSO.
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FIGURE 10. Linear regression of sedimentation rate with total precipitation at BTA (A) and PSO (B). Blue line is 95% confidence interval band.



There was a significant correlation between sediment texture with total precipitation, wave height, and dominant wave period (Rho = 0.20) by time series. Specifically, sand (>63 μm) showed a positive relationship with wave height (r2 = 0.42, p = 0.0227). These patterns highlight the role of strong waves and swells produced by storms and frontal systems on the resuspension or distribution of coarser sediments along the reef (Figures 6A,C). However, silt-clay (<63 μm) particle distribution along near-shore coral reefs was mostly associated to periods with higher total rainfall and rainfall intensity (Figure 11).
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FIGURE 11. Variations of rainfall intensity (mm/h) in Culebra Island during study period 2014–2015.



Sediment composition also correlated with multiple environmental variables, including total precipitation, dominant wave period, simple daily rainfall intensity index (>1 mm/day), and sea surface temperature (SST; BEST BIOENV, Rho = 0.48) by time series. At BTA terrigenous content had a strong relationship with dominant wave period (r2 = 0.41, p = 0.0352). Simple daily rainfall intensity index showed a significant correlation with the accumulated CaCO3 component (Rho = 0.308, p = 0.0300), and the relationship was marginally significant with terrigenous content (Rho = 0.23, p = 0.0900). SST showed a strong significant relationship with organic matter content (Rho = 0.36, p = 0.0060). Variations in SST might have an indirect effect on the amount of CaCO3 available on the coastal marine environment for its distribution along the reef.

DISCUSSION

There was a significant spatial and temporal variation of sedimentation dynamics along near-shore coral reef study sites of Culebra Island. Sedimentation patterns showed significant variation among sampling periods, but not among seasons. These patterns were influenced by local climate variability, characterized by rainfall peaks that differed from historic rainy seasons (Figure 3). Rainfall anomalies (Appendix 1 in Supplementary Material) altered streamflow regimes on this semi-arid island, affecting terrestrial sediment influx, and sediment distribution along coastal waters. At near-shore reef spatial scales (120 m from shore or less), results from this study reject the null hypothesis that contrasting land use, precipitation patterns, and oceanographic hydrodynamics do not have a significant spatial and temporal impact sedimentation rate, sediment texture, and sediment composition. Our results suggest that the reef zones closer to shore (<60 m) were more exposed to sedimentation stress during strong and intense rainfall events. Furthermore, increased intensity of oceanographic conditions (i.e., wind speed, wave height, and dominant wave period) triggered high variation in coastal sedimentation dynamics within our study sites. Shallow inner coral reef zones were more vulnerable to changing sediment dynamics, including terrigenous, fine sediment deposition, coarser sediment resuspension, and bedload transport.

Sediment accumulation rate along near-shore reefs varied from 0.15 to 37 mg cm−2 d−1 throughout the study period of 2014–2015. There were significant differences between distance zones factors and among time series. In both sites, coral reef closer to shore (<60 m) had the highest sedimentation and terrigenous accumulation rate. Sedimentation rates documented in Culebra Island were similar to previous field studies carried out in Puerto Rico, ranging from 3 to 30 mg cm−2 d−1 (Rogers, 1983), 3 to 13 mg cm−2 d−1 (Hernández-Cruz et al., 2009), and at St. John (US Virgin Island, sedimentation rates ranged from 1 to 16 mg cm−2 d−1 (Edmunds and Gray, 2014) during normal conditions. Healthy coral reefs have been suggested to have sedimentation rates of <10 mg cm−2 d−1, meanwhile areas exposed to higher rates can have from moderate to severe impacts if they exceeded 50 mg cm−2 d−1 (Pastorok and Bilyard, 1985; Rogers, 1990). Sampling periods with major sediment and terrigenous accumulation pulses were associated with meteorological events that produced total rainfall higher than 30 mm (Figure 3), and individual rainfall intensity higher than 15 mm/h (Figure 11). Studies conducted on St. John, US Virgin Islands, coastal sedimentary records suggest that runoff and terrigenous sediment input to marine coastal environments runoff were associated to rainfall events that exceed threshold of ~12 mm/day (Brooks et al., 2015; Larson et al., 2015). Nevertheless, field studies have also shown that rainfall of just 3–5 mm can produce significant runoff and sediment transport from unpaved roads to coastal waters (Ramos-Scharrón and MacDonald, 2007). This suggests that weather conditions and land use patterns, at watershed and sub-watershed spatial scales, can play a significant role in affecting coastal sediment dynamics. During the month of February 2015, a cold front that impacted the Caribbean region produced a total rainfall of 119 mm and wave height of up to 2.11 m which generated a high sedimentation rate at BTA (Figure 2) and exceeded the sedimentation rate threshold of 10 mg cm−2 d−1 suggested by Rogers (1990). Rogers (1990) validated the link between this sedimentation threshold and corals reef stress signs. In addition, nearshore coral reef degradation and spatial variation in sedimentation patterns have been widely associated with significant changes in land use at adjacent watersheds (Fabricius, 2005; Smith et al., 2008; Storlazzi et al., 2009; Wolanski et al., 2009; Risk and Edinger, 2011; Bartley et al., 2014; Hernández-Delgado et al., 2014a; Bégin et al., 2016).

The threats associated to unsustainable development of coastal watersheds are prompted by the increasing trend of urban expansion, deforestation, and exposure of bare soil, that increases the potential of soil erosion and sediment-laden runoff during pulse rainfall episodes (López et al., 1998; Fu et al., 2010; Ramos-Scharrón et al., 2012, 2015). Other persistent threats are caused by tourism-related activities at sensitive areas and steep slopes which are highly prone to erosion (Nemeth and Sladek, 2001; Hernández-Delgado et al., 2012, 2014a). In addition, the increasing number of beach visitors and recreational snorkelers could contribute to silt-clay sediment resuspension and impact sensitive coral reef habitats (Webler and Jakubowski, 2016). Throughout the last years, BTA coastal sub-watersheds and its main beach have been subjected to an increase in visitors and at the same time they have become more vulnerable to anthropogenic alteration of coastal areas by deforestation and bare soil exposure. In August 2013, watershed best management practices (i.e., bio-filters and reforestation) were implemented in Tamarindo Beach to address storm-water runoff impacts from an unpaved parking area (160 m2) as it represented one of the main drainage outlets and terrestrial sediment input to BTA (Viqueira-Ríos et al., 2013; Sturm et al., 2014). Other temporary small-scale mitigation practices (i.e., silt fences) were implemented at upland gully erosion and drainage outlet near to coral reef and seagrass areas, but they had a very limited effect due to their restricted spatial scale and lack of adequate maintenance. The sediments that accumulated along BTA reefs had a proportion of fine, silt-clay (<63 μm) that reached up to 45% during storm seasons. Silt-clay (<63 μm) sediment deposition in BTA reached up to 45% during storm pulse events. Silt-clay sediment proportion had a significant relationship with total rainfall and rainfall intensity, suggesting that deposition of land-derived sediments is largely affected by local precipitation patterns. It implies that there is a meaningful interconnectivity between watershed condition, land uses, management, and terrestrial sediment impact to near-shore coral reefs largely magnified by pulse events.

A recent study concluded that PSO area had the lowest sediment yield values in Culebra Island (Ramos-Scharrón et al., 2012). However, during the study period the proportion of silt-clay increased (>50%) subsequent to drastic changes in land-based activities due to an extensive deforestation event (April 2014) of a primary cacti forest located at a steep area for establishing illegal recreational campgrounds, which led to cliff erosion and increased sediment influx to PSO coral reef site (Hernández-Delgado et al., 2014a). During extreme rainfall events, trap accumulation of fine sediments extended to distance zone B (>60 m) and silt-clay proportion reached values of up to 94%. These results suggest that significant changes in coastal land use at individual watershed scales can affect delivery of fine sediments and impact coral reefs through large spatial scales (>120 m). Fine silts and clays have the ability to remain suspended in the water for prolonged periods of time and can be transported long distances by wind and wave-induced currents (Torres and Morelock, 2002; Hernández-Cruz et al., 2009; Davidson-Arnott, 2010; Fabricius, 2011; Bartley et al., 2014; Edmunds and Gray, 2014). Thus, fine sediments tend to have a major effect on light availability as they tend to be easily suspended by water turbulence and undergo repeated cycles of deposition and resuspension (Fabricius, 2005). Our results validate the relationship between land use patterns at the watershed spatial scale, weather and oceanographic conditions on influencing terrestrial-based sediment dynamics.

Our results suggest that changes on the local oceanographic dynamics can also play a significant role on sediment distribution along coastal coral reefs. Overall, wave height and dominant wave period were the main oceanographic forces that combined with rainfall to drive sediment distribution. These patterns were consistent with increased sediment accumulation across the wider Caribbean due to seasonal variation in wave energy by storms and swell events (Edmunds and Gray, 2014). Sediment texture analysis demonstrated that the proportion of sand (>63 μm) was greater at BTA reef (>60%) throughout the study period. The statistically significant relationship between sand and wave height (r2 = 0.42, p = 0.0227) indicates that coarse sediment collected in BTA was mostly influenced by resuspension and bedload transport. Likewise, it suggests that oceanographic dynamics can particularly affect coarse sediment resuspension and bedload transport. Sand sediments and CaCO3 deposit at closer distances to the source, so their transport is mainly driven alongshore and thus resuspension and vertical particle velocities can be limited to periods with strong wave action and swells (Davidson-Arnott, 2010; Van der et al., 2013). Reef bathymetry and depth contour gradient might have also a main role on the generation of wind-induced wave action and near bed shear stress at shallow areas that cause sediment resuspension, as evidenced by differences in sediment texture between sites and distance zones (Ogston et al., 2004; Zou et al., 2006; Storlazzi et al., 2009). Furthermore, this phenomenon is triggered by the ability of fine sediments to deposit between large particles on heterogeneous substrates, since the coarser sediment particles remain more exposed and can be easily resuspended during events of strong water turbulence (Van der et al., 2013).

In both sites, the largest variation in sediment composition was caused by terrigenous material and CaCO3, with a mean proportion of 45% for both constituents. This value is higher than previously documented terrigenous content of 22% from sediment samples collected in coral reefs at southwestern PR (Hernández-Cruz et al., 2009). In contrast, our values were lower than terrigenous content reported from other Caribbean regions, with documented values ranging from 72 to 96% at Saba, from 16 to 87% at St. Lucia (Bégin et al., 2013). However, both islands are larger in size, have steeper slopes and larger catchment areas, and rainfall is much higher than in Culebra Island. There is a general trend of decreasing terrigenous material with distance from source. The CaCO3 is a biogenic constituent as it originates from bioerosion of corals and coralline algae, as well as there is direct contribution from organisms with CaCO3 skeletons, which can be found both in sand and silt-clay grain size fractions (Hubbard et al., 1992; Brooks et al., 2007; Hernández-Cruz et al., 2009; Wolanski et al., 2009). The CaCO3 content on sediments was slightly homogenous along both reefs and it could be hypothesized that nearshore coral reefs may be experiencing similar bioerosion trends at broad spatial scales. Bioerosion might be accelerated by eutrophication (Glynn, 1997; Holmes, 2000). The proximity of coastal reefs to potential eutrophication sources can increase their vulnerability to bioerosion. This is a subject that should be further assessed to understand the reefs CaCO3 production and sinking by component (i.e., coralline algae, coral calcification), and to determine the overall effects of increasing SST and ocean acidification due to climate change on carbonate sediment cycling (Hubbard et al., 1992; De Bakker et al., 2016). The organic matter content is the lowest constituent in marine sediment and it has been repeatedly documented (Torres and Morelock, 2002; Brooks et al., 2007; Hernández-Cruz et al., 2009; Bégin et al., 2016). Our analysis demonstrated that organic matter represented <10% of the total sediment composition. The significant relationship between organic matter and SST can be related to the capability of higher temperature to support organic matter degradation by microbial communities (Arndt et al., 2013).

Sedimentation complements the multiplicity of regional and local stressors that contribute to coral reef decline. It often represents a stochastic stress event and a threat to the health and biodiversity of near-shore coral reefs. This study revealed that even in small tropical semi-arid islands sedimentation associated to rainfall pulses is a recurrent stress, which is linked to local land uses, and to meteorological and oceanographic dynamics. Sedimentation can be identified as a rapidly increasing threat to coral reefs with projected increases in the frequency and severity of extreme weather events, especially intense rainfall after long periods of dry conditions, as a direct consequence of climate change (Giannini et al., 2000; Meehl et al., 2007; Campbell et al., 2011; Beharry et al., 2015). Changing climate trends might also represent an increase in recurrence of terrestrial sediment input to coastal waters, thus leading to chronic states and decline of near-shore coral reefs worldwide. Therefore, as climate variability is projected to continue intensifying across larger spatial and temporal scales (Easterling et al., 2000), there is a need of long-term monitoring of land-sea interactions through coastal-marine sediment distribution to understand the threat it might represent toward endangered coral species, and benthic communities, fostering the long-term degradation of ecosystem functions. Future research could aim to assess sedimentary records through sediment core analyses to identify since when anthropogenic alterations of coastal watersheds have impacted spatial and temporal trends of terrigenous sediment deposition on the marine environment and the combined effects of climatic variation. In addition, assessment of mineralogical composition of surficial marine sediments could assist to identify point sources at the watershed and island-scales, and needs further monitoring.

A possible limitation of the study was the physical and meteorological conditions experienced during study period, which were characterized by an extended period of drought during summer season that altered the original projected sampling time frame, and prevented sampling of more extreme rainfall events. Extreme events were limited to winter and spring season with combined conditions of strong rainfall and wave energy, main forces that produce terrestrial sediment influx to coastal waters followed by resuspension of bottom sediments. These mixed conditions represented a limitation to distinguish the main sources of sedimentation. In Culebra Island there is a lack of permanent meteorological stations to provide easy access to detailed 15-min intervals weather conditions, and the existing buoy was more representative of open ocean conditions, since it is located about 10–15 km from the coast. Future research should take into account the need of downscaling local environmental, weather and oceanographic data for accurate analysis, modeling, and to contribute valuable information for coral reef conservation and ecosystem restoration strategies.

The nearshore coral reefs surrounding small islands need an integrated and holistic management approach to conserve and rehabilitate ecosystem resilience and functions, including:

• Long-term commitment of stakeholders (community-based, natural resources managers, academia) to cope with future trends of climate variability, following ecosystem-based management principles.

• Design and implement integrated and adaptive coastal management strategies that address coastal maritime zone and watershed management needs in order to reduce soil erosion and sediment delivery at the watershed and sub-watershed scales, and reduce runoff impacts to adjacent sensitive habitats, such as coral reefs.

• Reduce local stressors that are threatening the viability of coral reef restoration efforts. Strong evidence has already showed that recurrent extreme rainfall events and storm-associated impacts are a major threat for the success of coral farming and reef restoration efforts (Hernández-Delgado et al., 2014a). Efforts need to be taken to reduce or eliminate major sources of soil erosion and sediment delivery stress.

• It is essential to assess sediment fluxes before, during and after implementation of watershed best management and restoration practices in order to be able to identify the short-term outcomes of erosion control practices along near-shore coral reefs, and to use the generated information to accurately anticipate long-term implications for coral reef benthic communities.

• These holistic approaches also need the support and enforcement of environmental, land-use, and protected area regulations, promote the use and integration of data generated through participatory citizen science and academia into management, decision making processes, and prioritize the need of collaborative actions that promote sustainable restoration and conservation initiatives at the watershed and coral reef scales to prevent further degradation of already threatened coral reefs.

Spatial and temporal sedimentation dynamics along near-shore coral reefs are linked to land-sea and climate interactions. Our results highlight the existing interactions among land use patterns, coastal watershed conservation, and management on its direct influence on sediment supply, distribution, and sedimentation stress to nearshore coral reefs. Our results point out five main conclusions: (1) Human alteration of sensitive, highly erodible watersheds adjacent to coastal areas influence the amount, extent and recurrence of terrestrial sediment stress to near-shore coral reefs; (2) Local climate has a significant effect on terrestrial sediment input and distribution, even on semi-arid islands, since total rainfall and intensity, and rainfall pulse events are the main driving forces of sedimentary dynamics at watershed scales; (3) Sediment texture, sand and silt-clay grain size fractions, and sediment composition along nearshore marine environments vary according to local climate and oceanographic conditions. Wave height and dominant wave period determine sediment resuspension and bedload transport; (4) Reef zones closer to shore (<60 m) are more exposed to sedimentation stress, and vulnerable to changing sediment dynamics, including fine silt-clay sediments and terrigenous sediment deposition. During doldrum conditions fine sediments tend to remain suspended for prolonged periods of time and it thus may represent broader impact into marine ecosystems across larger spatial scales (>60 m), mostly depending on climate and local oceanographic dynamics; and (5) As a consequence, terrestrial sediments were identified as the main constituent of marine sediments, representing a major threat to coral reefs and associated ecosystems at extended spatial and temporal scales. The extent to which climate-related changes influence local weather, which could result in increased frequency and severity of extreme weather events, combined with unsustainable land use practices and the lack of watershed conservation practices, may increase the long-term adverse impacts of sediment delivery to coral reefs. Therefore, the need of implementing a participatory approach which aims to achieve integrated management of coastal watersheds, coral reefs, and other benthic habitats is emphasized. This is a fundamental step toward identifying and implementing effective collaborative actions and adaptive management strategies to reduce land-based threats, reverse coral reef decline, and recover ecosystem and structural resilience. Furthermore, decision-making processes should make adequate use of science-based information that advance understanding of terrestrial and marine ecosystem interconnectivity to implement watershed and coral reefs management plans and restore degraded habitats. Integrated ecosystem-based management can provide an adequate framework to implement concerted efforts, such as sustainable land use practices, coastal and marine ecosystem rehabilitation, outreach, and conservation strategies aimed at maximizing ecological integrity and resilience of coral reefs worldwide.
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