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St Helena is an isolated oceanic island located in the tropical South Atlantic, and knowledge of broadscale oceanography and productivity in its surrounding waters is limited. This study used model outputs (2007-2017), remote sensing data (1998-2017) and survey measurements (April 2018 and 2019) to determine background conditions for nutrients, chlorophyll and suspended particulate matter (SPM) in offshore waters and propose standards (thresholds) for assessing inshore water quality based on 50% deviation from seasonal (usually June to November) or annual averages. Seasonal thresholds were proposed for surface nitrate (average 0.18 μM), phosphate (average 0.26 μM), silicate (average 2.60 μM), chlorophyll (average 0.45 μg chl l–1), and SPM (average 0.96 mg l–1). Associated background values for most surface parameters (phosphate 0.17 μM, silicate 1.57 μM, chlorophyll 0.30 μg chl l–1; from model outputs and remote sensing) were slightly higher than offshore observations (April 2019). For nitrate, the average background value (0.12 μM) was lower than the observed average (0.24 μM). At depth (150-500 m), annual background values from model outputs were high (nitrate 26.8 μM, phosphate 1.8 μM, silicate 17.3 μM). Observed water masses at depths >150 m, identified to be of Antarctic and Atlantic origin, were nutrient-rich (e.g., 16 μM for nitrate, April 2019) and oxygen deficient (<4-6 mg l–1). A thermocline layer (between ca. 10 and 230 m), characterized by a sub-surface chlorophyll maximum (average 0.3-0.5 μg chl l–1) near the bottom of the euphotic zone (ca. 100 m), is likely to sustain primary and secondary production at St Helena. For assessing inshore levels of chemical contaminants and fecal bacteria estimated from survey measurements, standards were derived from the literature. A preliminary assessment of inshore observations using proposed thresholds from surface offshore waters and relevant literature standards indicated concerns regarding levels of nutrients and fecal bacteria at some locations. More detailed modeling and/or field-based studies are required to investigate seasonal trends and nutrient availability to inshore primary producers and to establish accurate levels of any contaminants of interest or risk to the marine environment.
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INTRODUCTION

St Helena is an isolated oceanic island, located in the tropical South Atlantic. The island provides habitat for a diverse range of tropical and sub-tropical marine species, many of which are endemic, CITES listed or listed on the IUCN Red List (IUCN, 2020). In September 2016, the 200 nm maritime zone or Exclusive Economic Zone (EEZ) around St Helena was declared an IUCN Category VI (Sustainable Use) Marine Protected Area (MPA) to provide protection for its biodiversity and to help ensure sustainable use of its natural resources.

St Helena is located approximately 1,500 km south of the equator, where warm surface waters contain few nutrients. To the south of the island, the surface waters of the subtropical gyre are also low in nutrients (McClain et al., 2004; Turner, 2020). Despite this, the marine waters around the island sustain productive commercial and recreational fisheries. Few (if any) field-based studies have been published on the physical, chemical and biological oceanography of the region. There is therefore limited information on how overall productivity in the marine waters around St Helena is sustained, and likely impacts of pressures such as climate change and ocean acidification. Marine production is likely to be influenced by broadscale oceanography, including the Benguela and Angola Currents (Feistel et al., 2003; Ellick et al., 2013; Cabos et al., 2017). Interactions between the atmosphere and the ocean influence winds, sea surface temperatures, currents, and resulting depths at which the nutrient-rich water is found. Studies from similar regions (e.g., Herbland et al., 1985) indicate that nutrients and plankton are generally found below the surface. Both mixing and upwelling are likely to play a key role in delivering nutrients into the surface waters. Eddy transport is also known to play a key role in westward transport of nutrients across the Atlantic subtropical gyres (McGillicuddy, 2016; Doddridge and Marshall, 2018).

Water quality plays a key role in determining the health of species and habitats within the marine environment. At St Helena, the main anthropogenic risks to marine water quality are directly from contaminants and marine debris from fishing, oil/chemical spills from shipping accidents, land-based run-off including untreated sewage (St Helena Government, 2016; Blue Belt Programme, 2018) and indirectly, through climate change. The on-island population is small (averaging 4,500 people since 2011; St Helena Government, 2018) and activities (e.g., boating, construction, provisioning) are largely related to fishing and a growing tourism industry (average visitor numbers per month since 2011 = 164; maximum 478 in December 20191). Most goods are imported as there is little agriculture or animal husbandry, and only fish and coffee are exported (St Helena Government, 2018). Wastewater from most properties is discharged through soakaways or septic tanks and management measures are underway to dispose of most sludge from a few settlements at a landfill site. A substantial amount of untreated sewage (and gray water) is discharged into the marine environment, for example at West Rocks (James Bay) and at Half Tree Hollow (St Helena Government, 2016), although there is a proposal for a wastewater scheme to screen effluent before discharging it offshore via a 500 m pipe (McVittie et al., 2019). Untreated sewage and storm water discharges may cause nutrient and microbiological contamination of the wider marine environment and marine biota. Bacteria, viruses and protozoans from human and animal sources, mainly attached to fine particulate matter, can affect bathing water quality and can accumulate in filter feeding shellfish (Potasman et al., 2002; OSPAR, 2009, 2010). A wide range of commonly used chemicals such as metals, herbicides and hydrocarbons may occur as contaminants in coastal and marine waters. Toxic contaminants generally alter marine ecosystem functioning by reducing productivity and increasing respiration (Johnston et al., 2015) and may have chronic effects on the growth and hatching rate of marine organisms (Law and Hii, 2006). Chemical pollutants such as pharmaceuticals and steroids may have endocrine disrupting effects on marine organisms (Smith et al., 2015).

Very little information is available on marine water quality at St Helena to support assessments of the state of the environment. Assessments usually require long term monitoring data and the development of standards or thresholds for key water quality parameters against which the data can be compared (e.g., Foden et al., 2011; OSPAR, 2013). Guidelines and standards have been developed in a number of regions, e.g., in South Africa, Europe, the United States, Australia and the Middle East (EIMP, 2001; EU, 2009, 2016; Brodie et al., 2011; DEA, 2012, 2018; Kress et al., 2019). Much of the guidance on the setting of standards or thresholds is based on establishing regional background concentrations using historical data and developing statistical measures, such as mean annual values or seasonal averages. Assessments of status can include analyses of long-term trends in the data in order to determine if observed changes are significant and in the direction required (e.g., EU, 2008a; COM, 2014). For example, for assessing anthropogenic nutrient enrichment and the impacts thereof (Tett et al., 2007), the direction required is generally downwards for nutrients and upwards for dissolved oxygen.

The aim of this study was to determine background environmental conditions and levels of pollutants (nutrients, chemical contaminants, and fecal indicator bacteria) in coastal waters at St Helena and to propose water quality standards (thresholds) for assessments of water quality. Data were obtained from model outputs and remote sensing, as well as measurements obtained during field surveys in 2018 and 2019. In 2019, samples were collected for analysis of nutrients (offshore and inshore), chlorophyll (offshore only), and chemical contaminants and fecal indicators (inshore only).



METHODS


Model and Satellite Data

Physical oceanographic data were obtained from global ocean model output (EU Copernicus Marine Services Information, 2018a), at a resolution of 1/12 degree (equivalent to a grid spacing of approximately 9 km at 16°S). Monthly mean fields were obtained for the period 2007-2017, allowing seasonal climatology to be determined over this time. Supporting atmospheric data were obtained from the European Centre for Medium-Range Weather Forecasts (ECMWF) atmospheric reanalysis product, ERA5 (Hersbach et al., 2019). Monthly wind speeds were obtained for the period 2010-2017.

Resulting ocean and atmospheric data were analyzed for a region extending approximately 100 km offshore around St Helena. At the resolution of the oceanographic model (1/12 degree), St Helena island itself is not represented. However, the model does include shallower bathymetry at the island’s location, and hence potential impacts on circulation, upwelling and mixing. The point at which the model bathymetry is shallowest (16.0°S, 5.75°W) was then chosen to be representative of conditions around the island.

Nutrient data were obtained from a global biogeochemical model reanalysis (EU Copernicus Marine Services Information, 2018b), at a resolution of 1/4 degree (equivalent to a grid spacing of approximately 27 km at 16°S). Monthly mean fields were obtained for the period 2007-2016, allowing seasonal cycles and variability to be determined over this time. At the resolution of the model (1/4 degree), again St Helena island was not represented. The nearest point was then chosen to represent likely conditions in the region (16.0°S, 5.75°W). Model simulations did not include nutrient sources from the island itself (e.g., through river runoff).

Ocean color data were obtained from merged satellite remote sensing products. Concentrations of chlorophyll (chl) and suspended particulate matter (SPM) were extracted at a resolution of 1/24 degree, equivalent to approximately 4 km grid spacing, for the period 1998-2017. At the time of this study, this required use of two different products, using reprocessed data for 1998-2016, and near real time data for 2017 (EU Copernicus Marine Services Information, 2018c-f). Data were downloaded as monthly averages, for a region approximately 100 km offshore around St Helena. To identify seasonal trends in waters immediately surrounding St Helena, ocean color data were averaged monthly for a smaller region (ca 25 km × 25 km) around the island. This region was a rectangle covering 15.85-16.06°S and 5.85-5.60°W, comprising 7 × 6 grid points.


Background Environmental Conditions and Proposed Thresholds

Background environmental conditions for nutrients, chlorophyll and SPM were estimated from model and satellite data. Monthly averages in surface waters were plotted over a 10- or 20- year period to identify seasonal trends and estimate background conditions at St Helena for seasons with highest natural values, e.g., June to November, given as seasonal averages and maximum values. Proposed assessment levels (thresholds) were developed following an approach used in Europe to meet the needs of various directives (COM, 2003; OSPAR, 2005; Devlin et al., 2011; Foden et al., 2011). These approaches typically allow for 50% deviation from background conditions during the most relevant season, for example the phytoplankton growth season for chlorophyll and the preceding period with highest nutrient levels. The Redfield ratio of N:P (16:1) plus 50% deviation was used to calculate a threshold value (24) for the ratio between dissolved inorganic nitrogen (N) and phosphorus (P).

For dissolved oxygen, concentrations above 6 mg l–1 are considered to cause no problems (Best et al., 2007), while concentrations <2 mg l–1 are considered to be hypoxic (Diaz and Rosenberg, 2008; Levin et al., 2009; Breitburg et al., 2018). Threshold values range from 4 to 6 mg l–1 (or 40-60% saturation) to identify areas of deficient or reduced oxygen (Foden et al., 2011; OSPAR, 2013). The lower value of 4 mg l–1 was adopted here.

Background conditions for chemical contaminants and fecal bacteria are typically low in marine waters. Assessment standards were derived from the literature. International assessment standards were reviewed and used to investigate risks at St Helena from chemical contaminants (e.g., EU, 2000, 2013) and fecal indicator bacteria (Table 1; EU, 2006).


TABLE 1. Microbiological standards for coastal and estuarine (transitional) waters.

[image: Table 1]


Surveys

Surveys of offshore oceanography at St Helena were carried out from the RRS James Clark Ross (survey JR17-004; 5th – 12th April 2018) and RRS Discovery (survey DY100; 5th – 14th April 2019). In 2019, inshore sites were sampled immediately after the offshore survey.


Study Sites

During both offshore surveys, field measurements were carried out at six stations around St Helena (Figure 1A). These stations were located on the 500 or 1000 m depth contour. In 2019, two new stations were located along a short transect outside James Bay extending from the station on the 500 m depth contour into shallower water (<50 m; Stations 14-16. Figure 1A).


[image: image]

FIGURE 1. (A) Offshore CTD stations sampled at St Helena during the surveys; station numbers in 2019 are shown in bold; the inset shows the location of St Helena within the south Atlantic and the extent of the Marine Protected Area (MPA); the green rectangle shows where samples were collected inshore. (B) Inshore sampling locations; samples were obtained at one to four of the stations shown at each site. Nearshore bathymetry (≤500 m) reproduced by permission of the United Kingdom Hydrographic Office (UKHO) under delegated authority from The Keeper of Public Records (Crown Copyright). Basemap bathymetry from ESRI (2020).


In 2019, field measurements were made at eleven inshore sites (Figure 1B) using small boats, at one to four stations per site. Sites selected were those considered to be at greater risk from the impacts of human activities, such as sewage discharges and other land-based run-off (sites B, C, D, E, and H), fuel and other leakages (sites F and G), and fuel transfers (Rupert’s Bay jetties and refueling dock, sites I, J, K, and L, Figure 1B).



CTD Profiles and Sample Collection


Offshore

At each station, a CTD rosette was deployed to obtain profiles of water column structure. The sensor array included: a Seabird SBE11plus (temperature, °C; practical salinity; pressure, dbar), a Biospherical Licor Chelsea Sensor (downwelling Photosynthetically Active Radiation, μmol photons m–2 sec–1), a Chelsea Aquatracka MKIII fluorometer factory calibrated to an in-lab chlorophyll a standard (chlorophyll concentration, μg l–1), a WET Labs ECO BB Scattering Meter (volume scattering coefficient, m–1sr–1, 2019 only), a SBE 43 Dissolved Oxygen Sensor (dissolved oxygen, μM).

In 2019, discrete sea water samples were collected for chlorophyll and nutrient analyses during the CTD upcast using 20-liter Niskin bottles mounted on the CTD rosette. The number of sampling depths ranged from one (just below the sea surface) to seven.



Inshore

At inshore sites (Figure 1B), a Valeport mini CTD was deployed to measure profiles of temperature and salinity. Discrete surface water samples were collected using clean 1-liter polypropylene buckets. Samples for nutrient and contaminant analysis were kept cool and transferred to the RRS Discovery for processing and/or storage.



Chlorophyll

Triplicate sea water sub-samples (250-1000 ml) from each depth sampled were filtered through 47 mm diameter glass microfiber filters (GF/F) using a Millipore filtration rig under low vacuum (<5 mm Hg). Filters were retained, folded, wrapped in aluminum foil and stored in a −80°C freezer.



Nutrients

On board the RRS Discovery, sea water (250-500 ml) from each depth sampled was filtered using a Millipore filtration rig with 47 mm diameter glass microfiber filter papers (GF/F) under low vacuum (<5 mm Hg). The initial filtrate was used to rinse the vacuum flask, and the remaining seawater was filtered into three 60 ml sample pots. Two were preserved with 0.1 ml of 16 g l–1 mercuric chloride solution (final concentration approximately 28 mg l–1) and stored in a refrigerator. The remaining sample was stored in a <-20°C freezer for ammonium analysis.



Chemical Contaminants

Pre-cleaned glass sample bottles (1 liter) were used to collect samples for contaminant screening. At each station, a bottle was uncapped, submerged by hand, filled with seawater from just below the surface, and re-capped. Nitrile gloves were worn throughout this process. All samples were stored in the dark during the sampling period and then transferred to refrigerators on the RRS Discovery for storage and transport back to the United Kingdom. The samples were transported in a refrigerated vehicle from the vessel to the analytical laboratory in the United Kingdom.



Fecal Indicator Bacteria

Surface seawater samples (250 ml) were collected directly into labeled, sterile plastic bags (500 ml). Samples were transferred within 1 h of collection to the microbiology laboratory at the St Helena Hospital where they were set up immediately to incubate as described below.



Surveys: Data and Sample Analysis


CTD Profiles

All offshore CTD profiles were extracted using SeaSave software (Version 7.26.7, Sea-Bird Scientific). Inshore profiles were extracted using Valeport Connect software (Version 1.0.7.10, Valeport Limited). All profiles were analyzed in Matlab 2019a (MathWorks, 2019). Down casts were isolated, and profiles binned by taking a mean over 0.5 m intervals for offshore profiles and 0.2 m intervals for inshore profiles. To smooth profiles a moving mean with a window size of 5 % of the data was applied.

Offshore profiles were analyzed individually and grouped by survey and location west or east of St Helena:

• East = RRS Discovery stations 12, 13; RRS James Clark Ross stations 11, 15, 16, 17, 18.

• West = RRS Discovery stations 8, 9, 10, 11, 16; RRS James Clark Ross stations 9, 10, 12, 13, 14.

Profiles were averaged by survey and region to show average depths (e.g., water column, upper mixed layer, thermocline, euphotic zone, fluorescence maximum, and low dissolved oxygen) and light attenuation co-efficients.


Temperature and salinity

Profiles of temperature, salinity, and pressure were used to calculate potential density following the methods of Gill (1982), using a reference pressure of 10 dbar. Mixed layer depth (MLD) was defined as the shallowest depth at which a density gradient of 0.005 kg m–3dbar–1 was reached, following the threshold method of Dong et al. (2008). Waters above this were considered to be the surface mixed layer (also referred to as the upper mixed layer, UML). The base of the seasonal thermocline was identified as the greatest depth at which a density gradient of 0.005 kg m–3dbar–1 was reached.

Temperature-salinity diagrams were created from offshore profiles of salinity, temperature, and pressure, with potential temperature calculated following Fofonoff and Millard (1983) using a reference pressure of 10 dbar.



Photosynthetically active radiation (PAR)

Where downwelling photosynthetically active radiation (PAR) data were available for profiles taken during daylight hours, downward attenuation coefficients of PAR (Kd(PAR)) were calculated following the Lambert-Beer equation:

[image: image]

where Ed(z) is downward irradiance available at a certain depth (z), Ed(0) is the downward irradiance available just below the surface, and K_d is the vertical attenuation coefficient for downwards irradiance between the surface and depth z (Kirk, 1994).

A linear regression of ln-transformed E_d vs. depth between the depth of the shallowest PAR value (often 0.5 m) and the depth at which E_d reached 1 μmol photon m–2 s–1 was used to derive Kd(PAR).

The depth of the euphotic zone (Zd) was approximated by 4.6/K_d, as per Kirk (1994), as K_d was observed to be relatively constant with depth.



Fluorescence

Sensor fluorescence values were validated using discrete chlorophyll measurements to confirm that factory calibrated fluorescence-to-chlorophyll ratios were appropriate for St Helena waters.



Turbidity

Turbidity values were occasionally below zero, presumably due to calibration error. To correct for this, negative turbidity values were set to zero.



Dissolved oxygen

Theoretical oxygen saturation profiles were calculated as a function of temperature and salinity assuming equilibrium with the atmosphere, as described in Garcia and Gordon (1992).



Chlorophyll Concentrations

Samples were returned to the United Kingdom and stored in a −80°C freezer for analysis by High Performance Liquid Chromatography (HPLC) as described in Hooker et al. (2005) in October 2019. The glass microfiber filters were transferred to vials with 6 ml 95% acetone and internal standard (vitamin E). Samples were mixed on a vortex mixer, sonicated on ice, extracted at 4°C for 20 h, and mixed again. Samples were then filtered through 0.2 μm Teflon syringe filters into HPLC vials and placed together with mixed pigments standards (DHI, Denmark) in the cooling rack of the HPLC system (Shimadzu LC-10A HPLC system with LC Solution Software). Buffer and samples were injected onto the HPLC system in the ratio 5:2 using a pre-treatment program and mixing in the loop before injection.

Total chlorophyll a concentrations (μg l–1) were the sum of chlorophyll a from Prochlorococcus spp. and from all other algae. The limit of detection was 0.02 μg l–1 for 250 ml filtered samples and 0.005 μg l–1 for 1000 ml filtered samples. The uncertainty of the method is <1.0%.

Measured chlorophyll concentrations were used to validate sensor fluorescence values (see above). Average values were calculated for the upper mixed layer, the seasonal thermocline, and deeper bottom waters (generally > 150 m).



Nutrients

Samples were returned to the United Kingdom and stored in a refrigerator or freezer prior to analysis. A subset of the frozen sub-samples was defrosted and analyzed for nutrients in August/September 2019.

Analyses were performed on a Skalar San++ Continuous Flow Analyser (CFA) (Skalar Analytical B.V, Breda, Netherlands) running channels for nitrite, phosphate, silicate and ammonium with photometric detection, as described in Bendschneider and Robinson (1952), Murphy and Riley (1962), Treguer and LeCorre (1975), Grasshoff (1976).

Samples were analyzed for nitrite-N, TOxN (nitrite+nitrate), ammonium-N, phosphate-P and silicate-Si. Total dissolved inorganic nitrogen (DIN) was calculated by summing TOxN and ammonium. Limits of detection were 0.07 μM for nitrite, 0.43 μM for ammonium, 0.14 μM for phosphate, and 0.09 μM for silicate.

For offshore samples, average values were calculated for surface waters (the upper mixed layer), the seasonal thermocline, and deeper bottom waters (>150 m). Average values of DIN and phosphate-P were used to calculate N:P ratios for comparison against Redfield ratios for N:P (16:1) and N:Si (∼1:1) (Downing, 1997; Lefevre et al., 2003; Burson et al., 2016). Values below the limits of detection were set to 0.01 μM and were not used to calculate nutrient ratios.



Chemical Contaminants

Samples were screened using a gas chromatography-mass spectrometry (GC-MS) technique for non-polar organic environmental pollutants (Smith et al., 2015; Gravell et al., 2013; Sandy and Civil, 2014; White et al., 2019; Sorensen et al., 2015).

The technique allows for a target based, multi-residue screening of volatile organic compounds (VOCs) and semi-volatile organic compounds (SVOCs). The method uses a retention time locked, custom built target mass spectrometric database with over 1050 compounds, allowing for the identification and measurement of a wide range of organic pollutants in any given water body. It applies deconvolution reporting software to provide increased confidence in identifying the chemical peaks in each sample. For each contaminant detected in the screening process, a chemical database was used to describe the possible sources and/or use of the chemicals.

Screening results are semi-quantitative and useful for indicating the presence of chemicals at concentrations in the μg l–1 range that may need further investigation and quantification. Estimated concentrations are indicative only and it is not generally considered appropriate to use these to determine if chemicals detected are at acceptable or unacceptable concentrations. Nonetheless, international standards were used to identify potential risks from chemical contaminants, particularly substances of very high concern (SVHC, EC, 2006; EU, 2006) and priority substances (EU, 2008b, 2013, 2016).



Fecal Indicator Bacteria

Samples were analyzed at the St Helena Public Health Laboratory at the General Hospital in Jamestown. The number of colony forming units of total coliforms and E. coli were enumerated using standard methods (SCA, 2016) following ISO guidelines (ISO, 2018). For each sample, up to 100 ml of water was filtered onto two 47 mm, 0.45 μm pore-size cellulose nitrate filter membranes. The filters were placed onto an absorbent pad that was saturated with membrane lauryl sulfate broth (MLSB) in a Petri dish. Petri dishes were incubated at 30°C for a 4-h recovery step. Following recovery, one Petri dish was incubated at 37°C and the other at 44°C for at least 14 h for each sample. After incubation, yellow colonies on the membranes incubated at 37°C were counted as presumptive coliforms and yellow colonies on the membranes incubated at 44°C were counted as presumptive E. coli.



RESULTS


Model and Satellite Data


Oceanographic Background Conditions


Temperature and salinity

Strong seasonal patterns were observed in the model temperature data (Figure 2A), with lower surface temperatures in late winter to early spring (minimum ca 20°C in September), increasing to higher values in late summer to early autumn (maximum ca 26°C in March). The depth of the upper mixed layer varied each year; average conditions showed a thermocline at approximately 100 m which was deeper in late winter to early spring.


[image: image]

FIGURE 2. Temperature, salinity and nitrate (NO3) profiles, from model analysis (2007-2017) at 16°S, 5.75°W. (A) temperature (°C), (B) salinity, (C) nitrate (μM); note change of scale on y-axis. Left = time-series of monthly averages; right = monthly climatology.


Model surface salinities also showed a seasonal cycle (Figure 2B), with lower values during spring in the upper mixed layer (minimum of ca 36.4 in November). Throughout the year, salinity values were typically higher in the upper mixed layer and decreased with depth. Salinity data also indicated that the average depth of the upper mixed layer was around 100 m.



Nutrients, chlorophyll, and SPM

Seasonal trends were observed in model and satellite concentrations of surface nutrients, chlorophyll and SPM (Figures 3A-C). Maximum values were 1.86 μM for nitrate, 0.78 μg l–1 for chlorophyll and 1.6 mg l–1 for SPM (Figures 3A-C). Below the thermocline, nitrate concentrations were high, increasing to >30 μM below approximately 350 m depth (Figure 2C).

In surface waters, average monthly nitrate concentrations were low (close to or at zero) from January to May and increased from June to November, with maximum values in September (spring, Figure 3D). From these monthly climatologies, average background values for nitrate from June to November (seasonal average, Table 2a) were calculated to be 0.12 μM. Similarly, average background values were estimated to be 0.17 μM for phosphate and 1.57 μM for silicate (Table 2a). Using data from all months, the annual average for nitrate (0.06 μM, Table 2a) was lower than the seasonal average. For phosphate and silicate, annual averages were similar to seasonal averages. N:P and N:Si ratios from seasonal averages (0.7:1 and 0.1:1, respectively, from seasonal averages in Table 2a) were lower than Redfield ratios. At depth (150-500 m), annual averages were high (26.78 μM for nitrate, 1.81 μM for phosphate and 17.27 μM for silicate, Table 2a); N:P and N:Si ratios (15:1 and 1.6:1, respectively) calculated from annual averages were close to Redfield ratios.


TABLE 2. Background values for (a) surface waters from model output (2007-2016) and satellite products (1998-2017), shown as annual averages, seasonal averages (months with highest natural values, e.g. June to November, Figure 3) and maximum values; (b) 150-500 m from model outputs, shown as annual averages and maximum values. Averages from offshore survey data (see Table 4) are shown for (c) surface water (the upper mixed layer) and (d) deep water (>150 m). (e) Threshold values taken from the literature.

[image: Table 2]Chlorophyll and SPM concentrations (available as surface values only) showed inter-annual variability in precise timings and peak values (Figures 3B,C). Average monthly concentrations showed similar trends to nitrate concentrations; they were low (ca. 0.1 μg chl l–1, Figure 3E; 0.5 mg l–1 for SPM, Figure 3F) from January to May, increasing to reach a peak in October (0.38 μg chl l–1) or September (0.7 mg l–1 for SPM). Seasonal averages (Table 2) were calculated to be 0.3 μg chl l–1 and 0.64 mg l–1 for SPM. Annual averages for chlorophyll (0.06 μg chl l–1, Table 2) and SPM (0.59 mg l–1) were lower than seasonal averages.
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FIGURE 3. Time-series of monthly averages in surface waters shown in top panel (A) nitrate (NO3) concentration (μM) at 16°S, 5.75°W (see Figure 2); (B) chlorophyll (Chl) concentrations (mg m–3) and (C) SPM concentrations (g m–3) in a 25 km × 25 km grid around St Helena Island, from satellite data. Monthly climatology in surface concentrations shown in bottom panel (D) NO3 (2007-2016), (E) Chl (1998–2017), and (F) SPM (1998-2017).




Proposed Thresholds

Thresholds based on seasonal averages and maximum values in surface waters (Table 2) were proposed for nitrate (average = 0.18 μM, max = 2.79 μM), phosphate (average = 0.26 μM, max = 0.51 μM), silicate (average = 2.60 μM, max = 3.53 μM), chlorophyll (average = 0.45 μg chl l–1, max = 1.17 μg chl l–1), and SPM (average = 0.96 mg l–1, max = 2.40 mg l–1).



Survey Observations


CTD Profiles


Offshore waters

All offshore profiles of temperature and salinity (Figures 4, 5 and Supplementary Figure 1–6) displayed an upper mixed layer (UML) of uniform physical structure within the upper 10-30 m of the water column. Between the UML and 150-230 m depth, a seasonal thermocline of rapidly changing temperature was observed. Below this a deeper permanent thermocline was present where temperature and salinity changed slowly with depth until approximately 1 km depth where intermediate water masses were found.
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FIGURE 4. Profiles from RRS James Clark Ross (2018) of (A) temperature, (B) fluorometric chlorophyll, (C) oxygen concentration, (D) practical salinity, and (E) oxygen saturation, from east and west stations. The legend shows the CTD profile numbers.
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FIGURE 5. Profiles from RRS Discovery (2019) of (A) temperature, (B) fluorometric chlorophyll, (C) oxygen concentration, (D) practical salinity, (E) turbidity, and (F) oxygen saturation, from east and west stations. The legend shows the CTD profile numbers.


At the seasonal thermocline, a deep fluorescence (chlorophyll) maximum was observed in all profiles (Figures 4, 5; average values 0.29 to 0.46 μg chl l–1, Table 3). The chlorophyll maximum was accompanied by a turbidity maximum (Figure 5), an oxygen maximum (>6 mg l–1, Figures 4, 5), and oxygen saturation levels close to 100% (Figures 4, 5). All profiles displayed oxygen deficiency (<4 mg l–1) in waters below the seasonal thermocline (Table 3), averaging 3.53 mg l–1 at all depths > 150 m (Table 2).


TABLE 3. Summary of offshore CTD profiles averaged by survey and region (east and west of St Helena) showing water column depth (depth), mixed layer depth (MLD), maximum (max) depth and width of the seasonal thermocline (TC), the fluorescence maximum (FLRmax, μg chlorophyll l–1 and depth), the light attenuation co-efficient (Kd), the maximum depth of the euphotic zone (Zd), and the depth below which dissolved oxygen (DO) was <4 mg l–1.

[image: Table 3]In 2018 (JR17-004) the MLD of the upper mixed layer was on average 6 m deeper on the west side of the island, with a narrower region of rapidly changing density in the seasonal thermocline than on the east side (Table 3). The average maximum fluorescence value was 0.07 μg l–1 higher in easterly stations. On average, fluorescence maxima were higher on the easterly side of the island. The highest fluorescence value was, however, observed at Station 13 in the west (see Figure 1).

In 2019 (DY100) the MLD was similar on the eastern and western side of the island, as was the width of the seasonal thermocline (Table 3). Average maximum fluorescence values were similar in both regions, although the depth of the fluorescence maximum was on average 10 m deeper in the west. Optical properties of the water column were, on average, very similar. Profiles indicate that the observed oxygen maximum generally extended deeper at westerly stations, and minimum oxygen values were typically lower in the west (Figures 5C, F). Although, on average, fluorescence maximum values were similar between easterly and westerly stations (Table 3), highest fluorescence values were observed in the west (Figure 5B), as were highest turbidity maxima (Figure 5E). A deep turbidity maximum was also observed in the west (Figure 5E).



Temperature-salinity plots

Temperature-salinity (T-S) plots of offshore profiles from both surveys (Figure 6) allowed comparison of the water column against the typical characteristics of water masses in the region (Tomczak, 1999). The temperature and salinity characteristics of deep waters offshore of St Helena fall within ranges typical of South Atlantic Central Water at approximately 6°C–16°C and salinity 34.5-35.5 (linear section in Figure 6), Antarctic Intermediate Water, characterized by a salinity minimum at depth, with a core temperature of 4–5°C and salinity minima between 34.2 and 34.5, and North Atlantic Deep Water with a salinity greater than 34.8 (Steele, 2001). Figure 6 shows some level of variability in the warmer (>12°C) surface waters around St Helena, with T-S lines for the two surveys displaying slightly different behavior.


[image: image]

FIGURE 6. T-S plot of selected CTD profiles from RRS James Clark Ross and RRS Discovery, including contours of uniform density showing typical signatures of South Atlantic Central Water, Antarctic Intermediate Water, and North Atlantic Deep Water.




James Bay transect

At the deepest station (Station 16, 500 m), profiles were similar to other offshore stations, with a chlorophyll maximum (0.3 μg l–1) at approx. 90 m (Figure 7, Table 3, and Supplementary Figures 3, 7). At the intermediate station (Station 15 ± 120 m water depth), the upper 30 m was well mixed with low chlorophyll concentrations (<0.1 μg chl l–1) and high levels of dissolved oxygen (>6 mg l–1, Supplementary Figure 3). Below 30 m, there was a gradual decrease in temperature and salinity; chlorophyll concentrations increased to a maximum of 0.4 μg l–1 at 40 m, where turbidity levels were also higher (approx. 1 m–1/sr; Supplementary Figure 3). At the shallow (50 m) innermost station (Station 14, see Figure 1), the water column was vertically mixed, with low chlorophyll concentrations (<0.1 μg chl l–1) and high levels of dissolved oxygen (>6 mg l–1, Supplementary Figure 3).


[image: image]

FIGURE 7. (A-F) CTD profiles from the James Bay transect, DY100: Station 16 = furthest offshore; Station 14 = closest to James Bay. The legend shows the CTD profile numbers.




Inshore sites

Temperature and salinity profiles (Supplementary Figure 8) showed that the water column was generally mixed at all inshore sites. Water temperatures ranged from 24.5 to 25.1°C and salinities from 36.62 to 36.75. Average values (24.8°C, salinity 36.70) were similar to averages in the UML at all offshore stations (Figure 5) around St Helena (25.2°C, salinity 36.60) and along the James Bay transect (25.1°C, salinity 36.59).



Chlorophyll

Chlorophyll measurements confirmed that factory calibrations of sensor fluorescence were valid for St Helena. At depth, the relationship between the factory calibration and discrete samples was approximately 1:1, with some instances in shallower water where discrete samples returned slightly higher chlorophyll concentrations.

Discrete samples showed that average chlorophyll concentrations (Table 2) were low in surface waters (0.06 μg l–1, average depth 7 m), higher in samples taken at around 100 m (0.5 μg l–1, not shown) and low (0.02 μg l–1, Table 2) below the thermocline, at an average sample depth of 458 m.



Nutrients


Offshore waters

In offshore surface waters, nutrient concentrations were generally low (<1 μM, Table 4), except for ammonium (average = 1.79 μM) and therefore DIN (average = 2.04 μM). Dissolved inorganic phosphate concentrations were below the detection limit. At the two outermost stations (Stations 15 and 16) on the James Bay transect, concentrations of silicate were relatively high in the UML and thermocline region compared with most other stations (Table 4).


TABLE 4. Offshore concentrations of dissolved inorganic nutrients (μM) during the 2019 survey (DY100).

[image: Table 4]In deep (>150 m) offshore water, concentrations of TOxN, DIN, and silicate were high (>10 μM) at all stations (Table 4). Nitrate was the main contributor to DIN concentrations.

In surface waters, the average nutrient ratio (using DIN for nitrogen) was not calculated for N:P (Table 4), due to phosphate concentrations consistently below the limit of detection (LOD). The average ratio for N:Si (3:1, Table 4) was three times higher than the Redfield ratio of ∼1:1. In the thermocline region, the N:P ratio was not calculated due to low phosphate values (<LOD) and the average N:Si ratio (0.5:1) was lower than in surface waters and approximately half the Redfield ratio. In deep water (>150 m), the average N:P ratio was 34:1 (Table 4), approximately two times higher than the Redfield ratio. The N:Si ratio (1.1:1, Table 4) was close to the Redfield ratio.



Inshore sites

Nitrite and TOxN values were generally low at all inshore sites (Table 5). Average and maximum values were (respectively): 0.16 μM and 0.44 μM for nitrite, and 0.23 μM and 1.47 μM for TOxN. However, most nitrite values were higher than the average value in offshore surface water (0.08 μM, Table 4) and TOxN was higher than the surface offshore average (0.24 μM, Table 4) at two sites in James Bay (West Rocks outfall, D2, and Jamestown Steps, H1) and two sites in Rupert’s Bay (Rupert’s Slipway, K1, and the Refueling Dock, L1; Table 5).


TABLE 5. Concentrations of dissolved inorganic nutrients (μM) at all inshore sites sampled (surface water) in 2019.

[image: Table 5]Concentrations of ammonium were relatively high at all inshore sites (Table 5), with average and maximum values of 2.99 and 16.91 μM. Due to high ammonium concentrations, inshore values for DIN were also high (average 3.3 μM, maximum 18.38 μM, Table 5). Highest ammonium and DIN values were estimated at West Rocks Outfall (site D2) and Jamestown Steps (site H1, see Figure 1B).

Dissolved inorganic phosphate concentrations were below the detection limit at all sites (Table 5). Ratios of N:P were therefore not calculated.

Silicate concentrations were variable, with average and maximum values of 2.48 μM and 9.94 μM, respectively (Table 5). The average N:Si ratio was 3.5:1, approximately three times higher than the Redfield ratio of ∼1:1.

Average inshore nutrient concentrations (Table 5) were generally higher than average nutrient concentrations in offshore surface water (Tables 2b, 4) (inshore: 0.16 μM nitrite, 2.99 μM ammonium, 3.30 μM DIN, 2.48 μM silicate; offshore: 0.08 μM nitrite, 1.79 μM ammonium, 2.04 μM DIN, 0.29 μM silicate). Average concentrations of TOxN were comparable (0.23 μM inshore and 0.24 μM offshore).

Average inshore concentrations for most nutrient were lower (Table 5) than average nutrient concentrations in deep (>150 m) offshore water (Table 2c) (inshore: 0.16 μM nitrite, 0.23 μM TOxN, 3.3 μM DIN, 2.48 μM silicate; offshore: 0.21 μM nitrite, 16.71 μM TOxN, 17.03 μM DIN, 0.51 μM phosphate, 16.21 μM silicate). Ammonium concentrations were higher (2.99 μM inshore, 0.87 μM offshore).



Chemical Contaminants

Contaminants listed as Priority Substances under the European Water Framework Directive, (2000/60/EC) and substances of very high concern (EU, 2006) that are amenable to the GC-MS screen were absent from the results.

Low levels of contaminants of concern were detected in the samples analyzed, including bromoform, 2,4,6-tribromophenol, dibromomethane, and N, N-Diethyl-meta-toluamide (DEET).

The greatest number of contaminants (eight, Figure 8A) was detected at West Rocks outfall (Site D, Figure 1B). At all other sites, five or fewer chemical contaminants were detected (Figure 8A). In total, 14 different contaminants were detected in the inshore samples (Figure 8B; see Supplementary Table 1).
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FIGURE 8. (A) Average number of contaminants detected at each inshore site (B-L) with minimum and maximum values per station shown as error bars; (B) Average indicative concentration (in μg l–1) of contaminants detected at each inshore site.


Benzophenone-3 (a personal-care product), bromoform and dibromomethane (volatile solvents used for a range of purposes from agrochemical intermediates to refrigerant precursors to degreasing solvents) were the most frequently occurring chemicals, found at 25-30 stations (e.g., Jamestown Outfall (site E), Jamestown steps (site H), Rupert’s Bay temporary jetty (site J) [Supplementary Table 1]). Benzophenone-3 and bromoform were also identified at James Bay Moorings (site F).

At Rupert’s Bay main jetty (site I), bromoform was recorded at a relatively high concentration (>0.1 μg l–1, Supplementary Table 1), as well as homosalate (sunscreen UV filter) at low concentrations. At Rupert’s Bay temporary jetty, benzophenone-3 was recorded at a relatively high concentration (>0.1 μg l–1). At Half Tree Hollow (site B), benzophenone, benzophenone-3 and octocrylene (a UV-filter) were found at relatively high concentrations (∼0.11, ∼3.1, and ∼0.16 μg l–1, respectively).

At Ladder Hill (site C), the most commonly occurring chemicals identified were the volatile solvents, benzophenone-3, bromoform and dibromomethane (all at low concentrations of <0.1 μg l–1, Supplementary Table 1). A pesticide, 2,4,6-tribromophenol, was also detected here, at low concentrations (<0.005 μg l–1).

At West Rocks Outfall (site D), the most commonly occurring chemicals were volatile solvents (all at low concentrations of <0.1 μg l–1, Supplementary Table 1). Caffeine and bromoform were recorded at relatively high concentrations (each >0.1 μg l–1).

Benzophenone-3 and homosalate (sunscreen UV filter) were detected in one sample from the wreck of RFA Darkdale (G4).



Fecal Indicator Bacteria

Total coliform and E. coli concentrations ranged from <20 CFU/100 ml (at several locations) to >300 CFU/100 ml at West Rocks Outfall (Table 6) for both total coliforms and E. coli. Untreated sewage is discharged here, and it is adjacent to one of the main swimming areas on the Island. At other inshore sites sampled, counts were <100 CFU/100 ml (Table 6).


TABLE 6. Total colony counts of coliforms and Escherichia coli at nine of the sites sampled in 2019.

[image: Table 6]


DISCUSSION


Oceanographic Background Conditions

In the absence of long-term data at St Helena, model and satellite outputs provided valuable data for estimating the oceanographic background conditions at St Helena, particularly over large temporal and spatial scales. To identify annual and seasonal trends in chlorophyll and SPM relevant to St Helena, ocean color data were restricted to a relatively small area around (ca 25 km × 25 km) around the island. As for all remotely sensed data, outputs were for surface waters only. Model outputs provided comparable information on trends in concentrations of dissolved inorganic nutrients and dissolved oxygen. Moreover, they provided outputs based on vertical distributions through the water column. These outputs showed that nutrient concentrations were low (<2 μM nitrate and <0.5 μM phosphate) in surface waters and high (up to 40 μM nitrate and 1.5 μM phosphate) in waters below the thermocline present at around 100 m. In surface waters, monthly climatologies in both model and satellite outputs indicated seasonal trends, with June to November likely to represent the period of highest productivity. During these months, the water column was less stratified, possibly allowing nutrient-rich water to mix with shallower waters in the thermocline region.

Offshore observations were consistent with model results, even though the surveys (both in April) were earlier than the season with highest surface productivity. Field measurements clearly showed the presence of a sub-surface chlorophyll maximum in the thermocline region. These chlorophyll maxima are a frequent occurrence in many marine ecosystems (e.g., Herbland et al., 1985; Bauerfeind, 1987; Wasmund et al., 2005; Lett et al., 2007; Lund-Hansen, 2011; Cullen, 2015; Baldry et al., 2020) and are thought to occur due to the interplay of many factors including light, nutrient availability and grazing. Discrete samples showing that chlorophyll values in surface waters may be higher than data from remote sensing suggest that surface sensed chlorophyll data should be taken as indicative. Furthermore, discrete measurements showing surface chlorophyll values slightly higher than fluorometrically sensed values may indicate that non-photochemical quenching of fluorescence values may occur in the high light environment in surface waters. Correction of the fluorescence to chlorophyll relationship requires greater understanding of surface mixing and physiology of species in surface waters (Xing et al., 2018).

N:P ratios lower than the Redfield ratio (e.g., in the model) potentially indicate that not all nitrogen sources (such as ammonium) are taken into consideration or that seasonal or annual averages are not able to reflect short-term changes in nutrient and phytoplankton dynamics. Phosphorus concentrations below the limit of detection of the analytical instrument may indicate phosphorus limitation of phytoplankton communities in surface and thermocline waters. Relatively high observed N:P values (34:1) in waters deeper than 150 m were within the ranges reported in the literature (e.g., Downing, 1997) but may suggest limited phosphorus concentrations in source waters. Model and observed nitrogen to silicate ratios in line with Redfield ratios of ca 1:1 in deeper water (>150 m) suggest that silicate concentrations here were in balance with nitrogen in source waters. Low N:Si ratios (in the model and observed in the thermocline region) also indicate that not all nitrogen sources are accounted for or that nitrogen is the limiting nutrient. Overall, it appeared that all nutrients, especially phosphorus and silicate, were limiting in surface waters.

The contribution to DIN by ammonium was negligible in deeper waters (>150 m); however, it appeared to make a greater contribution (ca 50%) in the thermocline region and account for most of the DIN in surface waters. Reasons for this are unclear and may be attributable to factors such as excretion by large populations of marine animals (e.g., turtles, sharks, and seabirds), as suggested in studies in the Indian Ocean (Chagos Archipelago; Rayner and Drew, 1984; Painting et al., 2021) and Pacific Ocean (Palmyra atoll, south of Hawaii; Williams et al., 2018). These were not accounted for in the model, or in the field work. Certainly, high ammonium levels due, for example, to faunal excretion would have affected observed ratios of nitrogen to phosphorus and/or silicate. They would also be difficult to take account of in establishing background conditions.

In both model outputs and survey measurements, oxygen deficiency (<4 mg l–1) was observed below the thermocline in offshore waters. As indicated by observed T-S profiles, this is largely attributable to their origin in South Atlantic Central Water (SACW; Voituriez and Chuchla, 1978; Stramma and Visbeck, 2008) and therefore to a combination of weak ocean ventilation and oxygen consumption at depth due to respiration (Stramma and Visbeck, 2008) rather than human activities. Turbidity maxima associated with the oxygen minimum suggest significant levels of respiration or biological activity associated with suspended particles in the water column at these depths.

No information was obtained on offshore-onshore exchange of water and nutrients, or the influence of coastal upwelling on inshore nutrient concentrations. Tidal circulation as well as wind-driven upwelling are both potential causes of mixing and therefore nutrient supply to coastal waters from deeper waters. During the 2019 survey, the James Bay transect did not show any evidence of upwelling of the deep nutrient-rich water in the coastal region. Understanding the mechanisms for advection and mixing with these deeper waters will require more detailed study of alongshore and offshore-onshore advection processes. It is possible that deep nutrient-rich waters do not reach the surface layers offshore or in coastal regions, and that all the primary production which sustains biological communities and fish stocks takes place at sub-surface boundary layers. This suggests that background conditions in offshore surface waters provide the appropriate baseline conditions for assessment of water quality in inshore regions. However, if oxygen deficient waters are advected into coastal waters, they may cause mortality of less mobile species (Vaquer-Sunyer and Duarte, 2008). Oxygen deficiency is a key indicator for assessing the impacts of nutrient enrichment on fish and benthic species in the marine environment, largely due to decay of excess organic production (Nixon, 1995; Painting et al., 2005; Painting et al., 2007; Tett et al., 2007; Greenwood et al., 2010; Devlin et al., 2011; Foden et al., 2011; Große et al., 2016), and distinguishing between these impacts and natural causes of oxygen deficiency is important in assessing coastal waters at St Helena.

Despite clear oceanographic differences between surface and deeper waters due to a highly stratified offshore water column, surface data were used to determine background conditions and set proposed thresholds for nutrients and chlorophyll for assessing for assessment of coastal pollutants. These thresholds were comparable with values proposed in other (sub)tropical regions (e.g., Bahrain, Painting et al., in preparation). SPM was included here as an alternative proxy for phytoplankton biomass, as it may be more feasible to measure routinely than chlorophyll concentrations.



Comparison of Observations Against Thresholds

Very few observations in coastal waters exceeded the assessment thresholds proposed here based on background data for surface waters or obtained from the literature. Overall, these findings indicated few concerns about coastal water quality at St Helena.


Nutrients, Chlorophyll, and Dissolved Oxygen

Seasonal data from surface waters were used to determine background conditions and propose thresholds for nutrients, chlorophyll and SPM for routine assessments of water quality in the coastal environment. For dissolved oxygen, assessment thresholds from the literature likely to be applicable in all ecosystems were proposed here for St Helena. Under upwelling conditions, background conditions for nutrients from deeper waters could be applied in water quality assessments, although concentrations in upwelled water are likely to mask high levels due to anthropogenic enrichment. The oxygen thresholds would need to be applied with caution, as low oxygen levels may be due to the impacts of nutrient enrichment, or to advection of oxygen deficient water into the coastal region.

Using our proposed thresholds based on surface background concentrations, observations from a few inshore sites indicate concerns regarding water quality. For example, high concentrations of ammonium at West Rocks Outfall (site D2) and Jamestown Steps (H1) may indicate discharges of human or animal waste into the marine environment and may be a cause for concern. In the absence of discharge data this is difficult to verify. Moreover, if background concentrations for ammonium are high in offshore waters (see above), distinguishing between environmental sources of ammonium and anthropogenic sources may require the development of thresholds based on more comprehensive field measurements. Maximum offshore values (1.98 μM at depth, 2.11 μM in the thermocline region and 2.01 μM in surface waters; Table 4) comparable with the inshore average (2.99 μM, Table 5) suggest that an assessment threshold could be based on any of these data. The high ammonium concentrations at two inshore sites (16.91 μM at West Rocks Outfall, 3.38 μM at Jamestown Steps; see Table 5) were considerably higher than these background levels, suggesting land-based sources of ammonium input to inshore waters here. Furthermore, elevated counts of fecal indicators at West Rocks Outfall indicate that the likely source is from the discharge of untreated sewage. Reasons for the high silicate concentrations at these two sites (5.44 and 9.94 μM, respectively, Table 5) and at three other sites (Ladder Hill, Jamestown Outfall, and Rupert’s Slipway) are unclear but are likely to also indicate input from land-based sources (e.g., rainfall or other runoff) or other activities (e.g., dredging).



Chemical Contaminants

Although contaminants listed as Priority Substances and substances of very high concern were absent from the results, low levels of contaminants of concern were detected, e.g., bromoform, 2,4,6-tribromophenol, dibromomethane, and N,N-Diethyl-meta-toluamide (DEET). DEET is widely used an insect repellent and enters the marine environment in several ways including: washing off people swimming in the sea and wastewater discharges from showering and laundry (Weeks et al., 2012). DEET biodegrades in seawater and is considered to have a low bioaccumulation potential. DEET is considered acutely toxic to a range of aquatic species at concentrations ranging between 4 and 388 mg/L (Weeks et al., 2012), which is orders of magnitude higher than indicative concentrations of the substances found in this study. Dibromomethane and bromoform are solvents used in a range of purposes from agrochemical intermediates to refrigerant precursors to degreasing solvents. Other possible sources include disinfection of drinking water and release of wastewater into the marine environment. Chlorine or bromine-based products used during the disinfection process react with seawater to produce bromoform and dibromomethane as chlorination by-products. However, bromoform and dibromomethane may also occur naturally, for example, by phytoplankton bromoform synthesis (Stemmler et al., 2015). This is likely to occur only at low levels at St Helena, as abundances and biomass of algae are low. The predicted no-effect concentration for bromoform in seawater is 5 μg l–1, which is considerably higher than levels detected at St Helena. Based on the limited sampling carried out, and with the caveat that the concentrations provided using a screen are indicative, adverse effects in the marine environment are considered unlikely.

Contaminants likely to originate from cosmetics or sunscreens were found at most sampling locations during the sampling i.e., benzophenone and benzophenone-3. Caffeine is a marker of anthropogenic inputs into the aquatic environment when detected at the μL level (Peeler et al., 2006). It is mostly metabolized when consumed by humans, but small amounts are excreted. The presence of “life-style” contaminants such as caffeine along with personal care products, insect repellent and sunscreens, are likely to be due to visitors and island residents. The UV filter homosalate, identified at 7 stations, is unlikely to have adverse effects in the environment.

Screening results are semi-quantitative and useful for flagging the presence of chemicals at relatively high concentrations (in μg l–1) but not for assessing if chemicals present are at levels likely to have effects (e.g., as described in EU, 2016). They also do not include many chemical or metal contaminants of concern in marine environments listed as Priority Substances (EU, 2008b, 2013) or substances of very high concern (SVHC) in the REACH SVHC list (EC, 2006). Furthermore, any chemicals of concern which associate strongly with suspended solids and sediment generally sink rapidly out of the water column and are not detected in water samples.



Fecal Indicators

While only low levels of bacterial indicators were detected in this study, it does not eliminate the possibility of non-bacterial pathogen risk from wastewater. Bacteria have been the primary choice of indicator for many years and most legislation has been developed to control bacterial pathogen risk. E. coli is currently the preferred indicator for the detection of fecal contamination in water and other matrices, because it originates only in fecal coliforms (compared with other coliforms) and because testing methods for E. coli have improved (Odonkor and Ampofo, 2013). However, there is growing evidence that E. coli can become naturalized in the environment outside of the gut (Ishii and Sadowsky, 2008). This means that in areas where populations of naturalized E. coli are prevalent, the use of E. coli testing may lead to overestimates in the level of fecal contamination in an area. There is increasing recognition that fecal indicator bacteria are not well suited to indicate risk from enteric viruses such as norovirus, sapovirus, poliovirus and rotavirus (McMinn et al., 2017). Fecal indicator viruses such as coliphages are better able to indicate risk from viral pathogens, and a comprehensive fecal monitoring programme would benefit from the inclusion of these indicators.

In this study, each site was sampled once and only one site (West Rocks) showed E. coli levels exceeding the assessment threshold for good status (≤250, Table 1), potentially raising concerns over water quality here. However, assessment of risks to water quality from bacterial pathogens require more frequent monitoring. For example, to meet the requirements of the European Union’s Bathing Waters Directive (EU, 2006; see EA, 2000), sampling is recommended to take place monthly during the season when recreational activities are likely to occur. As a minimum, an assessment would require a dataset with at least four samples from each year over a four-year period per sampling site or location or eight samples in an annual cycle.



CONCLUSION

As one of the first extensive data sets collected around St Helena, the results of this study provide valuable information for future model validation and assessments of water quality and environmental health. More detailed modeling and/or field-based studies are required to investigate seasonal trends and nutrient availability to inshore primary producers, as well as potential impacts of climate change on background levels. Screening of water samples identified presence of contaminants in various (indicative) concentrations, but further testing would be required to establish accurate levels of any contaminants of interest or risk to the marine environment. Determining current baseline conditions will be crucial for monitoring future changes, including any potential impacts of climate change. This study has taken the first step towards a water quality baseline and improved understanding of the local oceanographic conditions and inshore ecological/chemical status. It presents evidence to support an assessment of risk to the marine environment of the current (and past) activities on the MPA ecosystem and provides managers and policy makers with an opportunity to further integrate management of the MPA with water quality protection.
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Parameter Excellent Good Sufficient

quality quality
Intestinal enterococci (CFU/100 ml) <100* <200* <185™
Escherichia coli (CFU/100 ml) <250* =500* <500™

Colony forming units per 100 milliliters (CFU/100 mi, EU, 2006). * = based on 95th
percentiles; ** = based on 90th percentiles.
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Survey Region Depth MLD TCmax TCwidth FLRmax FLRmax_ Kd Zd DO <4 mg -1
(m) (m) (m) (m) (g1~ depth (m) (m™) (m) (m)
JR17-004 East Mean 620 15 194 179 0.46 81 0.051 91 172
SD 179 5 12 16 0.09 13 0.01 12 5
n 5 5 5 5 5 5 5 5
JR17-004 West Mean 800 21 185 164 0.41 71 0.045 104 181
SD 671 27 26 0.16 17 0.01 14 8
n 5 5 5 5 5 4 4 4
DY100 East Mean 1000 25 209 183 0.29 79 0.049 95 197
SD 0 24 30 0.01 10 0.00 10 16
n 2 2 2 2 2 2 2 2
DYIOO West Mean 800 22 209 186 0.29 89 0.048* 97* 190
SD 274 22 27 0.07 0.01 13 17
n 5 5 5 5 4 4 5

JR17-004 = RRS James Clark Ross (2018). DY100 = RRS Discovery (2019). * excluding station 9, sampled at night. SD = standard deviation, n = number of profiles.
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Surface waters Threshold values (50% deviation from average
or max; surface = from seasonal averages;
150-500m = from annual averages)

Parameter Units Season  Annual average Seasonal average Maximum Average Maximum

Model and satellite data

(a)

Nitrate * wM Jun-Nov 0.06 0.12 1.86 0.18 2.79
Phosphate wM Jun-Nov 0.16 0.17 0.34 0.26 0.51
Silicate wM Dec-May 1.59 157 2.35 2.60 3.53
Chlorophyll pug =" Jun-Nov 0.19 0.30 0.78 0.45 117
SPM mg =" Jun-Nov 0.59 0.64 1.60 0.96 2.40
(b) Depth 150-500 m

Nitrate * uM Annual 26.78 - 28.31

Phosphate uM Annual 1.81 - 1.89

Silicate wM Annual 17.27 = 19.25

Dissolved Oxygen mg =" Annual 4.18 — 4.78

(c) Observations - surface Surface, March 2019

Nitrite wM April 0.08 0.13

TOxN (nitrate + nitrite) wM April 0.24 0.63

Ammonium wM April 178 2.01

Phosphate wM April <LOD <LOD

Silicate wM April 0.29 1.41

Chlorophyll pg =t April 0.06 0.1

Dissolved Oxygen** mg =" April 6.46 6.87

(d) Observations >150 m Depth >150 m, Mar 2019

Nitrite wM April 0.22 0.76

TOXN, (nitrate + nitrite) wM April 16.17 22.29

Ammonium wM April 0.87 1.98

Phosphate wM April 0.51 0.89

Silicate wM April 16.21 18.87

Chlorophyll ug =" April 0.02 0.03

Dissolved Oxygen™ mg =" April 3.53 5.48

(e) Literature values

N:P - 16 - - 24

N:Si - ~1 ~1.5

Dissolved Oxygen mgl~" - - - 4-6

Proposed thresholds are based on 50% deviation from seasonal averages in surface waters, annual averages at depth, and maximum values. LOD = limit of detection.
* = Background values for mean nitrate concentration estimated from model results; the standard deviation (0.32) was added to the mean (0.12) due to high variability
in model outputs. ** = averages calculated from indlividual maxima of all offshore DY100 profiles (average minimum values were 5.48 mg I~ above 150 m and 2.59 mg
I=1 below 150 m).
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Site

B2 (Half Tree Hollow)

C2 (Ladder Hill)

D2 (West Rocks Outfall)
E1 (Jamestown Outfall)
F3 (Moorings, James Bay)
G2 (RFA Darkdale Wreck)
H1 (Jamestown Steps)

11 (Rupert’s Main Jetty)

12 (Rupert’s Main Jetty)

13 (Rupert’s Main Jetty)

J1 (Rupert’s Temporary Jetty)
K1 (Rupert’s Slipway)

L1 (Refuelling Dock)
Average Inshore Value:

Nitrite (M)

0.17
0.12
0.44
0.12
0.14
0.16
0.20
0.07
0.07
0.20
0.19
0.09
0.13
0.16

TOxN (M)

0.01
0.01
1.47
0.01
0.01
0.01
0.32
0.01
0.01
0.01
0.01
0.43
0.71
0.23

Ammonium (nM)

1.59
2.14
16.91
2.03
1.86
1.73
3.38
1.41
1.40
1.99
1.41
1.45
1.562
2.99

DIN (i.M)

1.76
2.26
18.38
215
1.89
1.89
3.7
1.48
1.44
2.19
1.60
1.88
223
3.30

Phosphate (L M)

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

Silicate (M)

0.12
4.88
9.94
3.46
0.01

0.01

5.44
0.41

0.23
0.01

0.29
5.23
2.27
249

N:P

N:Si

14.7
0.5
1.9
0.6

0.7
3.6
6.3

5.5
0.4
1
3.5

Shading indicates highest values. Bold numbers show where inshore values and averages were higher than averages in offshore surface water (Tables 2c, 4). Values
below the limits of detection were set to 0.07 WM and were not used to calculate nutrient ratios.
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0.01
117
0.40
0.92
1.19
1.01
0.01
1.98
0.17
0.85
0.87

DIN (1LM)

2.21
2.20
2.15
2.39
2.44
2.09
1.68
1.18
2.04
2.21
0.25
1.28
0.46
1.05
23.48
20192
20122
4.48
il 24
156.83
17.03

Phosphate (. M)

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.78
0.56
0.89
0.01
0.63
0.22
0.51

Silicate (. M)

0.01
0.50
0.01
0.01
0.01
0.01
0.34
1.41
0.29
1.80
0.01
4.86
9.43
4.03
T
11.15
18.87
17.94
18.26
13.86
16.21

N:P

221
220
215
239
244
209
168
118
204
221
25
128
46
105
32
37
23
448
27
72
34

N:Si

221

215
239
244
209

5
1
73
1.2
25
0.3
0.1

0.35
1.4
1.9
1.1
0.3
1.0
11
1.4

Average values are shown for surface water (upper mixed layer, UML), the thermocline region (TC) and water deeper than 150 m. Shading indicates highest values:
TOxN, DIN or Sivalues > 10 wM; ammonium > 1.5 wM; phosphate > 0.5 WM. Values below the limits of detection were set to 0.01 WM and were not used to calculate

nutrient ratios.
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CFU = colony forming units.
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