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Abstract:

 Light availability is an important factor driving primary productivity in benthic ecosystems, but in situ and remote sensing measurements of light quality are limited for coral reefs and seagrass beds. We evaluated the productivity responses of a patch reef and a seagrass site in the Lower Florida Keys to ambient light availability and spectral quality. In situ optical properties were characterized utilizing moored and water column bio-optical and hydrographic measurements. Net ecosystem productivity (NEP) was also estimated for these study sites using benthic productivity chambers. Our results show higher spectral light attenuation and absorption, and lower irradiance during low tide in the patch reef, tracking the influx of materials from shallower coastal areas. In contrast, the intrusion of clearer surface Atlantic Ocean water caused lower values of spectral attenuation and absorption, and higher irradiance in the patch reef during high tide. Storms during the studied period, with winds >10 m·s−1, caused higher spectral attenuation values. A spatial gradient of NEP was observed, from high productivity in the shallow seagrass area, to lower productivity in deeper patch reefs. The highest daytime NEP was observed in the seagrass, with values of almost 0.4 g·O2·m−2·h−1. Productivity at the patch reef area was lower in May than during October 2012 (mean = 0.137 and 0.177 g·O2·m−2·h−1, respectively). Higher photosynthetic active radiation (PAR) levels measured above water and lower light attenuation in the red region of the visible spectrum (~666 to ~699 nm) had a positive correlation with NEP. Our results indicate that changes in light availability and quality by suspended or resuspended particles limit benthic productivity in the Florida Keys.
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1. Introduction


Tropical coral reefs and seagrass beds are shallow-water benthic communities of particular interest due to their high productivity and biodiversity, diverse environments, and high ecological and economic value [1,2,3]. These ecosystems are an integral component of global climate and biogeochemical processes, and are simultaneously impacted by large changes in the biogeochemistry of the ocean. The productivity and biodiversity of these ecosystems relies on the photosynthetic activity of many benthic organisms that utilize available sunlight that passes through the water column [4]. The underwater light environment in these habitats is a complex function of variations in the percentage of sunlight reaching the ocean’s surface, light reflected and absorbed by water by diverse types of suspended living and detrital matter, dissolved substances, and by the benthos [5,6,7,8,9]. These changes in the underwater light field affect the productivity and ecological structure of these communities [10,11,12,13,14]. Higher concentrations of suspended materials for example are associated with lower reef biodiversity, less live coral, lower coral growth rates, reduced light available for photosynthesis, and decreased net productivity [15]. The nature of the sediments entering the coral ecosystem is also important, as suspended terrigenous sediments such as silt and clay can reduce light penetration and coral photosynthesis more than reef-derived carbonate silt [16].



Light reaching the bottom is a fundamental factor driving primary productivity and growth in coral reefs and seagrass beds [4,17,18,19,20,21,22]. Primary producers use a range of the visible light from 400 to 700 nm known as photosynthetically active radiation (PAR) [4,19]. Suspended materials loaded with organic and inorganic components can change the chemical composition of the water column in coral reefs and seagrasses, modifying light spectral properties and PAR [23,24,25,26]. Different studies have demonstrated that photosynthetic rates (hence primary productivity and calcification) in corals vary depending on PAR intensity [21,27,28,29]. Even though light is a fundamental factor for these ecosystems, studies of the spectral quality of light (light intensity at specific wavelengths) in the water column are scarce for coral and seagrass [24,30,31,32]. The majority of previous studies on spectral quality have focused on controlled laboratory measurements to determine better lighting conditions for captive corals. While corals show higher growth and survival rates under high irradiance around 400–450 nm [27,28,29,33], natural coral communities contain multiple light-absorbing pigments that may allow them to take advantage of variations in the quality of the light spectrum [34].



Light from the sun entering the ocean’s water column undergoes spectrally dependent absorption and scattering of photons, resulting in the optical properties of the water column. These optical properties of water are divided into two classes: inherent and apparent optical properties (IOPs and AOPs, respectively) [35]. IOPs depend on the amount and biogeochemical characteristics of the dissolved and particulate materials in the water, as well as the water itself. Two fundamental IOPs in marine optics are the absorption (a) and the scattering (b) coefficient functions [35,36] (Table 1 numerates symbols used and their dimension). Total absorption in the water column is the sum of the individual absorption coefficients of water constituents, including absorption by water, sea salts, dissolved organic matter, live phytoplankton, nonalgal particles, and the remaining parts such as air bubbles [35,37]. Total scattering coefficient is also the sum of the mentioned water constituents, except for the dissolved fraction [35]. In order to identify the concentration and physical characteristics of materials in the water column limiting light availability, spectral absorption (a) and scattering (b) must be determined. Once these parameters have been measured or calculated, the total attenuation of light (cT) can be determined by the addition of aT and bT. Apparent optical properties (AOPs), like IOPs, depend on the materials in the water and also depend on the geometrical structure of the light field (directional beam of light). AOPs take into account radiance (L) and irradiance (E), which are radiometric measurements of the light field in the water [35,37].


Table 1. Description of parameters used, their symbol and dimensions.


	Symbol
	Description
	Dimension





	NEP
	Net ecosystem productivity
	g O2 m−2·h−1



	PARw
	Photosynthetic active radiation (underwater)
	W·m−2



	PARsurf
	Photosynthetic active radiation (above water)
	W·m−2



	cT
	Total attenuation (including water)
	m−1



	aT
	Total absorption (including water)
	m−1



	bT
	Total scattering
	m−1



	ct
	Total attenuation (without water absorption)
	m−1



	cw
	Attenuation by pure water
	m−1



	cp
	Attenuation by particles
	m−1



	at
	Total absorption (without water absorption)
	m−1



	ag
	Absorption by the dissolved fraction
	m−1



	ap
	Absorption by particles
	m−1



	aw
	Absorption by pure water
	m−1



	bp
	Particle scattering
	m−1



	bbp
	Particle backscattering
	m−1



	Ed
	Downwelling irradiance
	W m−2·nm−1



	Chl(m)
	Moored chlorophyll-a fluorescence
	Counts



	CDOM(m)
	Moored colored dissolve organic matter fluorescence
	Counts



	Turb(m)
	Moored turbidity
	Counts



	Chl(FlowT)
	Flow-through chlorophyll-a fluorescence
	Counts



	CDOM(FlowT)
	Flow-through colored dissolve organic matter fluorescence
	Counts



	Turb(FlowT)
	Flow-through turbidity
	Counts









The combination of in situ IOP and AOP measurements with remote sensing analysis has facilitated the identification of water components and the classification of water masses in the open ocean and coastal systems [9,13,38]. The combined use of in situ and remotely sensed optics has advanced the understanding and monitoring of coastal processes. Spatial and temporal analyses of satellite data have also helped in studying the interactions and connectivity of coastal processes with the open ocean and adjacent coastal regions. Connectivity is a process that links different ecosystems such as coral reefs with seagrass beds, either physically through motion of water masses, or through the migration of organisms. This process includes fish and fish larval distribution, plankton, biogeochemical quantities, and other ecological processes. Such connectivity may be traced using changes in bio-optical properties of the water with in situ and remote sensors (e.g., [39,40]). Satellite data have shown the effects of land processes such as runoff on the color of the water in the Florida Keys. Inputs of organic matter from land are usually loaded with nutrients, promoting the development of algal blooms with particular optical signatures detectable from space [41,42,43]. Water masses carrying organic matter have been tracked moving south from the west coast of Florida to the Dry Tortugas National Park [41], and consequently contributing to the development of higher phytoplankton densities, including harmful algae species. These phytoplankton blooms can negatively affect coral reef and seagrass productivity, as our in situ optical results indicated.





In situ measurements of light availability and quality, in combination with ecosystem productivity measurements, will help develop algorithms for future satellite missions that include benthic community assessments as standard high-level derived products. In this study, we discuss field observations of light quality and coral reef and seagrass productivity made in the Sugarloaf Key area, Lower Florida Keys, USA, in May and October 2012. The objective of the study was to evaluate the responses in productivity of these communities to variability in the ambient spectral quality of light. Studied environmental factors affecting light availability included suspended particulate and dissolved materials, and turbidity events due to storms and tidal currents.




2. Data and Methodology


2.1. Study Area


The Florida Keys are the only coral reef ecosystem in the continental US and represents one of the largest barrier reefs in the world [44]. This system of reefs is bathed intermittently by waters from the west Florida Shelf and from the Florida Current which originates in the Caribbean Sea [45]. Winds and tides play an important role in the direction and flow of the regional currents [45,46]. In the Upper Keys, seasonal winds are particularly important in defining the direction of water movement. In the Middle and Lower Keys, tidal currents are important in controlling water motion between the islands and the transport of suspended materials between the Gulf of Mexico, the Everglades, Florida Bay, and the Atlantic.



For this project, field measurements were obtained during May and October 2012. Work was conducted in a patch reef and a seagrass area ~4 km apart located off Sugarloaf Key, in the Lower Florida Keys (LFK) (Figure 1A). In May 2012, sampling in the patch reef was conducted at an average depth of ~−8 m, and at a seagrass site located at ~−4 m depth. In October, we sampled the patch reef at an average depth of ~−6 m, and the seagrass bed at ~−5 m (Table 2). The tidal range for both sites was ~0.7 m over the duration of both field deployments. The seagrass area was dominated by Thalassia testudinum. Benthic coverage in the adjacent patch reef featured corals predominantly from the genera Diploria, Montastraea and Orbicella, seagrass, sand patches, and a variety of sea fans and octocorals.


Figure 1. (A) Study area; bathymetric isobaths are shown in meters; SG = seagrass, PR = patch reef; (B) Current speed and direction for the patch reef in May 2012; and for (C) the patch reef in October; and (D) the seagrass site in October. Abscissa shows day of the month; (E) Wind speed and direction between 15 and 17 October at the seagrass site, and 19–20 October at the patch reef area (direction is represented as that toward which wind and currents are going to); (F) Air temperature in October 2012.
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Table 2. Patch reef and seagrass site location, approximate average depth, and average currents over each study period. Depth is referenced to tidal level = 0 m. Water level range corresponds to the measured tidal range at each site. Current speed and direction are the mean values over each study period.



	
Study Site

	
Date (mm/dd/yy)

	
Latitude (Deg.)

	
Longitude (Deg.)

	
Depth (m)

	
Water Level Range (m)

	
Currents Direction (Deg.)

	
Currents Speed (cm∙s−1)






	
Patch Reef

	
05/15/12–05/23/12

	
24.5616

	
-81.5557

	
8

	
0.7

	
187

	
3.92




	
10/15/12–10/20/12

	
24.5615

	
-81.5548

	
6

	
0.8

	
223

	
8.88




	
Seagrass

	
05/15/12–05/23/12

	
24.6006

	
-81.5531

	
4

	
--

	
--

	
--




	
10/15/12–10/20/12

	
24.5999

	
-81.5544

	
5

	
0.7

	
201

	
4.63












Previous studies of currents in the LFK have observed a net flow from the Gulf of Mexico to the Atlantic through the passes between the Florida Keys. Smith [47] reported a mean flow from the Gulf to the Atlantic of ~3–5 cm∙s−1. This is similar to the mean southwestward currents we measured in the seagrass bed and near the patch reef at Sugarloaf Key (Table 2).






2.2. Optical and Hydrographic Data Collection and Processing


Moored optical and hydrographic instruments were deployed in the coral and seagrass areas for eight days in May 2012 and five days in October 2012. The moorings included WETLabs Inc. (Philomath, OR, USA). ECO sensors configured to measure chlorophyll-a (Chl(m)) fluorescence, colored dissolved organic matter fluorescence (CDOM(m)), and turbidity (Turb(m)). All sensors were moored at approximately half a meter from the bottom in a horizontal position. Data were logged internally for 10 min every hour. All ECO sensors were equipped with “bio-wipers” to mitigate biological fouling and sediment deposition in the optical windows. Measurements from the ECO sensors were reported in counts. Temperature and conductivity were recorded for the same time interval with moored Seabird Inc. (Bellevue, WA, USA) SBE 37-SM MicroCAT C-T sensors. Water column motion (current speed and direction), bottom water temperature, and pressure were continuously measured in the patch reefs with a SonTek Inc. (San Diego, CA, USA) Argonaut-XR ADCP instrument. In October 2012, currents in the seagrass bed were measured with an Aanderaa Inc. RDCP-600 m. All the optical and physical instruments were within 3 m of each other at each location. Moored data are not reported for the seagrass area in May due to unforeseen problems with the internal logging of the sensors.



Profiles of bio-optical measurements were collected from a boat at each of the sites several times per day. Measurements included beam attenuation (cT) and absorption (aT) measured with a WETLabs AC-s spectrophotometer at 81 wavelengths from 400 to 750 nm, with a spectral resolution ~4 nm. Light backscattering by particles (bbp) was measured at 470, 532, and 650 nm with a WETLabs BB3 sensor. Underwater spectral downwelling irradiance (Ed) was measured with a Satlantic HyperOCR radiometer (136 wavelengths from 350 to 803 nm, resolution ~3 nm). Temperature, conductivity and pressure profiles were collected with a Seabird SBE-49 FastCAT CTD sensor. Duplicate profiles were collected within ~5 min several times per day. The second profile for each set was done with a 0.2 μm filter placed at the AC-s intake to enable calculation of total and dissolved attenuation and absorption. All data were processed according to the manufacturer’s recommendations. The AC-s instrument was calibrated with ultrapure deionized water at the beginning, middle, and at the end of each field campaign. Measured aT corresponds to the sum of the absorption by the dissolved (ag), particulate (ap), and water (aw) fractions:
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(1)







The absorption coefficient due to dissolved matter ag was measured using the 0.2 μm filter at the intake of the absorption tube. Pure water absorption (aw) and attenuation (cw) of water were subtracted from the measurements during data processing. Therefore, the reported total attenuation (ct) and absorption (at) correspond to total attenuation and absorption minus the water fraction.



Data from the AC-s instrument were collected at 4 Hz. A median value was obtained for each one-second interval. Temperature and salinity corrections were performed according to Sullivan et al. [48]. The proportional method [49] was used for scattering corrections of the absorption values, with 750 nm as the reference wavelength for absorption and scattering (750 nm showed a low temperature effect and is instrument specific). Total scattering (bt) was computed by subtracting at from the corresponding ct. We report this bt as particulate scattering (bp) since particles are the main contributor to light scattering. The remaining contribution due to the particulate fraction was calculated as follows:
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(2)
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A Davis Instruments Corp. (Vernon Hills, IL, USA) Vantage Pro2-Plus weather station was deployed in October 2012 aboard a boat anchored next to the seagrass area during the first half of the study period, and next to the patch reef during the second half. This station logged wind speed and direction, air temperature, humidity, rainfall, solar radiation (300–1100 nm), and UV radiation (290–390 nm) at a frequency of 30 min.



Spatial grids of near-surface data used to assess the spatial distribution of hydrographic properties were sampled during the transition from high to low tide in May 2012, and from low to high tide in October 2012. This spatial distribution was obtained with a flow-through system operated aboard a 21 ft work boat for both deployments, with a water intake just below the water surface (~−0.3 m deep). This system integrated a set of sensors similar to the moored packages including a SeaBird SBE 21 SeaCAT Thermosalinograph for measuring water temperature and salinity, and WETLabs WETStar fluorometers for measuring chlorophyll-a (Chl(FlowT)), CDOM (CDOM(FlowT)) fluorescence, and turbidity (Turb(FlowT)). Four surveys were made in May and three in October 2012, following a grid pattern from the seagrass to the patch reef at an average speed of 10 knots over a period of approximately 2 h. Position and time were obtained by GPS, and hydrographic and optical measurements were time-stamped and post-processed following the standard manufacturer’s recommendations. Spatial distribution maps were generated in ArcGIS (ESRI®) using the interpolation method of Natural Neighbors.




2.3. Net Benthic Productivity


Benthic productivity was estimated for the seagrass and patch reef using large incubation chambers called Submersible Habitat for Analyzing Reef Quality (SHARQ, U.S. Patent # 6,467,424 B1). The methodology for using the SHARQ was described by Yates & Halley [20,50,51] to estimate benthic ecosystem productivity, respiration, and calcification. In this study, we only report productivity. The SHARQ chamber is a 4.9 × 2.4 × 1.2-m aluminum frame placed on top of the benthic area of interest. This frame is covered with a translucent vinyl tent extending to the bottom and secured with sand bags to follow the substrate profile and seal the system. A submersible pump is placed inside the tent to run continuously and warrant a moderate water flow inside the chamber. An outflow hose connected next to the pump system passed water from inside the chamber to a surface analytical flow-through system (Falmouth Scientific ETSG) located in an adjacent anchored working boat to measure dissolved oxygen (DO; ±0.1 mg·L−1) at 1-min intervals. Water is returned to the chamber though an inflow hose. Net benthic productivity (NEP) was calculated from the changes in DO concentration in the chamber at 15-min intervals following the methods by Yates & Halley [20]:
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where ∆DO is the dissolved O2 concentration change inside the chamber over 15-min intervals (mmol O2 m−3·15 min−1), and SHARQvolume (m3) and SHARQarea (m2) are the final measurements of the chamber. Final data are reported as positive NEP (productivity during daylight) in g O2 m−2·h−1.



Two incubation chambers were deployed in the seagrass area from 17 to 19 May 2012 and moved to the patch reef area from 20 to 23 May. The same chambers were re-deployed in the seagrass area from 16 to 17 October 2012. They were moved to the patch reef from 19 to 21 October. All chambers were within ~10 m from the optical sensors moored in each area. All optical profiles were also conducted adjacent to the tents and moorings. Measurements of DO with the flow-through system were performed aboard the boat carrying the weather station.




2.4. Photosynthetic Active Radiation (PAR)


PAR data were collected every minute, continuously during the May and October deployments using moored LI-COR spherical quantum sensors located inside and outside each incubation chamber (PARw). A third PAR sensor (LI-COR quantum sensor) (PARsurf) was placed above the water surface next to the weather station at the anchored boat used to tend the chambers. PAR measurements were converted from µEinstein m−2∙s−1 to W·m−2 using the relation by Morel & Smith [52] Q:W = 2.77 × 1018 quanta∙s−1·W−1 as per Equation (5) below (an Einstein is the energy in one mole of photons (6.022 × 1023) quanta). This empirical relationship was developed by Morel & Smith using samples from clear waters, similar to the conditions in the Florida Keys.
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(5)








2.5. Statistical Analyses


Normality of all the datasets was verified using the Shapiro-Wilk Test. Measurements did not follow a normal distribution, thus statistical significance of spatial and temporal changes of measured parameters was tested using a Wilcoxon signed-ranks nonparametric paired t-test. Correlations among parameters for different areas and months were performed with a Spearman test (S). For this purpose, data were centered and standardized to zero mean and unit variance to give equal weight to the optical variables and NEP observations. A significant level of p = 0.05 was used for all analyses. Analyses were performed using the JMP® (SAS Institute Inc., Cary, NC, USA) software.





3. Results


3.1. Temporal Variations of Hydrographic and Meteorological Parameters


During the May 2012 deployment, currents at the patch reef site were predominantly to the south and southwest (Table 2, Figure 1B), with some periods of strong northeastward currents on 18 and 20 May. In October 2012, currents at the patch reef were predominantly to the west from 16 to 18 October, and weaker but to the northeast from 19 to 20 October (Figure 1C). Currents at the seagrass site in October were variable, with some general south-southwest direction from 16 to 19 October, and north-northwestward 19–20 October (Figure 1D).



Wind direction at the seagrass site was primarily to the northeast from 15 to 17 October, with a strong southward event caused by thunderstorms between 17 and 19 October (Figure 1E). Winds at the patch reef were predominantly to the south from 19 to 20 October. Air temperature dropped on 17 and 19 October during storms (Figure 1F). The first storm reached wind speeds >20 knots with rainfall >102 mm·h−1 registered by our meteorological station.



Water temperature and salinity decreased from about 28.6 °C to 28.2 °C, and >36.2 to 36.0, respectively, between mid-May and the end of May 2012 at the coral patch (Figure 2A). Temperature showed two quick drops of about half a degree, one early 18 May, and the second early 20 May. These two events corresponded to strong shoreward tidal currents (i.e., to the north-northwest; Figure 1B). During the October deployment, temperature increased from ~27.5 °C to 28.5 °C while salinity decreased from 36.5 to 36 in both the patch reef and seagrass areas, except during the storms of 17 and 18 October, when both temperature and salinity decreased (Figure 2B,C).


Figure 2. Temperature-Salinity (T-S) plots during sampling at (A) patch reef site in May 2012; (B) patch reef in October 2012; and (C) seagrass in October 2012. Arrows in (A) indicate shoreward currents, and (B,C) indicate a storm. Color bars indicate days.



[image: Remotesensing 08 00086 g002 1024]









3.2. Moored Optical Observations


Bio-optical moorings collected CDOM fluorescence (CDOM(m)), chlorophyll-a fluorescence (Chl(m)), and turbidity data at the patch reef site in both May and October 2012, but only at the seagrass site in October. At the patch reef, CDOM(m), Chl(m) and turbidity were all higher in May 2012 compared to October 2012 (Figure 3A,B,D,E,G,H). Chl(m) showed a diurnal pattern with lower values around local noon (Figure 3D,E). This cycle was more pronounced in May than in October and is due to non-photochemical quenching of phytoplankton exposed to high light [53,54]. In both May and October deployments, CDOM(m), Chl(m), and turbidity in the coral patch decreased from the beginning to the end of the study period. The turbidity peak observed on 17 October coincided with the high wind event experienced on that day (Figure 3H).


Figure 3. Count values for the moored optical instruments from the patch reef and seagrass sites deployed off Sugarloaf Key for May and October 2012. CDOM fluorescence (A–C); chlorophyll-a fluorescence (D–F); and turbidity (G–I). Note different y-axis scale for the seagrass (SG) site.
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At the seagrass site, CDOM(m) showed a decrease on 19 October (Figure 3C) at the same time that Chl(m) showed a short peak (Figure 3F). Two spikes in turbidity at the seagrass site, one on 17 October and the other at the beginning of 18 October, coincide with the storms that went through this area (Figure 3I).




3.3. Water Column Optical Observations


Water column particulate beam attenuation (cp) and absorption (ap) coefficients were higher in the seagrass area than over the patch reef during both May and October, except during the strong storm of 17 October (Figure 4). Particulate and dissolved absorption coefficients were also usually higher in the seagrass area (Figure 4C–F). This effect was most apparent at shorter wavelengths, where ag(400) > 0.4 m−1 in the seagrass area. Particulate backscattering (bbp) at the three wavelengths collected (470, 532, and 650 nm) was also higher in the seagrass area than the patch reef (Figure 4G–H). Conversely, spectral downwelling irradiance (Ed) was higher at the patch reef area than at the seagrass area for both May and October (Figure 4I–J), except for 17 October at the patch reef (Figure 4J).


Figure 4. Spectral curves of optical observations averaged vertically in the water column for the different study sites: (A,B) particulate beam attenuation (cp); (C,D) particulate absorption (ap); (E,F) dissolved absorption (ag); (G,H) particulate backscattering (bbp); and (I,J) downwelling irradiance (Ed) in the water column for May (left column) and October (right column) off Sugarloaf Key. Patch reef site: solid line. Seagrass site: dotted lines. (*) in panels A and J indicates values observed on 17 October.
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Time-series of water column optical data at the patch reef showed the effects of tidal variations on light availability and quality. High values for cp and bp, and low values for Ed were recorded during high/medium (H-M) tide on 18 May (Figure 5A,E,I). The strong current to the northeast (Figure 1B), which coincided with cooler bottom temperatures and lower salinities (Figure 2A) over the patch reef on 18 May, suggested the presence of upwelling and shoreward advection of those waters to the coral reef site. In contrast, during high/medium tide on 20 May, cp and bp were lower and Ed was higher than at low tide during that day. This suggested the intrusion of clearer surface oceanic water onto the reef (Figure 5A,E,I). Particulate absorption also showed lower values during low tide on 18 May, but very similar spectra between tides for 20 May (Figure 5C). The dissolved absorption coefficient at 400 nm (~ag(400)) was similar throughout the tidal cycle during both days (Figure 5G). High values of cp, ap, and bp, and low Ed values were recorded on 17 October during high tide after a storm (Figure 5B,D,F,J). However, the storm did not have much of an effect on ag values (Figure 5H).


Figure 5. Variations of spectral optical observations averaged over particular tidal cycle periods in the patch reef area (see legend): (A,B) particulate beam attenuation (cp); (C,D) particulate absorption (ap); (E,F) particle scattering (bp); (G,H) dissolved absorption (ag); and (I,J) downwelling irradiance (Ed) in the water column for May (left column) and October (right column). H: High tide; M: Medium tide; L: Low tide. Note differences in the y-axis scale between May and October for cp and bp.
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3.4. Spatial Distribution of Hydrographic Parameters at the Surface


Chl(FlowT), CDOM(FlowT), and turbidity were generally higher close to the coast towards the seagrass area on all days sampled (Figure 6). During the May survey, Chl(FlowT) and turbidity values at the seagrass were nearly double than those at the patch reef. In October Chl(FlowT) distribution was more uniform between areas, while CDOM(FlowT), and turbidity were markedly lower at the patch reef. This suggested the intrusion of clearer surface oceanic water to the area.


Figure 6. Horizontal distribution of hydrographic parameters in the study area for May and October 2012. Top panels: Chlorophyll-a; middle panels: CDOM; lower panels: Turbidity. SG = seagrass, PR = patch reef.
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Lower Chl(FlowT) values were observed during May than during the October survey across the surveyed area. Conversely, CDOM(FlowT) values were close to double in May than in October for both areas, especially for the patch reef. The seagrass area presented rather high turbidity compared to the patch reef area in both May and October (Figure 6).






3.5. Net Benthic Productivity


Average daytime net benthic productivity (NEP) at the patch reef area measured with the SHARQ system was significantly lower during the May survey than during October 2012 (mean = 0.137 and 0.177 g O2 m−2·h−1, respectively) (Figure 7, Table 3), and significantly lower at the patch reef than the seagrass area in October.


Figure 7. Net benthic productivity (NEP) during daylight at the patch reef in May and October 2012, and at the seagrass area in October 2012, measured with the SHARQ enclosures. Dark horizontal lines are the mean values, boxes represents interquartile values (25% and 75%), and whiskers represent the minimum and maximum values of NEP observed in each area.
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Table 3. Wilcoxon signed-ranks nonparametric paired t-test results for temporal and spatial variation of NEP. PR: patch reef; SG: seagrass. Temporal comparison was conducted only for the patch reef, and the spatial comparison was conducted only in October 2012.



	
Level

	

	
N

	
Mean

	
S.D.

	
df

	
Z

	
p






	
Temporal (PR)

	

	

	

	

	




	

	
May

	
53

	
0.137

	
0.060

	
1

	
2.859

	
0.004




	

	
October

	
42

	
0.177

	
0.107

	

	

	




	
Spatial (Oct)

	

	

	

	

	

	




	

	
PR

	
42

	
0.177

	
0.107

	
1

	
−3.054

	
0.002




	

	
SG

	
44

	
0.241

	
0.071

	

	

	














The highest NEP was observed in the seagrass area, with values of almost 0.4 g O2 m−2·h−1 (Figure 7). NEP was positively correlated with surface PAR (PARsurf) for both areas during the study in May and October (Spearman test S > 0.3, p < 0.05; Table 4). NEP and underwater PAR (PARw) were positively correlated in May at the patch reef and October for the seagrass area (both S > 0.3, p < 0.05). NEP was inversely correlated with moored chlorophyll-a (Chl(m)) in May 2012 at the patch reef where S = −0.3 (p = 0.01), but no statistical correlation was found with moored CDOM or turbidity observations.



Table 4. Spearman (S) correlations between NEP and moored parameters in the patch reef (PR) and seagrass (SG) sites, and between NEP and water column parameters in the patch reef for May 2012.



	
Area/Month

	
Variables

	
N

	
S

	

	
p






	
Moored Variables

	

	

	

	

	

	




	
PR (May)

	
NEPSHARQ

	
CDOM(m)

	
53

	
0.05

	

	
0.727




	

	

	

	
Chl(m)

	
53

	
−0.34

	

	
0.013 *




	

	

	

	
Turb(m)

	
53

	
−0.18

	

	
0.204




	

	

	

	
PARw

	
53

	
0.29

	

	
0.036 *




	

	

	

	
PARsurf

	
53

	
0.28

	

	
0.043 *




	
PR (Oct)

	
NEPSHARQ

	
CDOM(m)

	
42

	
−0.18

	

	
0.249




	

	

	

	
Chl(m)

	
42

	
0.21

	

	
0.181




	

	

	

	
Turb(m)

	
42

	
0.15

	

	
0.334




	

	

	

	
PARw

	
42

	
0.21

	

	
0.191




	

	

	

	
PARsurf

	
42

	
0.42

	

	
0.005 *




	
SG (Oct)

	
NEPSHARQ

	
CDOM(m)

	
44

	
0.12

	

	
0.423




	

	

	

	
Chl(m)

	
44

	
−0.27

	

	
0.073




	

	

	

	
Turb(m)

	
44

	
−0.15

	

	
0.335




	

	

	

	
PARw

	
37

	
0.78

	
<

	
0.001 *




	

	

	

	
PARsurf

	
37

	
0.71

	
<

	
0.001 *




	
Water Column Variables

	

	

	

	

	

	




	
PR (May)

	
NEPSHARQ

	
aT(406-487)

	
5

	
>0.80

	
>

	
0.104




	

	

	

	
aT(492-512)

	
5

	
0.90

	

	
0.037 *




	

	

	

	
aT(517-546)

	
5

	
1.00

	
<

	
0.0001 *




	

	

	

	
aT(551)

	
5

	
0.90

	

	
0.037 *




	

	

	

	
aT(556-591)

	
5

	
0.70

	

	
0.188




	

	

	

	
aT(595-614)

	
5

	
1.00

	
<

	
0.0001 *




	

	

	

	
aT(619-661)

	
5

	
0.70

	

	
0.188




	

	

	

	
aT(666-699)

	
5

	
−0.50

	

	
0.391




	

	

	

	
ap(402-438)

	
5

	
0.90

	

	
0.037 *




	

	

	

	
ap(443-587)

	
5

	
0.70

	

	
0.188




	

	

	

	
ap(591)

	
5

	
0.90

	

	
0.037 *




	

	

	

	
ap(595-699)

	
5

	
<−0.10

	
>

	
0.624




	

	

	

	
ag(402-699)

	
5

	
<0.70

	
>

	
0.104




	

	

	

	
Ed(402-700)

	
5

	
0.90

	

	
0.037 *








* indicates a significant correlation.










The relationship between NEP and light quality observations from light and constituent bio-optical profile samples was studied for the patch reef area in May, when more coinciding data between these parameters were available. Concurring data for the seagrass site were scarce (N<5) and thus were not considered for a similar analysis. NEP was highly correlated with particulate absorption (ap) from 402 to 438 nm, and at 591 nm (S > 0.9, p < 0.05) (Table 4), but not with the dissolved absorption (ag) (p > 0.05) at any wavelength. There was a positive correlation of NEP with particulate and absorbed absorption together (total absorption—aT) at wavelengths between 492–551 and 595–614 nm (S > 0.9, p < 0.05). NEP was also well correlated with all the water column irradiance (Ed) wavelengths analyzed at the patch reef site (S > 0.9, p < 0.05).





4. Discussion


Shallow coastal environments are optically complex areas, where a variety of dissolved and particulate materials contribute to the visible spectral characteristics of the water [5,6,7,8,9]. Coastal regions are often highly dynamic due to physical processes that include tides, wind driven circulation and eddies [55,56]. Specifically at Sugarloaf Key in the Lower Florida Keys, tides and associated tidal currents, storms, and upwelling events led to short-term increases in turbidity and in spectral particulate absorption, attenuation and scattering in the patch reef and seagrass sites. Tides and circulation dynamics in coastal waters can resuspend sediments and dissolved compounds changing the chemical composition of the water column when organic and inorganic materials trapped in the sediments are released [23,24,25,26,57,58,59].



The effects of upwelling and resuspension events on the water column optical properties were evident during our May survey. Pulses of cooler, deeper oceanic water onto the shelf, such as those observed on 18 May (Figure 2A), were associated with an increase in CDOM(m) and turbidity (Figure 3A,G). Upwelling and tidal bores accompanied by a decrease in temperature (>5 °C) have been previously described in the Florida Keys lasting up to about 4 h [60,61]. Our observations show that these upwelling events can result in a quick change in IOPs, with higher spectral cp, ap, bp, and lower Ed in the water column over the patch reef during high tide (solid blue lines in Figure 5A,C,E,I). These effects were also evident at the surface across the studied area, where a more homogenous distribution of CDOM and turbidity was observed from the patch reef to the seagrass site (Figure 6I,P). Conversely, during periods of no upwelling events (20 May), lower values of spectral cp, ap, bp, and higher Ed were observed during flooding tide (red solid lines in Figure 5A,C,E,I). These results corresponded to the intrusion of clearer surface Atlantic Ocean water toward the coast, supporting previous reports of lower concentrations of suspended inorganic and organic components in adjacent open ocean waters than in coastal areas and coral reefs [7,62]. In general, lower values for surface CDOM and turbidity were also recorded near the patch reef than in the seagrass area during our spatial distribution survey on 20 May (Figure 6J,Q).



Distinct water sources with different biogeochemical signatures can be identified with optical measurements in coastal waters [13,24]. In our study, attenuation, absorption, and backscattering were generally higher over the seagrass site than in the patch reef (Figure 4). Higher spectral cp, ap, bp, and lower Ed were observed during low tide in the patch reef (red dotted lines in Figure 5A,C,E,I), indicating the influx of water with higher concentrations of suspended and dissolved materials from shallower coastal areas to the patch reef. These observations corresponded to previous studies in the Florida Keys that showed higher turbidity and lower light intensity nearshore the Keys [63,64].



The dissolved absorption fraction (ag) served as an index for CDOM concentration in the water. This index was more than double the values for particulate absorption at wavelengths around 400 nm, at both the patch reef and seagrass areas (Figure 4C,D,E,F). We found relatively high values of total absorption (ap + ag) (May at(443) > 0.21 m−1, Oct. at(443) > 0.14 m−1; Figure 4) compared to previously reported values near the Upper Florida Keys at the Atlantic side in much deeper water (~−17 m) during summer (at(440) < 0.1 m−1) [32]. In general, the Lower Keys have higher turbidity compared to the Upper Keys [64], although higher productivity has been observed in seagrass and crustose coralline algae communities in the Lower Keys [65,66]. This may be due in part to higher nutrient concentrations in shallow waters around the Lower Keys from land-based sources [64]. Additional research is needed to determine the effects of nutrient loads on combined benthic and water column productivity in the Florida Keys.



In addition to nutrients, light availability is a fundamental factor for productivity on seagrass and other benthic communities [4,67]. The effects of full spectrum light have been widely reported for coral reef and seagrass areas [17,68,69], showing higher productivity and health with better illumination conditions. Light availability decreases with water depth in coral reefs of Florida [63], with a marked reduction in daily doses of solar radiation from 2 to 24 m depth. Our benthic productivity results were correlated to the total amount of available light reported as PAR and as downwelling irradiance from 402 to 700 nm, suggesting that in fact light is one of the most important drivers for benthic productivity in the Sugarloaf area.



A previous analysis of community metabolism that included productivity and calcification of the same patch reef and seagrass areas [70] showed that lower PAR values during storms can lower these metabolic rates for hours, while during periods of higher daylight illumination, calcification and productivity rates increased. Our surveys captured the impact of two strong thunderstorms in October, which limited light reaching the ocean’s surface and also increased the concentration of suspended materials in the water. Particulate attenuation coefficients were higher at the patch reef after the storm of 17 October, when winds >10 m·s−1 occurred. Dierssen et al. [31] concluded that winds >7.35 m·s−1 can trigger resuspension of sediments over the Bahamas Banks at depths of about 5 m. Lapointe et al. [71] also proposed that winds play an important role in the dynamics of nutrients and chlorophyll concentrations by changing advection patterns in the Lower Florida Keys. Our results show high turbidity and cp conditions due to suspended sediments under these short high wind events, which are quite common in Florida during summer. High turbidity due to winds was observed more frequently over the shallower seagrass areas.



Our productivity observations are the results of a community response to light availability in the visible spectrum. These communities included different species of corals, seagrass, crustose coralline algae, and benthic foraminifera, each one with particular light requirements and productivity rates. A detailed observation of photosynthetic responses and productivity of individual species was outside the scope of this study. In general, productivity in turf algae and seagrass beds can be higher than in adjacent coral areas. For example Jantzen et al. [72] found turf algae productivities two to four times higher than the productivity of corals during experiments in Thailand. Similarly, Naumann et al. [73] found that seagrasses contributed >50% of the lagoon-wide productivity in a Mexican reef, while corals contributed <1%. Mean net benthic productivity in our studied seagrass site at Sugarloaf Key was also higher compared to our studied patch reef (Figure 7). The depth difference between the seagrass site at a shallower depth (about −5 m deep) and the deeper patch reef (about −6 m deep) in October could have also contributed to the observed higher seagrass productivity. Fourqurean et al. [65] reported an increase of seagrass productivity with depth in the Florida Keys, from ~−2 m to ~−12 m, at a rate of 0.60 ± 0.02 mg g−1·day−1·m−1. Our studied seagrass was not a shallow site, which can help to explain the higher productivity compared to the patch reef.



In addition to total available light, we examined the relationship between water column light absorption at different wavelengths and productivity. Controlled laboratory studies have shown that captive corals subjected to shorter wavelengths in the ~blue region (~400 to ~500 nm) have high growth and photosynthesis rates [28,29]. As previously mentioned, we found relatively high values of total absorption (ap + ag) in the water column at shorter wavelengths (~400 to ~500 nm) for our study sites, resulting in lower light levels at these wavelengths reaching the coral community. Our results showed that higher total absorption at a range of wavelengths in the red region of the spectrum (666–699 nm) had a negative relationship with NEP, thus limiting NEP in the patch reef site (Table 4). These results indicate that the studied benthic coral community may utilize more red light than blue for photosynthesis, as previously reported by Mass et al. [74] for shallow water (~−3 m depth) corals in the Red Sea. Phytoplankton in the water column absorbing near 675 nm limits the amount of light at those wavelengths reaching the benthos. Chlorophyll-a has an absorbing peak at ~675 nm [75,76], and is a common pigment in phytoplankton and benthic organisms including seagrasses and zooxanthellae associated with corals [4]. The idea of light limitation by phytoplankton is also supported by our moored observations. A negative correlation was observed between productivity and moored chlorophyll-a fluorescence measurements for the patch reef in May and the seagrass in October. These results suggest that, although productivity in Sugarloaf Key is linked to the total amount of light, the availability of light in the red region of the visible spectrum (~675 nm) may limit NEP rates.



Empirical algorithms for remote sensing analyses are based on in situ data sets of inherent and apparent optical properties such as our observations in Sugarloaf Key. Although these algorithms have been tested widely [77,78,79,80], additional calibrations with in situ time series measurements during different tides and seasons are needed for improved remotely sensed water and bottom retrievals. Multispectral high-resolution satellite imagery has led to better coral reef maps [81,82,83] and successful estimations of coral reefs’ gross primary production [84], which provides an important geospatial tool for biodiversity and productivity assessments. Algorithms and models used for these purposes need to account for bottom depth, either measured or modeled [84,85,86]. Our results indicate that tides not only change water depth, but also the optical properties of the water when shallower or oceanic particulate and dissolved constituents are brought to coral reefs. Higher temporal resolution satellite sensors, with close to daily revisit times, may help improving these models by accounting for depth variations due to tides. In addition, higher spectral resolution satellite sensors can better “un-mix” optical signals in order to discriminate between oceanic and terrestrial organic matter sources, suspended materials, phytoplankton functional types, and shallow bottom types at different depths [86,87]. New satellite sensors expected to be launched in the next decade, including NASA’s PACE, Geo-CAPE and HyspIRI missions, will better fulfill the need for higher spectral, spatial and temporal resolution measurements for coastal zones.




5. Conclusions


Changes in the underwater light field can affect the productivity of coastal ecosystems. Yet, studies of the spectral quality of light reaching coral and seagrass ecosystems are scarce. We characterized the spectral quality of available light reaching the seafloor in a patch reef and a nearby seagrass site off Sugarloaf Key in the Florida Keys in May and October, 2012. Overall, using optical and hydrographic measurements, we found that higher sediment concentrations associated with resuspension by tidal currents and by winds during storms, and higher phytoplankton concentration associated with upwelling modified the light field in these areas, changing turbidity and chlorophyll-a concentration in the water column. These changes in light availability and spectral quality are important limiting factors of benthic productivity at Sugarloaf Key. These results indicate that ecosystems in the lower Florida Keys may be highly susceptible to natural or anthropogenic sources of suspended sediments and increased phytoplankton concentrations due to eutrophication events.
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