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Seasonal and Temporal Drivers Influencing Phytoplankton Community in Kuwait Marine Waters: Documenting a Changing Landscape in the Gulf
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This assessment of environmental drivers and phytoplankton community in Kuwait (Arabian Gulf) describes changes in environmental conditions linked to the rapid urbanization over recent decades. To describe these changes, we have analyzed a long-term water quality dataset (1984–2017) and explored potential changes in a sub-set of phytoplankton community data by analyzing 10 years of phytoplankton data available (2007–2016) for Kuwait Bay and the Northern Gulf waters. The longer-term water quality data show that dissolved nutrient concentrations, with the exception of a recent fall in SiO4, have been increasing over 30 years, but with a high degree of variability reflecting the changing rate of inputs from river outflows and point sewage sources. The correlative analysis between the environmental parameters and phytoplankton in the period from 2007 to 2016 shows that the seasonal variability of the phytoplankton are influenced by several co-stressors including higher temperatures, coastal sewage runoff and changing salinity. While the extended nutrient enrichment has changed the trophic state of Kuwait waters, the seasonal and temporal correlations highlight that recent changes in phytoplankton community seem to be responding to cumulative pressures of eutrophication, climate, and salinity changes. The seasonal and temporal changes in the coastal phytoplankton community, responding to co-stressors, present challenges for managers to consider the simultaneous management of local, regional and external pressures. Continued declines in water quality within a system that is influenced by a warming climate can potentially have long-term consequences on the resilience of the Northern Gulf environment.
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INTRODUCTION

The Arabian Gulf (also known as the Persian Gulf and hereafter referred to as the Gulf), a shallow (35–40 m average depth), semi-enclosed marginal sea, is characterized by extreme natural environmental conditions and severe anthropogenic pressures (Sheppard et al., 2010). It is connected to the Gulf of Oman and the Arabian Sea through a narrow bottleneck of the Strait of Hormuz. Sheppard (2016) and references within identified local and global impacts as the main causes of environmental damage on the marine Gulf ecosystems. The global impacts are those attributed to climate change (Price et al., 1993; Price, 1998; Van Lavieren and Klaus, 2013) particularly temperature extremes in an already high temperature environment. The local impacts are experienced at a smaller spatial scale but are ubiquitous across the Gulf and typically associated with dredging, urban expansion and pollution discharges, particularly nutrient enrichment from sewage inputs. Water quality has been recognized as one of the key drivers impacting unique coastal ecosystems and human health in the Gulf (Sheppard, 1993, 2016; Al-Yamani et al., 2007; Sheppard et al., 2012; Devlin et al., 2015b; Al-Said et al., 2017). This study focuses on Kuwait, a Northern Gulf country that faces those same environmental challenges related to changing climate and increasing pollution. Kuwait experiences a wide range of environmental conditions, with temperature and salinity being at the extremes of known conditions (Riegl, 2003; Riegl and Purkis, 2012; Devlin et al., 2015b), atmospheric fallouts carried by North Western dust storms and particulate matter derived by river transport from the Shatt Al-Arab and increasing coastal pollution (Sheppard, 1993; Sheppard et al., 2012; Al-Sarawi et al., 2015). Coastal water quality issues are significant for Kuwait, with many sewage outfalls discharging directly into the marine environment that are either not properly treated or illegally bypassing the sewage treatment facilities (Lyons et al., 2015; Saeed et al., 2015).

The impacts of eutrophication and coastal sewage issues have been identified in many Gulf countries including long-term coastal pollution in Kuwait (Devlin et al., 2015a; Lyons et al., 2015; Smith et al., 2015), changes in macrobenthic community structure in Bahrain (Naser, 2011), eutrophication related blooms in the Red Sea (Mohamed and Mesaad, 2007), eutrophication impacts on coral reefs in Oman (Al-Jufaili et al., 1999) and long-term degradation from coastal pollution reported across the Gulf marine systems (Price et al., 1993; Sheppard, 1995, 2016; Subba Rao and Al-Yamani, 2000; Sheppard et al., 2010, 2012). The recent observed global increase in severity and frequency of harmful algal blooms (HAB) events has also been linked to eutrophication (Gilbert et al., 2002; Gilbert, 2006; Heisler et al., 2008) although not all HAB events can be directly linked to anthropogenic influences. The Gulf countries have seen substantive coastal expansion with deteriorating water quality conditions arising from unregulated sewage outfalls. These environmental changes have been related to several incidents of algal blooms, HABs, and fish-kills (Heil et al., 2001; Gilbert et al., 2002; Al-Yamani et al., 2004; Sheppard et al., 2010; Al Shehhi et al., 2014). The primary form of nitrogen can differ depending on the pressures and can influence the plankton species (Howard et al., 2007) with growth rate and proliferation of HAB species varying with the nitrogen source (Thessen et al., 2009; Caron et al., 2017; Glibert, 2017; Seubert et al., 2017). Depending on the species and scale, phytoplankton blooms can have significant impacts locally or over wider areas. Examples of negative impacts caused by eutrophication and phytoplankton blooms in the Gulf countries include mass mortality of marine animals such as fish kills (Glibert et al., 2002) shellfish (Richlen et al., 2010), and alternation of marine habitat and community structure (Sheppard et al., 2010, 2012; Sheppard, 2016).

Assessment of the plankton community and possible changes that could be related to nutrient enrichment are an important part of understanding the complexity of eutrophication (Devlin et al., 2009; Foden et al., 2010). Studies on phytoplankton in the Gulf have been varied, with some focusing on the species lists and distribution, particularly in relation to extreme conditions of salinity and temperature and describing the north to south gradient of plankton community structure in the Gulf (Subba Rao and Al-Yamani, 1998; Al-Handal, 2009). The analysis of the temporal and spatial phytoplankton variability in Polikarpov et al. (2008) shows that Kuwait’s northern waters differed from areas further south in terms of phytoplankton structure with the environmental heterogeneity mainly attributed to the influence of the Shatt al-Arab system. The Shatt Al-Arab estuarine waters in the north are generally characterized by low species diversity, high biomass and higher production in contrast to Kuwait waters which have higher species diversity but lower biomass and production than the northern Gulf waters. More than 1,480 eukaryotic and prokaryotic primary producers have been described for the Gulf region (Jacob and Al-Muzaini, 1995) with Subba Rao and Al-Yamani (1998) identifying a dominance of epiphytic, tycho-pelagic diatoms to the north and a mix of diatoms and dinoflagellates to the south. Several papers report on these Gulf differences (Dorgham and Moftah, 1989; Al-Yamani et al., 2006; Nezlin et al., 2010; Quigg et al., 2013; Polikarpov et al., 2016) with a general agreement that there are two main regions in the Gulf along a diagonal northwest–southeast axis, with diatom-dominated phytoplankton assemblage off the south and along the Iranian coast but with flagellate-dominated phytoplankton in the north and along the Arabian coast (Polikarpov et al., 2016). Changes in the Gulf phytoplankton community have been attributed to nutrient increases (El-Gindy and Dorgham, 1992; Al-Azri et al., 2014; Devlin et al., 2015a), and salinity-related changes, particularly in the Northern Gulf region (Al-Said et al., 2017; Ben-Hasan et al., 2018). The only northern source of freshwater inflow into the Gulf is from the Shatt Al-Arab river and this flow from this river has decreased significantly over the past decades due to dam building and water storage in upper catchments of the river (Abdullah et al., 2015; Abdullah, 2017). These changes in long-term salinity have the potential to impact significantly on the phytoplankton community with a corresponding impact on the food web functioning and fish populations in the Gulf (Polikarpov et al., 2008; Al-Said et al., 2017). Changes in reduced productivity (Ben-Hasan et al., 2018) and decreases in fish catch landings in Kuwait (Bishop et al., 2011) have been partly attributed to increases in long-term salinity changes (Al-Said et al., 2017; Al-Yamani et al., 2017; Alosairi and Pokavanich, 2017).

Coastal pollution has been identified as one of the drivers of environmental impacts in Kuwait waters, including well documented fish kills in 1999 and 2001 (Gilbert et al., 2002) and ongoing chronic sewage issues (Saeed et al., 2012a, 2015; Lyons et al., 2015). In the face of population growth, inadequate sewage infrastructure, and increasing environmental degradation, increasing impacts are being observed across Kuwait’s marine systems (Al-Ghadban et al., 2001; Sheppard et al., 2012; Burt, 2013; Al-Sarawi et al., 2015, 2018; Devlin et al., 2015b; Sheppard, 2016). Long-term changes in water quality in Kuwait have been associated with coastal sewage discharges (Devlin et al., 2015a) and modifications to the Shatt Al-Arab river flow (Al-Said et al., 2017; Al-Yamani et al., 2017; Alosairi and Pokavanich, 2017) but limited analysis exists on the impacts on the coastal phytoplankton from cumulative stressors of coastal pollution, salinity changes and a changing climate. We review the historical trends in environmental variables, including dissolved nutrient concentrations, salinity, temperature, dissolved oxygen, turbidity, and chlorophyll from 1983 to 2016 to assess the scale of change, the persistence of eutrophic conditions within Kuwait Bay and the Gulf and how the local and regional drivers influence the phytoplankton community. We explore the shifts in the phytoplankton community in Kuwait marine waters through linked environmental variables from 2007 to 2016 and explored these correlations in context of the long-term changes of the key environmental drivers. This study integrates long-term environmental data with recent phytoplankton data with the aim of understanding seasonal and temporal variability and the main drivers that influence the variability in the phytoplankton communities.

MATERIALS AND METHODS

Field Sampling

The State of Kuwait is situated at the north-western corner of the Arabian Gulf and has a coastline of approximately 500 km. Kuwait Bay is one of the main features of the Kuwait marine environment alongside the Northern Gulf waters that run adjacent to the eastern side of Kuwait (Figure 1).
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FIGURE 1. Kuwait marine waters identifying the sites that are located within Kuwait Bay (the “Bay”) and within Arabian Gulf waters (the “Gulf”). Sewage and groundwater outfalls are also identified. The Kuwait Environment Public Authority monitor monthly water quality and phytoplankton over 13 sites, with six sites within Kuwait Bay and seven sites along the coast of the Arabian Gulf. All sites are sampled for water quality (WQ) with seven sites sampled for phytoplankton (P).



Kuwait Environment Public Authority (KEPA) has been collecting water and sediment parameters at sites throughout Kuwait waters from 1983 to present time (Figure 1). Samples are collected at each station at monthly intervals across 13 locations. The seawater stations, of which six are located within Kuwait Bay (hereafter known as “Bay” sites), and seven distributed along the Kuwait coastline (hereafter known as “Gulf” sites), are typically monitored for environmental and biological data under the Kuwait Marine Monitoring Program1.

A series of physical and chemical variables were measured either in situ or in seawater samples collected throughout the year from these 13 nearshore stations. In-situ sampling includes temperature, transparency (Secchi Disk), pH, salinity (S) and dissolved oxygen (DO) collected via Hydrolab DS5 water quality multiprobe, attached to the Hydrolab Surveyor 4 recorder. Water samples were also collected for dissolved inorganic nutrients (DIN), total suspended solids (TSS), and chlorophyll-a (Chl-a). The nutrient parameters analyzed under the water quality monitoring program are nitrate + nitrite (TOxN), ammonia (NH4+), dissolved inorganic phosphate (DIP) and silicate (SiO4).

The biological program measures phytoplankton abundance and diversity. From 2007, samples for phytoplankton analysis at each station were collected with two techniques: (a) a vertical net haul (with mesh size of 20 μm) for qualitative analysis only (presence/absence of taxa); and (b) water samples from Niskin bottles or sampling hose for quantitative analysis (identification and enumeration). Quantitative samples from Niskin or hose were collected at surface and at depth intervals with sampling depth of 2–5 ms depending on local conditions. Phytoplankton data collected in the two different areas are identified as Bay and Gulf communities.

Laboratory Methods

Within 6 h of sampling, water samples collected for the analysis of chlorophyll concentration were filtered (on GFC filters), and pigment concentration was determined by fluorometric technique, following maceration of algal cells and pigment extraction in acetone (Parsons, 2013). A Turner 10-005R fluorometer was used for the analysis and was periodically calibrated against diluted chlorophyll extracts prepared from log-phase diatom cultures (Jeffrey and Humphrey, 1975). After filtration of known volume of water samples, concentrations of TSS were determined gravimetrically from the difference between loaded and unloaded membrane filter weights after drying filters at 60° for a minimum of 12 h.

Water samples were analyzed for concentrations of dissolved inorganic nitrogen (DIN) including NH4+ (ammonia), TOxN, which is the sum of nitrate (NO3) plus nitrite (NO2) and DIN which is the sum of TOxN and NH4+. Other dissolved nutrients included DIP and SiO4. All nutrients were analyzed by standard procedures (Ryle and Wellington, 1982) and conducted on a HACH analyzer (prior to 2009) and then on a Skalar San++ continuous flow analyzer (Skalar Analytical, Breda, Netherlands) after 2009. Detection limits are 0.006 mg/L for NH4+, 0.01 mg/L for NO2+NO3 and 0.01 μg/L for DIP. As a component of instrumental quality control, artificial seawater was used to establish baseline characteristics. Analyses of the total dissolved nutrients (total dissolved nitrogen and total dissolved phosphate) were carried out using persulfate digestion of the water samples (Valderrama, 1981) and were then analyzed for inorganic nutrients, as above.

Phytoplankton samples were fixed with Lugol iodine solution, immediately after collection and analyzed with a compound microscope. Karlson et al. (2010) suggested that phytoplankton net samples should not be used for quantitative analysis and as the focus of this study is on quantitative investigation of changes in the phytoplankton community, only samples from water samples collected from Niskin or hose were used in the analysis and discussed further.

Phytoplankton samples from Niskin bottles were homogenized by inverting the samples multiple times, and 1 ml sub-samples were transferred to a Sedgewick-Rafter chamber using a pipette. All taxa observed were identified and enumerated. The procedure was repeated three times for each sample and the results obtained from replicates were averaged; average abundances in 1 ml were then scaled up to determine cells L-1. This counting technique is considered accurate when samples contain sufficiently high numbers of phytoplankton cells, as it has a detection limit of 1,000 cell L-1 (LeGresley and McDermott, 2010).

Biomass (as μgC L-1) of the 30 most abundant phytoplankton taxa was estimated multiplying the abundance of a given taxon (as cell L-1) by its cell carbon content (as pgC cell-1) and divided by 106 (see Supplementary Table S1). Due to lack of size measurements of the phytoplankton taxa in the samples, the cell volumes were obtained from global coastal datasets (Harrison et al., 2015), from size measurements in Tomas (1997) and Al-Kandari et al. (2009), using geometric formulas given by Edler (1979) (Supplementary Table S1). Ceratium furca represented an exception as the biovolume of this dinoflagellate was calculated based on equation by Thomsen (1992). Biovolumes were then converted to carbon using the equations of Menden-Deuer and Lessard (2000).

Scope of Data Analysis

Full details of collection, sampling, and analysis of the water quality data are given in Devlin et al. (2015a). Analysis of the long-term water quality changes, building on the water quality data set examined in Devlin et al. (2015a) and Lyons et al. (2015) will be presented to illustrate the impacts of the long-term enrichment of Kuwait marine waters and the impacts on the baseline condition. The integrated analysis will focus primarily on the water quality and quantitative phytoplankton data collected between 2007 and 2016. The full scope of the spatial and temporal analysis applied to the available datasets over the different time periods is summarized in Figure 2.
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FIGURE 2. Data analysis was selected based on the scope of data. The main body of correlative analysis is between 2007 and 2016 where water quality, environmental drivers, and quantitative phytoplankton data were available and sampled from the same sites over the same period.



Long-Term Changes in Water Quality Parameters (1983–2016)

Independence of Replicates Between Stations Within Sites

One-way analysis of variance models with normal errors were fitted to see if there was evidence that variation between stations was greater than variation within stations for data collected during 1983 and 2015. This tells us (a) whether there might be any pseudo-replication in our data set, and (b) whether there is evidence of differences between stations within the Kuwait Bay and Arabian Gulf sites. This was repeated for all the 10 variables (DIN, NH4+, TOxN, DIP, SiO4, salinity, temperature, chlorophyll, DO, TSS). The years 1983 and 2015 were chosen as these were at the beginning and toward the end of the time series, and both contained relatively large numbers of observations. Our analysis of variance model showed that variation between stations was not greater than variation within stations. Of the 20 models we fitted, only one was statistically significant at the 5% level. This was Ln TSS for the Arabian Gulf which had a p-value of p = 0.046. Given that from 20 tests, random chance would be expected to result in one statistically significant result at the 5% level even if there were no differences, it seems reasonable to assume that there is little evidence for differences between the stations. Therefore, considering the stations as replicates within each region is a highly plausible assumption. The six Kuwait Bay stations (Z01, Z02, Z03, Z04, Z05, Z06) and the seven Arabian Gulf stations (Z00, Z07, Z08, Z09, Z10, Z11, Z12) were then aggregated into two separate sites, known as the “Bay” and the “Gulf” sites.

Trends in the Water Quality Variables

The raw environmental data were plotted against year for Arabian Gulf and Kuwait Bay sites and investigated for skewness. Skewed data was log transformed for easier interpretation of the long-term data. To investigate the long-term trends, we used Generalized Additive Models (GAMs) to model each water quality (WQ) parameter as a function of time to the transformed and non-transformed data (S and DO). The function gam in the R package (R Core Team, 2017) was used for this modeling. Temporal GAM models are reported for each of the water quality parameters (LnChl-a, LnDIP, DO, LnNH4+, S, LnSi, LnT, LnTSS, LnTOxN, and LnDIN) for the time period 1994 to 2016. Thin plate regression splines were used for the smoothing with the degree of smoothing determined by generalized cross validation. No restrictions were placed on the degrees of freedom for the smoothed terms. Smooth trend plots were computed for each WQ variable across the whole of the time series (1983–2016). Models were constructed for data aggregated across sites within Kuwait Bay (Z01–Z06) and in the Gulf (Z00, Z07–Z12).

Seasonal (Within Year) Trends in Water Quality Parameters

Within year variations of the WQ data were also explored across stations within the two sites (Kuwait Bay and the Gulf). To visually represent seasonal variations, the monthly means of the WQ parameters were calculated from data which had the long-term trend subtracted (the long-term mean are the trend lines shown in Figures 3C). Effectively, these means are from the residuals of the GAM models applied for the long-term trend analysis. This approach ensures that seasonal variation is not confounded with the long-term trends. Approximate 95% confidence intervals for the means were calculated using the percentile bootstrapping method (Manly, 2006).
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FIGURE 3. Long-term trend analysis of water quality parameters collected within Kuwait Bay and Arabian Gulf. All the water quality variables, except for S and DO, were ln transformed to make their distributions closer to Gaussian. All nutrients (i.e., excluding S, T, and Chl-a) are in units of mg/L. T (temperature) is in units of degrees Celsius, S (salinity) has units of ppt, Chl-a has units of μg/L. Logged raw data are presented for Kuwait Bay (A) and Gulf (B) with smooth trend plots computed for each water quality variable across the whole of the time series (1983–2016). The GAM model is presented independently of the data (C) note the smaller range on the x axis. The GAM model output for Kuwait Bay is shown by the black line and the red dotted line for the Gulf.



Trends in Phytoplankton Data (2007–2016)

Seasonal Changes in Phytoplankton Community

For an analysis of simple diversity indices over the year, the phytoplankton data were averaged by month over the time period to express the seasonal diversity indices. The number of taxa (S), abundance of taxa (N), Simpsons (D), evenness, Margalef (d), and Shannon index (H’) was averaged for each month. Counts of diatoms and dinoflagellates were averaged for each month over the same time-period and presented against the average water temperature value.

To identify the most common and abundant phytoplankton species sampled from Kuwait Bay and the Gulf, the annual abundance of each species was summed and ranked for every year. The annual ranks were then averaged over the decade and the top 30 species were compiled based on the rank of the decade averages. The monthly abundance of the top 30 species across the time series (as well as the average monthly climatology) is displayed by means of a shade plot, created using the software R, with package ggplot2 (R Core Team, 2017).

To investigate seasonal changes in the phytoplankton community and the environmental drivers, non-parametric multivariate analyses were carried out in PRIMER v7 (Clarke and Warwick, 1994). Due to the requirement to match biotic data with environmental data the 10-year data set was reduced to only include months where both phytoplankton data and environmental data were available. This resulted in a total of 63 monthly data points for the Gulf and 72 monthly data points for Kuwait Bay. Species abundance data was averaged for each month over the period 2007–2016 for Kuwait Bay and the Gulf and ln(x + 1) transformed. Resemblance matrices were compiled based on Bray–Curtis similarity. To aid interpretation, monthly averaged data over the time period was calculated for the Kuwait Bay and the Gulf. Analysis of similarities (ANOSIM) was computed to determine if the within site differences significantly contrasted with the between site differences from the Kuwait Bay and Arabian Gulf sites. Non-metric Multi-Dimensional Scaling (n-MDS) methods were applied to ordinate the seasonality of the phytoplankton communities for the two sites. A simple cyclical model was applied to determine if there was a statistical relationship between the monthly averaged community data and the seasonal cycle using the RELATE function for the Kuwait Bay and the Gulf. The seasonal model relates the annual community shifts to a cyclical model of the year, i.e., January and December are 1 step apart, while June is 6 steps apart.

The environmental data NH4+, DO, DIP, salinity, TSS, TOxN, and temperature was averaged for each month and all variables other than DO and temperature were ln(x + 1) transformed and normalized. Principal components analysis (PCA) was computed to ordinate the environmental variables with season for Kuwait Bay and Arabian Gulf. PCA analysis is a means of projecting the Euclidean distances of normalized environmental variables to describe the relationship between samples (or months in this case). PCA reduces the dimensionality of a data matrix to a low-dimensional summary and provides an interpretation of the axes (PC scores). Similar samples are represented by points located close to each other in the projection. The community data for all available months (using years as a factor) was matched to the environmental data to determine the combination of environmental variables that best explain the patterns in the community composition, using Spearman rank correlations in the BEST (Bio-Env) function. The BEST procedure determines the selection of environmental variable subsets that maximize the rank correlation between the similarity matrices of the community and environmental data by checking all combinations of variables (Clarke and Warwick, 1994; Clarke and Gorley, 2015). Prior to running BEST analyses environmental variables was checked for intercorrelation and DO was removed due to the high intercorrelation with temperature (-0.67 in the Gulf and -0.71 in Kuwait Bay). A permutation test with 999 iterations was completed to test for the agreement in the multivariate matrices. BEST analyses were completed on the full similarity matrices using year as a factor. However, for illustrative purposes monthly average community (n-MDS) and environmental data (PCA) are provided.

Temporal Changes in Phytoplankton Communities

Temporal variability of total abundance and biomass of the top 30 species, by month and by year, was calculated by summing abundance (or biomass) of all the taxa in a given sample. The resulting total abundance (or biomass) was then plotted using the software R (package ggplot2), fitting a local polynomial regression to the data points. Monthly long-term abundance (LnA) and biomass (LnBio) changes were plotted for Kuwait Bay and Gulf communities for the top 30 occurring species.

To test the data further we looked for seasonality and inter-annual variation over the time period (2007–2016). This was done by grouping the data into diatom and dinoflagellate lifeform groups. Lifeforms are aggregations of taxa that group together individual taxa with a similar functional role which are less likely to experience the extreme seasonal fluctuations of single species indicators and their use increases spatial intercomparability (McQuatters-Gollop et al., 2019). Shifts in community structure based on lifeforms were identified by applying the Plankton Index (PI) approach, the details of which are described elsewhere (Tett et al., 2007, 2013; Gowen et al., 2015). Briefly, the abundances of two independent lifeforms (log-transformed and corrected for a zero value) during a chosen “starting period” are plotted against one another to define a “reference envelope in state-space. A sample’s position at any point in time is defined in state space” by orthogonal axes of (log-transformed) lifeform-pair abundance.

In order to capture normal seasonal and inter-annual variability in phytoplankton community structure, at least a 3-year reference interval is recommended, with full seasonal coverage. The reference envelope is defined such that it contains 90% of the reference data which is defined as monthly samples for the period 2007–2009 analyzed independently for both the Bay and the Gulf. The PI value for any year or set of years outside the reference period is defined as the ratio of observed lifeform pair data which fall inside the reference envelope to the total number of data points being compared to the reference period. For example, if comparing a full year of data to the reference period (sampled monthly) and all 12 of the data points data fall within the reference envelope the PI is 1, if only 3 months fall within the reference envelope the PI is 3/12, or 0.25, and if all of the data fall outside the reference envelope the PI is zero, representing a complete change. The statistical significance of the PI value is given by an associated binomial p representing the probability of finding that number of points inside the envelope given change variation and an expectation of 0.9 (Tett et al., 2008). ‘Significance’ is assigned when p < 0.01, corresponding to PI values <≈ 0.7. While a useful guide, statistical significance does not necessarily indicate ecological significance.

RESULTS

Long-Term Data (1983–2016)

Trends in Water Quality Variables

The raw environmental data were plotted against year for both the Arabian Gulf and Kuwait Bay (see Supplementary Figures S1A,B). All nutrient, TSS and Chl-a data showed a substantial degree of skewness due to the large increases in concentrations (nutrients) or episodic peaks (TSS and Chl-a) and were ln-transformed to reduce skewness. Salinity and DO were excluded from the ln-transformation.

Log transformed data shows increasing values for NH4+, TOxN, DIP, DIN for both Bay (Figure 3A) and Gulf (Figure 3B) sites. Temporal GAM models are reported for each of the water quality parameters, as per the methods described in Devlin et al. (2015a), with an additional 6 years added to the long-term analysis of environmental parameters reported in Devlin et al. (2015a) and Lyons et al. (2015) (Figure 3). The smoothed trends over time help estimate the long-term trends in the data. Strong temporal trends in data show significant increases in nearly all nutrient variables, including all dissolved nitrogen components of DIN (NO2, NO3, NH4+) and DIP (Figure 3C). The increase in NH4+ is most likely related to the increased industrial discharges emanating from the sewage and industrial outfalls, many of them illegal discharges. The rapid increase in NH4+ from 2009 to 2012 corresponds to the period of time that a pump malfunction resulted in raw sewage discharging into the Gulf. The temporal patterns observed for TOxN and SiO4 demonstrate more variability, with increases over the early 1990s, and decreasing concentrations from the early 2000s. The simultaneous increases in TOxN, DIP, and NH4+ in Kuwait Bay during the late 2000s are likely to be associated with industrial and sewage discharges which enter directly into Kuwait Bay from the Suibikhat industrial area (Al-Omran, 1998; Al-Ghadban et al., 2001; Saeed et al., 2015). All water quality parameters, with exception of SiO4, have been reducing over the recent years, indicating that the remediation of the more chronic sewage issues in the Gulf in 2012 through improvements in sewage infrastructure (Saeed et al., 2012a, 2015) have had positive effects, including reduction in NH4+, reductions in TSS, DIP and a slight increase in DO concentrations. The change in water quality parameters for the Bay and the Gulf are similar for the nutrients but show small differences in TSS and Chl-a, likely related to the reduced river flow from the Shatt Al-Arab river, driving longer retention times within Kuwait Bay (Alosairi and Pokavanich, 2017), increasing turbidity and reducing phytoplankton growth in the Bay.

Within Year Trends (Seasonality)

The extent of seasonal variation within years is shown in Figure 4. Positive increases are seen for TOxN and DIP in the period for October to December, aligning with periods of higher rainfall and potentially influenced by flow from Shatt Al-Arab River (Al-Yamani et al., 2007; Al-Yamani, 2008). In contrast, particularly for the Gulf area, increases in NH4+ are variable over the year, with the highest deviation occurring in March, April, May, and November indicating that the source of NH4+ is likely to be related to man-made industrial inputs and not affected by weather conditions or river inputs.
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FIGURE 4. Seasonal changes in water quality parameters for (A) Kuwait Bay and (B) Arabian Gulf. The monthly means of the WQ parameters were calculated from data which had the long-term trend subtracted. Effectively, these means are from the residuals of the GAM models shown in Figure 3. This approach ensures that seasonal variation is not confounded with the long-term trends. All nutrients (i.e., excluding S, T and Chl-a) are in units of mg/L. T (temperature) is in units of degrees Celsius, S (salinity) has units of ppt, Chl-a has units of μg/L.



Seasonal Changes in Phytoplankton Community

The phytoplankton dataset (2007–2016) comprises 214 species divided among eight genera. The set of diversity indices averaged over the calendar year show similar seasonal patterns for the Bay and the Gulf (Figure 5). The number of species ranged between 25 and 43, with slightly more species in the spring to summer months. The abundance values change over the year, with higher abundances experienced in March, May, and September, likely influenced by the warming waters from March. Simpsons, evenness and Shannon indices are relatively constant, with dips in the values, particularly for the Gulf, in the March to May period, indicating that the high abundances in this period is driven by a reduced number of dominant species. The average monthly counts (logx) of the diatoms and dinoflagellates show the abundance increasing in February for the Bay community and in March for the Gulf community. High counts of diatoms are also measured in June and September in the Bay and in May, June and September in the Gulf. The phytoplankton community is dominated by diatoms, with higher counts of dinoflagellates measured in February and March and higher numbers of dinoflagellates occurring in Kuwait Bay compared to the Gulf community.
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FIGURE 5. Diversity descriptors for the phytoplankton data (2007–2016) averaged over calendar months for the full 10-year period. Average monthly values are presented for (A) counts of diatoms (lower blue segment of bars) and dinoflagellates (upper red segment of bars), and temperature (black open circles and line) in Kuwait Bay, (B) counts of diatoms (lower blue segment of bars) and dinoflagellates (upper red segment of bars), and temperature (gray open circles and line) in the Gulf, (C) number of species (S), (D) abundance (N), (E) Simpsons index (D), (F) Evenness (J), (G) Margalef and (H) Shannon index. In (C–H) black filled circles = Bay, gray open circles = Gulf.



The seasonality of the top 30 species is presented in ranked species abundance shade plots (Figure 6). Highest counts in Kuwait Bay were measured during February, June, and September, dominated by diatoms, but with higher dinoflagellate counts in February and March (Figure 6A). The Gulf community responded differently to the seasonal cycle, with higher abundances and biomass persisting from March to June, and an autumn bloom in September (Figure 6B). January was characterized by low abundances and biomass for both the Bay and Gulf communities. The top 30 most abundant species in the Bay and Gulf (2007–2016) are dominated by diatom species. Leptocylindrus minimus, Leptocylindrus danicus, Eucampia zodiacus, and several species of Chaetoceros sp. (e.g., Chaetoceros pseudocurvisetus) dominate in terms of abundance in the Bay with C. pseudocurvisetus thriving in the summer conditions, compared with some of the other species. Leptocylindrus minimus is the most abundant in the Gulf, with high counts of Chaetoceros sp., but with higher abundances of Thalassionema fraunfeldii, Thalassionema nitzschioides, and Asterionellopsis glacialis. There are only three dinoflagellates species in the top 30 for both Kuwait Bay and the Gulf: Karenia brevis, Karenia selliformis, and Prorocentrum micans in the Bay, and Karenia brevis, Prorocentrum micans, Ceratium furca in the Gulf. Karenia brevis is part of the Karenia (dinoflagellate) genus, a marine dinoflagellate that is responsible for red tides and associated mortality of seabirds and fish.
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FIGURE 6. The top 30 phytoplankton species ranked in terms of logged monthly abundance [Log10 (abu+1)] for Kuwait Bay (A) and Gulf (B) communities. The top 30 most abundant species in the Bay and Gulf (2007–2016) are dominated by diatom species. Species counts were averaged across the 12 months of the 10-year period. Dinoflagellate species noted with a symbol (∗).



Seasonal patterns in community composition and the underlying environmental drivers were explored using matched environmental and phytoplankton data averaged for each month over the decade. Significant differences in community composition occurred between the Gulf and the Bay (ANOSIM R = 0.35, p = 0.001, test between sites using months as samples). Seasonal cycling in community composition is evident, both in the Bay (Figure 7A), and to a lesser extent in the Gulf (Figure 7B) and significantly corresponded to the yearly cyclicity model (Gulf: ρ = 0.129, p = 0.04, Bay ρ = 0.454, p = 0.001). The MDS shows the average monthly phytoplankton community, where months in proximity in the ordination space are most similar and months separated are most dissimilar. Consecutive months are linked with a trajectory line. The low ρ-values for the Gulf are in part due to the low resemblance of the February communities (Figure 7B) reducing the fit with the model in the Gulf. It should be noted that only 3 years of matched monthly data was available during February in the Gulf, and diversity indices with the full data set indicate the result may be driven by a lack of data rather than a significant shift in community composition in February. The PCA of the environmental data shows a transition between the warmer summer months (May–October), typified by lower nutrients and TSS, and winter months (November–April) characterized by lower temperature and higher DO (Figures 7C,D). Seasonal cycling of the average environmental parameters was evident in the Bay (ρ = 0.501, p = 0.001) and in the Gulf (ρ = 0.530, p = 0.001).
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FIGURE 7. Non-metric Multidimensional Scale (n-MDS) plots of the average seasonal plankton community in the (A) Bay and (B) Gulf. Vectors illustrate the results of BEST analysis on all monthly data showing the most important environmental drivers on the community compositions. Principal component analysis (PCA) of the average seasonal environmental parameters in the (C) Bay and (D) Gulf. Axis values indicate the scores of the principle components PC-1 and PC-2, vectors show the direction of increasing value of each parameter. Months are displayed numerically and a trajectory line links corresponding months.



Environmental variables (excluding DO due to the intercorrelation with temperature) were matched to the community composition using all the monthly data from 2007 to 2016 for the Bay and the Gulf. In Kuwait Bay the within year environmental variables with the BEST correlation coefficient (0.415) to the seasonal community composition were NH4 and temperature (p < 0.05) (Table 1). Individually, temperature and NH4+ (0.225 and 0.224, respectively) are the most highly correlated factors to the community composition. In the Gulf the BEST suite of environmental variables correlating to 0.409 of variation in the community composition are salinity and temperature (p < 0.01). Temperature is the single factor most highly correlated with the changes in community composition in the Gulf (0.371). The environmental factors with the greatest bearing on the seasonal community composition have been overlaid as vectors in the average seasonal MDS ordination (Figure 7).

TABLE 1. Environmental variables correlated to patterns in the seasonal community composition of phytoplankton in the Kuwait Bay and Gulf.
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Temporal Changes in Phytoplankton Community

Monthly long-term abundance (LnA) and biomass (LnBio) changes were plotted for Kuwait Bay (Figure 8A) and the Gulf (Figure 8B) communities for the top 30 occurring species identified in Figure 6. The top 30 species varied between the Bay and the Gulf in terms of abundance and biomass ranking. Coscinodiscus spp., Guinardia flaccida, G. striata, L. annulata and species of the genus Rhizosolenia, accounted for the highest biomass across the time series, both in the Bay and Gulf, indicating that larger (less abundant) taxa were more important in terms of carbon than smaller but more abundant taxa (e.g., Chaetoceros spp.). These same three species also had high abundances, but seasonal abundance was noted in many species, with higher counts, particularly in 2010, in the Bay communities.
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FIGURE 8. Long-term changes (2007–2016) in the monthly abundances and biomass values for the top 30 species in (A) Kuwait Bay and the (B) Gulf. Three species accounted for the highest biomass in both Bay and Gulf communities with several species accounting for the higher abundances across the years. Dinoflagellate species are noted with a symbol (∗).



The two dinoflagellates species in the top 30 for the Bay (Karenia brevis, Karenia selliformis) have high abundances in 2010 and 2013 in the Bay, with peaks in biomass in 2010 and 2013. Dinoflagellates in the Gulf communities (Karenia brevis, Prorocentrum micans, Ceratium furca) have high abundances in most years but only small contributions to the biomass in the Gulf.

We looked further at the HABs species to see if there was any further evidence of HABS increasing in frequency and the environmental drivers (using the reduced data set). A total of 39 species listed as being potential HABs based on a review of the HABs of Kuwait (Al-Yamani et al., 2012) and the Intergovernmental Oceanographic Commission UNESCO HAB database2 were identified from the species list. The frequency of these HABs species, the maximum counts and number of calendar months in the year they are present in the phytoplankton for the Bay and the Gulf communities is provided in Table 2. Overall, no clear trends in abundance of HABs over the period 2007–2016 were observed, however some species showed differences over the time period. Ceratium fusus increases in the Gulf but decreases in the Bay. Neurotoxin producing Karenia brevis significantly increases in the Bay, particularly during February and March.

TABLE 2. Maximum values of HAB species counted in the phytoplankton community over the period 2007–2016 using matched data (63 months in the Gulf, 72 months in the Bay).
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The temporal changes between 2007 and 2016 in two major plankton lifeforms (diatoms and dinoflagellates) was investigated further through analyzing the community change over time. The temporal analysis of two lifeform indicators, based on a functional group approach, have proved relevant for the description of plankton community structure and biodiversity (Gallego et al., 2012; Garmendia et al., 2013) and have been used to assess community response to pressures such as sewage pollution (Tett et al., 2008, 2013). The annually calculated PI values with respect to the chosen 2007–2009 “reference period” indicate change in community since the initial observations with the current method (Figure 9). The overall PI for 2010–2016 is 0.53 for the Bay and 0.49 in the Gulf, indicating that about 50% of the observations from the most recent 7 years fall outside the reference period defined by the first 3 years of observations. In the Bay, the change appears to be driven by lower counts of diatoms which occur during all seasons, and both higher and lower counts of dinoflagellates during all seasons. In the Gulf, there is little change in the diatom community, but an increase in dinoflagellates. Looking at each year since 2009 individually, while there is no strong trend, the most recent years are the most different (lowest PI) which suggests that the community structure is continuing to shift over time, with the rate of change increasing in recent years. While a change in community does not, in itself, signify a negative change, the results of the lifeform analysis suggests the Kuwait phytoplankton community, in terms of the two major lifeforms, are experiencing ongoing alterations in community structure and composition.
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FIGURE 9. Multi-year (large left-hand plots) and annual (smaller right-hand plots) lifeform-pair plots and PI values for the period 2010 and 2016 relative to the chosen reference period (2007–2009) for Kuwait Bay (upper plots) and Gulf (lower plots). The gray region indicates the reference enveloped defined to include 90% of the data from the reference period. Plotted circles are monthly observations of diatom and dinoflagellate abundance (cells/L, log and zero transformed), colored by season (January and February: dark blue; March–June: light blue; July–September: yellow; October–December: red), and connected in chronological order (black line, broken for month’s without observations). No PI value is given for years in the reference period, as this is defined to be ≥0.9, nor for Gulf in 2016, as there are fewer than 6 months of observations for that region in that year.



Although the Bay and Gulf sites presented similar phytoplankton community structure (with diatoms dominating both in terms of abundance and biomass), the trends of the total abundance and biomass at the two areas (calculated as sum of all abundances or biomass in a given sample) (Figure 10) were opposite, particularly in recent years. In fact, in the Bay, total phytoplankton abundance and biomass showed a decline, while in the Gulf both phytoplankton abundances and biomass showed an increasing trend.
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FIGURE 10. Logged values of phytoplankton abundance and biomass plotted against time (2007–2016) for (a) phytoplankton abundance and (b) phytoplankton biomass for sites within Kuwait Bay and for (c) phytoplankton abundance and (d) phytoplankton biomass (Chl-a) for sites within the Gulf. Trends over time were explored by the fitting of a local polynomial regression line to the monthly phytoplankton values for abundance and biomass.



Drivers of Change in Phytoplankton Community

The analysis on the long-term environmental data shows some significant changes occurring in many of the environmental parameters in both the Bay and Gulf coastal waters. There are many cumulative impacts that are driving these changes and the different statistical approaches presented in this paper provide some useful insights into the main drivers of environmental and community variability. The environmental correlations were explored in relation to seasonality and temporal changes. Potential drivers of this seasonal and temporal variability are also briefly discussed (Table 3).

TABLE 3. Summary of the variable trends in the environmental parameters (dissolved nutrients, TSS, salinity and temperature and phytoplankton community descriptors (Chl-a and community measures) are described over seasonality and temporal scales.
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DISCUSSION

The environmental data collected over a 33-year period by KEPA at various coastal and marine sites is a crucial baseline dataset, offering a unique long-term perspective of a changing desert coastal system, where a low nutrient system, influenced mainly by seasonal river flow from the Shatt Al-Arab river and the larger hydrodynamic movement of the Gulf waters has shifted to a high saline, turbid, nutrient-saturated system with many of the changes being recorded in the long-term data (Devlin et al., 2015a; Al-Said et al., 2017). Nutrient enrichment of Kuwait Bay and Arabian Gulf has been ongoing for over two decades, with dissolved nutrient concentrations increasing from the early 1990s coincident with changing river flow and rapid urbanization of Kuwait. Infrastructure around sewage treatment is progressing, with state of the art treatment plants in place, but with many illegal sewage outfalls and drains still directing untreated sewage into the coastal environment (Al-Sarawi et al., 2015; Lyons et al., 2015). The NH4+ signal increased rapidly from the early 2000s, and most likely related to direct sewage inputs, including the untreated sewage discharging into the Arabian Gulf (Sites Z07, Z08, Z09, Figure 1) for 3 years due to a pump malfunction (Al-Mutairi et al., 2014a,b; Saeed et al., 2015). The nutrient signal, both from NH4+ and TOxN are showing signs of reduction over the past 4 years, but with concentrations still highly elevated (mean NH4+: 47 μg/L) from the baseline concentrations measured in the early 1980s (mean NH4+: 0.7–4.0 μg/L).

However, the change in nutrient concentrations relates both to coastal sewage inputs and Gulf wide changes influencing the time scale of nutrient enrichment. The variability in the long-term trend analysis for TOxN and NH4+ indicates the changing sources of dissolved nutrients, with the strong TOxN signal related to diffuse sources from the Shatt Al-Arab river and remineralization of the NH4+. Reductions in precipitation and freshwater flow have had a dramatic impact on the hydro-environment and salinity regime of the northern Arabian Gulf (Abdullah et al., 2015; Alosairi and Pokavanich, 2017). Any analysis of phytoplankton community change needs to consider the impacts of multiple drivers influencing the phytoplankton composition and abundance (Table 3). The long-term changes in environmental parameters demonstrate that the trends, while showing substantial increases over time, have had variable dips and peaks over the three decades of monitoring. This variable movement highlights the changing pressures and inputs with early years of nutrient enrichment driven by coastal urbanization and regional riverine inputs from the Shatt Al-Arab river. The increase in TOxN is likely related to diffuse inputs from the river loads as well as local coastal inputs. Kuwait’s population has grown from just under 300,000 in 1960 to over four million in 2018 which has driven a coincident increase in sewage issues and coastal pollution. The recent years have seen the nutrient concentrations fall, particularly for TOxN which could relate to infrastructure improvements, such as sewage capture and treatment, but also the reduction in nutrient delivery from river flow. The changing hydrodynamics of the Shatt Al-Arab river can be seen in the variable salinity for both the Bay and the Gulf (Figure 3).

Changes in chlorophyll concentrations can provide a useful insight into the total phytoplankton variability (Devlin et al., 2007) due to the (generally) good agreement between planktonic primary production and algal biomass (Boyer et al., 2009). Chlorophyll concentrations for the Gulf and the Bay varied through time, with GAM analysis showing lower concentrations in the Bay compare to the Gulf and both areas showing a slight increase in recent years. Seasonally, log-chlorophyll concentration peaked during the winter period, likely as result of the higher nutrient concentrations and lower temperatures at this time of year; while the opposite was observed in June (lowest chlorophyll concentration and maximum temperature). Furthermore, seasonality drivers strongly influence the changes in phytoplankton community over the annual cycle, with higher abundances corresponding to increasing temperatures from March.

The discrepancy between the chlorophyll trend and phytoplankton abundance trend could be the result of different factors. Firstly, it is important to note that the phytoplankton community data does not take into account the smallest fractions of the phytoplankton population (i.e., picophytoplankton and nanophytoplankton < 5 μm), while the chlorophyll measurements account for the entire phytoplankton population > 1 μm. The smaller phytoplankton taxa could therefore be playing an important role where chlorophyll and/or biomass are stored in the smaller size spectrum of the phytoplankton community. In this context, Brown et al. (1999) demonstrated that picophytoplankton (particularly picoeukaryotes) accounted for up to 35% of the total phytoplankton community biomass at coastal stations of the Arabian Sea (off Oman), and even a higher proportion (up to 56%) of the primary production. Another potential reason for the discrepancy between chlorophyll and biomass is that chlorophyll is a component of the phytoplankton cell biomass, which, as seen in Figure 10, can show different temporal and species distributions compared to phytoplankton abundance. The cellular content of chlorophyll, in respect to the carbon content, varies with different factors, including the type of phytoplankton groups dominating the community, and the local environmental conditions, e.g., light, nutrient availability, and temperature (Geider, 1987; Cloern et al., 1995; Geider et al., 1997; Sathyendranath et al., 2009; Jakobsen and Markager, 2016). So, for example, in nutrient-sufficient phytoplankton, the carbon to chlorophyll ratio increases with increasing light level (at constant temperature) and decrease with increasing temperature (at constant light levels; Geider, 1987). Nutrient (nitrogen) availability is also of significant importance in affecting the carbon to chlorophyll content, as seen for example in stratified waters (Taylor et al., 1997) and in coastal waters (Jakobsen and Markager, 2016). However, N-availability is unlikely to be an issue in the nutrient-rich waters of Kuwait Bay. Finally, the discrepancy between biomass and chlorophyll trends could also be related to the uncertainty associated to the biomass calculations, particularly for the taxa lacking size measurements and for which the global cell volume estimates by Harrison et al. (2015) were used.

Diversity indices are similar in the Bay and the Gulf, with reductions in diversity and evenness in May and June. In Kuwait Bay, the colonial diatom Chaetoceros pseudocurvisetus, along with Eucampia zodiacus and Leptocylindrus minimus dominated in May, with Chaetoceros persisting in high numbers throughout the summer months. Taxa abundances are generally higher in the Gulf, with several species increasing in the spring months, including Karenia brevis. Chaetoceros pseudocurvisetus still dominates through the summer months in the Gulf. A potential explanation for the success of C. pseudocurvisetus during the summer months (when TOxN reaches the lowest values) is the ability of producing both resting spores and resting cells in response to nutrient depletion (Kuwata et al., 1993). The two resting phases maintain or reduce metabolic processes (i.e., low respiration and low photosynthetic activity) until the environmental conditions return to a favorable state. Transformation of spores or resting cell is dependent on the available SiO4 concentration, as spore cell walls are heavily silicified, while resting cell maintains an appearance similar to the vegetative state (Kuwata et al., 1993). Diversity descriptors (Figures 5A,B) show that the phytoplankton community in February, as the weather warms, differs between the Gulf and Bay with April and May having similar diversity indices between the two sites. The Kuwait Bay community is more variable in the summer to autumn months, but winter months (November to December) are characterized by distinctive populations in the Bay.

The outcomes of the n-MDS and the PCA (Figure 7) analysis show a seasonal cycle, noting that the seasonal cycle represented is based on the 10-year averages in the phytoplankton community and environmental parameters. The BEST analysis (Table 1) identifies temperature as an important environmental variable in driving seasonal community composition, explaining 0.371 in the Gulf and 0.224 in the Bay. The enclosed waters of Kuwait Bay experience slightly warmer temperatures and the combination of temperature and NH4+ is correlated to 0.415 of the seasonal community composition. Salinity and TSS are likely to play a role in the seasonal cycle in the Bay due to the higher turbidity conditions, which are influenced by the longer retention times of the Bay given the decline in Shatt Al-Arab river flow and reduced capacity for the flushing. However, the correlation of TSS and salinity to the community data was not significant (Table 1). In the Gulf salinity and temperature combine as the primary environmental variables correlated to the community composition (0.409; Table 1).

The amount and form of nitrogen available in the water (particularly whether in the reduced, NH4+, or oxidized form, e.g., NO3-) have important implications for the productivity and for taxonomic composition of the phytoplankton community [see review by Glibert et al. (2016)]. It is generally accepted that NH4+ is the preferred form of nitrogen taken-up by phytoplankton (see Raven et al., 1992 and references therein). This is the result of two distinct processes: (1) NH4+ requires less energy to be transported by the microalgae across the cell membrane; and (2) NH4+ shows an inhibitory effect on NO3- uptake and assimilation (see Dortch, 1990 and references therein). Particularly, the inhibitory effect of NH4+ can manifest at different concentrations; for example, at concentrations lower than 50 nmol L-1 in the oligotrophic waters of the Atlantic Ocean (L’helguen et al., 2008), or at concentrations > 4 μmol L-1 in San Francisco Bay (Dugdale et al., 2007). The inhibitory effect of NH4+ on NO3- uptake (in conjunction with changes in the phytoplankton community associated to high NH4+), can ultimately result in reduced productivity of phytoplankton community (Dugdale et al., 2007; Glibert et al., 2014). An example is presented by the San Francisco Bay Delta where increased NH4+ concentration in the estuary due to sewage effluents from wastewater treatment plants, in combination with turbid conditions, has been shown to modulate occurrence of spring blooms and chlorophyll concentration, with consequences for the higher trophic levels (Dugdale et al., 2007; Glibert et al., 2014).

The TOxN concentration in the Bay is likely influenced by industrial and sewage discharges and reduced flow from the Shatt Al Arab river driving longer retention times for remineralization. Ongoing sewage failures have kept the NH4+ concentration high, though there is a small decrease in NH4+ in past 3 years which matches the timing of improvements in sewage infrastructure (Saeed et al., 2012b, 2015; Lyons et al., 2015). It could be expected that the high NH4+ concentration in Kuwait Bay and Gulf (and its inhibitory effect on NO3- uptake), particularly in the 2000s, would be affecting phytoplankton composition and productivity. As support of this hypothesis, the decrease in NH4+ (occurring in the last 4 years of the time series) was concomitant with a small increase in phytoplankton abundance and biomass in the Gulf communities, and with an increase in chlorophyll concentration in both Gulf and Bay (Figure 3).

One of the effects of the presence of NH4+ as dominant N form may be the change in the structure of the phytoplankton community. With NH4+ as the dominant nitrogen form in warm waters phytoplankton groups such as cryptophytes, dinoflagellates, cyanobacteria and chlorophytes may proliferate, with smaller size classes (<5 μm) driving production (Glibert et al., 2014; Glibert et al., 2016). Contrarily, with NO3- as main N-form, particularly under cooler water conditions, diatoms (cell size > 5 μm) are more likely to dominate the phytoplankton community and production (Glibert et al., 2014; Glibert et al., 2016). We could speculate that the NH4+-enrichment that occurred in the 2000s in Kuwait coastal waters may be linked to the decline in cumulative abundance and biomass of the top 30 species in the Bay, which are almost all diatoms. Interestingly, Al-Said et al. (2017) reported a change in the phytoplankton community of the Gulf of Kuwait between 2000 and 2013, with a reduction in diatom species and an increase in flagellates such as cryptophytes, and Phaeocystis globosa. However, the authors associated the change to variation in salinity rather than nutrients.

The initial analysis of HABs shows that the phytoplankton species which have been identified as HAB species are occurring in Kuwait marine waters and, for several species, in high abundances. The role of sewage effluent in stimulating or initiating HAB events in Kuwait marine waters is a key question for understanding the complex interactions between drivers and response in the phytoplankton community (Riegl et al., 2012).

This outcomes of this multi-faceted analysis show the difficulties in attributing changes in phytoplankton community to any single stressor and highlights the need to explore the cumulative and synergistic impacts of a combination of stresses including urban sewage discharge and alteration of discharge regime of Shatt Al-Arab River (Devlin et al., 2015a; Alosairi and Pokavanich, 2017).

While the multi-decadal nutrient enrichment is evident in the environmental data (1983–2016), the 10-year phytoplankton community data appears to be responding to several anthropogenic influences, all of which continue to be present in Kuwait marine waters. In an extreme environment, such as in the Bay and the Gulf marine waters, it would be expected that the temperature conditions would be the driving force in the timing of the phytoplankton community dynamics, however, temperature is now just one of several drivers with other anthropogenic factors such as salinity and dissolved nutrients influencing the seasonal phytoplankton community. Recent work (Al-Said et al., 2017; Ben-Hasan et al., 2018) has identified significant changes in phytoplankton community organization on a decadal scale and suggests that salinity-related environmental changes have resulted in a coincidental decrease in species diversity and significant changes in phytoplankton community between the years 2000 and 2013 off Kuwait. The shorter temporal trend in the phytoplankton data (2007–2016) through the analysis of lifeform changes (Figure 9) and temporal changes (Figure 10) shows a variable phytoplankton population, with a small but significant change in abundance and biomass (Figure 10). The data suggest that the phytoplankton community in the Bay has decreasing abundance and biomass, in comparison to the Gulf community which shows an increasing abundance and biomass. However, the phytoplankton community data that is available represents a period where nutrient inputs are already high and makes it difficult to resolve how the community would have responded to the long-term nutrient enrichment described in the GAM water quality plots (Figure 3). The long-term chlorophyll data does offer some perspective on what may have occurred in the phytoplankton community data, with decreasing phytoplankton biomass from the late 1990s to 2010 (Devlin et al., 2015a), attributable to higher number of dinoflagellates.

CONCLUSION

The work presented here demonstrates the importance of long-term datasets which provide details of the historic baseline in environmental drivers and their subsequent rate and nature of change through time. As with all regional case study approaches, there are many factors that need to be accounted for before the interactions of drivers and community impacts can be fully resolved. This study provides a first step towards this goal by highlighting the different stressors that can impact on a system already characterized by extreme conditions in temperature and salinity, such as those found in the Northern Gulf (Sheppard et al., 2010; Riegl and Purkis, 2012). In our changing world, knowledge of how these interactions with localized stressors can reduce ecosystem resilience to warming waters is critical to how managers respond when prioritising actions to reduce multiple pressures. Recent papers exploring the impacts of cumulative pressures in tropical ecosystems identify that management actions need to address local pressures as well as working on national and global scales to combat climate change (Hughes et al., 2008; Ortiz et al., 2018; Wolff et al., 2018).

For Kuwait, continued support for the long-term monitoring program and ongoing analysis of the phytoplankton community in the context of the changing environmental drivers is required to fully elucidate the contribution of individual and cumulative anthropogenic stressors to the negative changes we observe in the phytoplankton community. This information will be essential to guide management action being implemented through local, national and regional programs. Local actions towards remediating the impacts of coastal sewage outfalls, regional actions towards restoring river flows, and national actions on climate change will offer the best outcomes for the health of Kuwait marine waters and the interdependent phytoplankton communities.
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Site No. of Variable Correlation P

variables
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1 NHg4 0.225 0.04
1 Temperature 0.224 0.04
1 TSS 0.212 ns (0.06)
1 Salinity 0.208 ns (0.07)
2 NH4 and temperature 0.415 0.02
Gulf:
1 Temperature 0.371 0.001
2 Salinity and temperature 0.409 0.01

BEST analysis was run on monthly community resemblance data from 2007
to 2016 using year as a factor. Individual parameters with a correlation
coefficient > 0.2, and the highest correlation coefficient of two or more variables
are provided (in bold).
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NH,*

TON

DIN

DIP

SiOa

Salinity

Temperature

Seasonal (within year) 2007-2016  Temporal (across years)

(1994-2016)

Significant correlations with
phytoplankton community.
Combination of temperature and NH4*
correlates strongly with seasonal
community composition (0.415)
Lower correlations with seasonal
community composition in the Bay
may indicate that the high
concentrations of NHs* over past 10
years has been a greater driver on the
seasonal variability of phytoplankton
Reflective of the variability associated
with NH; and TO,N.

Both areas increasing, with peak
concentrations measured in 2005.

Regions similar for whole period. Low
levels in 1987, decreases after 2005
from peak of 20 pg/L.

Regions very similar. Peaks in 1995 and
2013,

No correlation with the seasonality of
phytoplankton communty.

Regions have similar profiles. Peaks at
mean of 23 pg/L near 2008 for Kuwait
Bay and mean of 18.6 pg/L in 2012 for
the Gulf.
Limited correlation with the seasonality Kuwait Bay values stable at higher
of the phytoplankton community. concentrations than Gulf values until
2012. Kuwait Bay peaks at around
mean 450 pg/L in 2007. Both Gulf and
Bay SiO4 concentrations are
decreasing since 2007.
Both Kuwait Bay and the Guf levels
Kuwait Bay community only (0.222).  follow a similar pattern throughout the
The higher TSS values, particularly period. The TSS in the Gulf peaks in
during the winter months are impacting 2007 (mean 14.6 mg/L) and Kuwait
on the phytoplankton community. Bay in 2008 (mean 18 mg/L).
Strong correlation (0.409) with Kuwait Bay and the Guif follow similar
temperature and salinity inthe Gulf.  patterns with the highest
concentrations in 2010/11. Mean in
2010 = 43.4 (Bay) and 43.9 (Gulf).
Salinity is decreasing since 2010/11 but
note smaller time frames for data.
Significant correlations with seasonal  Hotter mean temperature values in Gulf
changes in phytoplankton composition.  than in Kuwait Bay. Temperatures peak
Low temperatures over the winter at maximum mean values of 26.5°C in
limiting growth with warmer watersin 2012 (Gulf), and 24.0°C in 2010 (Bay).
spring-summer favorable to These higher mean values indicate
phytoplankton. Temperature is the extended periods of high temperatures.
single factor that is most highly
correlated with the changes in
community composition in the Guif
(0.371) and Bay (0.224)
Strongly correlated with temperature
and has been excluded from the
analysis of seasonal drivers.

Correlates with seasonality for the

Kuwait Bay and the Guif experience
similar peak values in 2007 (around
7.5 mg/L) and then decreases until
2010 before rising again after 2015.

Potential drivers

Issues with sewage infrastructure and inputs of untreated sewage
into coastal waters. Remediation of large sewage failure in 2012
has resulted in some decrease of elevated NHj concentrations in
recent years, but mean values across sites are still > 47 pg/L

Increases linked to riverine sources (Shatt Al-Arab) and coastal
enrichment and the lack of infrastructure to keep up with rapid
population growth. Recent improvements may be related to
improvements in sewage treatment. TO,N also related to diffuse
tiver sources from Shatt Al-Arab and reduction in TO,N could be
linked to reduction in river flow.

As per drivers for NHg* and TOxN. DIN represents the sum of
these dissolved nutrients, and shows the decadal increase of
dissolved nitrogen, with variable peaks related to both the NH, *
and TON variabilty.

Significant long-term increase with less variability than DIN. Related
to coastal enrichment with no evidence of improvement from
management measures.

Silicate is a main component of fluvial outfiow from Shatt Al-Arab
Rivers and the decrease in siicate corresponds with decreasing
tiver flow (Ben-Hasan et al., 2018). The reducing siicate could also
be influencing the replacement of diatoms by dinoflagellates as they
do not require SO

Higher TSS values in Kuwait Bay related to constrained water in
Bay, greater resuspension and extended retention time in Gulf due
to changing hydrodynamics in the Northern Gulf.

Seasonality in phytoplankton community strongly inked to salinity
(with temperature) for Gulf waters. Community composition and
abundance responding to the changing salinity conditions
(A-Said et al., 2017).

Kuwait waters are already characterized by extreme summer
temperatures and have been increasing in temperature by a rate of
0.6 (+£0.3)°C/decade. Further increases of the long-term mean or
maximum values wil have chronic impacts on the long-term
resiience of all Kuwait ecosystems.

Dissolved oxygen is linked to eutrophication impacts, but the
analysis of seasonal drivers shows a strong correlation with
temperature which precludes linking with the nutrient enrichment in
this dataset. The longer term coastal changes may be responding
to nutrients but it is difficult to separate this from the interaction with
temperature.

Seasonal and temporal drivers influencing phytoplankton composition in Kuwait marine waters

Chlorophyll-a

Phytoplankton
abundance

Phytoplankton
biomass

Phytoplankton
HABS

Phytoplankton
life forms

Log-chlorophyll concentrations peaked  Chlorophyll concentrations for the Gulf
during the winter period. This relates to and the Bay varied through time, with
the higher nutrient concentrations and  trend analysis showing lower

lower temperatures at this time of year; concentrations in the Bay, but with
while the opposite was observed in  slight increases in recent years, and
June which had the lowest chlorophyll  higher concentrations in the Gulf,
concentration and maximum increasing from the late 1990s.
temperatures.

Low correlation between chlorophyll and abundance, particularly in
the Gulf, could mean the smallest fraction of phytoplankton
population (1-6 m) is influencing the biomass. The trend (in the
Gulf) suggests that there may be a transition to smaller flagellates.
This could impact on the nutritional quality of the phytoplankton,
but this needs to be tested through further analysis on the full
plankton community.

Abundance correlates strongly with the
seasonal cycle. Communities transition
between the warmer summer months
(May-October), typified by lower
nutrients and TSS, to a winter
community between November-April
which is characterized by lower
temperature and higher DO
concentrations.

Strongly linked to seasonal cycle as per
the transition from winter to summer
environmental conditions.

Not applicable

Winter months showing higher rate of
change relative to a reference period
(2007-2009).

Phytoplankton community in the Bay
has decreasing abundance and
biomass, in comparison to the Gulf
community which shows a small
increase in abundance and biomass.
The decline in abundance and biomass
of the top 30 species in the Bay, which
are almost all diatoms, could be linked
to the NHy* enrichment and the effect
of the high turbidity in the Bay. Higher
turbidity likely to be related to lower
retention times of the water in the Bay
from reduced river flow.

Ceratium fusus increases in the Gulf but
decreases in the Bay. Neurotoxin
producing Karenia brevis significantly
increases in the Bay, particularly during
February and March.

Community structure is highly variable
over time with the rate of change
increasing in recent years.

Seasonal drivers are strongly influencing the community
composition. However, the time available for analysis of
community changes is over a 9-year period in which the
coastal system has high, variable nutrient concentrations
which may result in supersaturation for nutrient related
growth. Despite not being able to quantitatively identify the
longer-term response to nutrient enrichment from the:
subset of phytoplankton data, abundance seasonality is
strongly influenced by NH*.

One of the effects of the presence of elevated NH;* as the
dominant N form may be the change in the structure of the
phytoplankton community. As for abundance (above), it is
difficult to extract the longer term signal as phytoplankton
data are only available from a time where both areas are
characterized by high nutrient enrichment.

Conditions of high surface water temperatures, low wind
speeds, light and elevated nutrient levels can all influence
the occurrence of HABS. HABS regularly occur in Kuwait
waters and have been linked to fish kills. Further monitoring
is required to ascertain if frequency of those HABS species
occurrences is increasing.

Difficult to identify any clear temporal trend in community
change. Community is highly variable, but change driven by
increase in dinoflagelates is likely influencing the decrease
in biomass.
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Taxon class

Dinoflagellates
Dinoflagelates
Dinoflagelates
Cyanophyceae
Dinoflagellates
Dinoflagelates

HAB code HAB issue

Surfactant producing
PSP

PSP

Microcystins

Bloom forming
Bloom forming

Diatoms Bloom forming
Rapt Ne toxir
Dinofiagellates Ichthyotoxin
Dictyochophyceae Bloom forming
Dictyochophyceae Bloom forming

Dinoflagelates
Dinofiagellates
Dinoflagellates
Dinoflagelates
Dinofiagellates
Dinoflagellates
Dinoflagelates
Dinofiagellates
Diatoms
Dinoflagelates
Diatoms
Dinoflagellates
Raphi

DsP
DbsP

Bloom forming
Yessotoxin
Bloom forming
PSP

Neurot

Dinofiagellates
Dinoflagellates
Dinofiagellates
Dinofiagellates
Dinoflagellates
Dinofiagellates
Dinoflagellates
Dinoflagellates
Dinofiagellates
Dinoflagellates
Dinoflagellates
Diatoms

Diatoms

Dinofiagellates
Dinofiagellates
Cyanophyceae
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Neurotoxins
Ichthyotoxin

NSP

Bloom forming

Bloom forming

DSP

DSP

DSP

Bloom forming
Neurotoxins
Yessotoxin

ASP

ASP

PSP

Bloom forming
Microcystins/saxitoxin

Only HABS with maximum counts of greater than 1,000 cells/L were included. HAB codes, 1 (Al-Yamani et al., 2012), 2 (IOC HABS database), 3 (both Al-Yamani et al.,
2012 and I0C HAB sources). Bold > 100,000 cells/L. maximum abundance.
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