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Environmental Heterogeneity Determines Diatom Colonisation on Artificial Substrata: Implications for Biomonitoring in Coastal Marine Waters
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Benthic diatoms form an important component of the microphytobenthos and have long been utilised as suitable bioindicators in aquatic systems. However, knowledge on benthic diatom community succession on hard substrata (biofilm) remains understudied in austral marine coastal systems. In this study, we investigated benthic diatom colonisation on artificial substrates (Plexiglass) over a period of 5 weeks at two locations with different physical environments along the warm temperate coast of South Africa. Results revealed relatively similar physico-chemical conditions but highly contrasting diatom community development were observed between the two sites. While there were some shared taxa, site-specific dynamics resulted in significantly different diatom species diversity and richness, facilitated by common (e.g., Nitzschia ventricosa and Cocconeis scutellum) and a large percentage of rarely observed species such as Cocconeis testudo and Lyrella lyra. A total of 134 species belonging to 44 genera were observed during the study. The overall diatom composition differed spatio-temporally during the experimental period, with the fluctuating species occurrences and abundances highlighting the rapid microalgal species turnover within days, under natural conditions. Environmental variables were shown to have varying influences as drivers of the diatom community descriptors. Multivariate modelling confirmed that study site and the interaction between site and sampling occasion were important predictors of diatom abundances, and the overall observed community composition. The current results suggest that benthic diatoms on artificial substrata could be incorporated as suitable indicators of change along the coastline subject to further investigations, taking into account site-specific differences driven by habitat complexity and environmental variability. The experimental method proved to be efficient and can be implemented to study the response of benthic diatoms to localised nutrient enrichment around the coastline.
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INTRODUCTION

Increasing human populations around the world’s coastal regions have amplified anthropogenic impacts such as increased pollution (e.g., excess nutrient inputs) (Islam and Tanaka, 2004). These human-driven impacts affect the coastal oceans’ biogeochemistry (Doney, 2010), thus influencing the ecosystem health and ultimately the public health (Islam and Tanaka, 2004; Fleming et al., 2006). The monitoring of coastal and nearshore marine waters became increasingly popular, particularly in Europe, to assess and monitor their ecological status (see Borja and Dauer, 2008; Borja et al., 2009 and reviews Beiras, 2016; Borja et al., 2016; Danovaro et al., 2016; Cocquempot et al., 2019). There is an urgent need for similar monitoring of the coastal waters of southern Africa, considering the importance of baseline studies for data scarce regions given their increased susceptibility to deteriorating water quality (Wepener and Degger, 2012). The occurrence and dominance of marine benthic diatoms in coastal nearshore waters has recently been documented for this region (Cotiyane-Pondo et al., 2021).

The ecological significance of the microphytobenthos is well known (MacIntyre et al., 1996) and benthic diatoms (Bacillariophyceae) are an important component of the epilithic microphytobenthos (EMPB), succeeding bacterial colonisation (Edyvean et al., 1985; MacLulich, 1986). The initial colonisation by these microalgae facilitates the secondary colonisation of the substrate by other micro-and-macroflora and fauna (Round, 1981). Due to their unique characteristics (e.g., short lifespan, rapid response to change, etc.), benthic diatoms have been employed as suitable indicators in the monitoring of freshwater systems, further resulting in the formulation and implementation of diatom-based indices (Kelly and Whitton, 1995; Kelly et al., 1998; Potapova and Charles, 2007; Taylor et al., 2007; Dalu and Froneman, 2016). Continuous advancements in diatom research have shed more light on the use of diatoms in freshwater biomonitoring (e.g., Rimet and Bouchez, 2012; Dalu et al., 2020; Kelly et al., 2020a,b). Despite the progressive knowledge on the use of diatoms as water quality indicators in freshwater systems, the adoption of similar techniques in coastal marine systems is lacking (Desrosiers et al., 2013), but slowly gaining momentum (Desrosiers et al., 2014). A recent study by Kafouris et al. (2019) also highlighted benthic diatoms from sediment samples as reliable predictors of eutrophication in an oligotrophic coastal ecosystem.

The dynamic nature of coastal ecosystems, driven by their natural cycles and coupled with variable fluctuations, necessitate the use of cost-effective assessment tools (Beiras, 2016). Coastal marine environments such as intertidal rocky shores, have long been ideal environments for experimental ecological studies using artificial structures as surrogates of natural systems. This has advanced our knowledge of intertidal organisms, their biological interactions and response to abrupt intertidal environmental extremes (Hawkins et al., 2020). Hard substrates are preferable in ecological assessments of aquatic systems (e.g., freshwater systems, Kelly et al., 1998). Hence, the understanding of the colonisation dynamics of EMPBs on artificial substrates in different coastal regions is central to the global standardisation and use of epilithic diatoms in coastal bioassessments (Desrosiers et al., 2013, 2014) as well as restoration initiatives (Pennesi and Danovaro, 2017). One of the benefits of artificial substrata, it allows for the standardisation of sampling methods, investigation of diatom assemblages influenced by the water column physico-chemistry rather than the substrate (Desrosiers et al., 2014), and the deployment of experimental substrata at different locations of interest.

Studies of marine diatom colonisation on artificial substrates (e.g., Caribbean, Desrosiers et al., 2014; Antarctica, Zidarova et al., 2020) are non-existent in southern Africa, other than the foundational studies in freshwater (Dalu et al., 2014) and estuarine (Nunes et al., 2019) systems in South Africa. To fill this gap, the aim of this study was to assess and compare diatom colonisation and development on artificial substrata at two coastal locations. This was achieved through quantifying the spatial (i.e., between sites) and temporal (i.e., between weeks) variations in diatom assemblages and the local environmental conditions. The sites were selected based on their contrasting oceanographic conditions, physical environment, and anthropogenic influences but similar climate within the 10 km distance. We hypothesised that: (1) diatom assemblages will differ between the initial colonisation stage (early succession) and the stable community stage (late succession) at both sites; (2) the diatom assemblages will be similar between the two sites, primarily due to their close proximity and the same artificial substrate used. We further aimed to investigate the potential influence of environmental conditions on observed diatom community variations. This research is responsive to the call to evaluate the potential use of benthic diatoms for biomonitoring in coastal ecosystems (Desrosiers et al., 2013); provides evidence and a better understanding of the dynamics of benthic diatoms over a small spatial and short-temporal scale; and is the first baseline assessment of this nature in southern African coastal marine waters.



MATERIALS AND METHODS


Study Location

This study was conducted at two sites located approximately 10 km apart in the shallow subtidal zone of the coastline near Gqeberha (Port Elizabeth), South Africa (Figure 1). The sites are in the warm-temperate, south-east coast section of the Agulhas bioregion (Griffiths et al., 2010) and the coastline conditions are influenced by the southward-flowing warm Agulhas Current, wind driven upwelling and semi-diurnal tides with a microtidal range of ∼2 m (Schumann et al., 2005; Goschen et al., 2012). Coastal current speeds of <10 cm s–1 have been documented in this region and the currents vary spatio-temporally (Schumann et al., 2005). Site 1 (Cape Recife: 34°01′36″ S, 25°42′03″ E) is located on the far western sector (headland) of Algoa Bay, is part of the Cape Recife Nature Reserve and characterised by an exposed intertidal area composed of a relatively flat sandstone substrate and subjected to low wave action. Wind-driven coastal upwelling occurs at Cape Recife mostly due to north-easterly winds in summer (Beckley, 1983; Goschen and Schumann, 1995), along with sea-surface temperature fluctuations between 12°C and 27°C (Beckley, 1983). There is a wastewater treatment plant (WWTP) situated within the Cape Recife Nature Reserve that discharges into the coastal nearshore environment (Lemley et al., 2019). The WWTP outlet is ∼2 km north of the study site. Site 2 (Willows Resort: 34°02′43″ S, 25°36′24″ E) is located west of Cape Recife, characterised by large rock outcrops of Table Mountain quartzite and is exposed to strong wave action driven by the dominant south-westerly winds. These surface winds create unpredictable high-energy swells along this section of the coast (locally referred to as the Wild Side) and thus sea-surface temperature fluctuations are more pronounced (Beckley, 1983). In situ data collected during this study showed daily temperature fluctuations within the study area, ranging between 16°C and 23°C at Site 1 and 14°C and 20°C at Site 2 (Supplementary Figure S1). Both sites are located in areas with controlled access and this was important in limiting possible vandalism/theft of the experimental setup during the study.
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FIGURE 1. Location of the two study sites along the south coast of South Africa.




Experimental Design

Benthic diatom colonisation was monitored for a period of 5 weeks following recommendations by Desrosiers et al. (2014) using frosted and roughly hand-sanded Plexiglass® panels (10 × 10 cm, with 5 mm thickness). A total of 15 panels for each site were placed vertically, with a 3.5 cm distance between them, on a steel cage attached to railway line anchors (Supplementary Plate S1). The cages were deployed on the same day, within 20 min of each other, at an average depth of 0.5–0.8 m at spring low tide (and at ∼1.8 m at spring high tide). At this depth, light availability was considered constant at both sites, however, it was expected that hydrographic conditions would create turbid conditions due to the resuspension of the benthic substrate, detritus and detached macroalgae. To assess diatom colonisation, sample collection was conducted on a weekly basis from 14 October to 12 November 2020 (austral Spring season) during low tide (for easy access to the experimental setup) and within the same hour to minimise the temporal differences between the two sites during sampling.



Water Column Conditions and Biomass

In situ physico-chemical variables (temperature - °C, dissolved oxygen: DO - mg l–1, salinity, and turbidity in Formazin Nephelometric Units - FNU) were measured at the sub-surface and near-bottom (next to the cage) using a YSI ProDSS multiprobe (YSI Incorporated, United States). The pH was measured using either the ProDSS multiprobe or an AquaLytic pH meter fitted with the SensoDirect probe. Field conditions such as wind speed and wave action were recorded during each sampling occasion. Small conductivity/temperature data loggers (Star-Oddi, Iceland) were deployed ∼0.5 m from the experimental cage to record hourly temperature data during the study period. Triplicate (500 ml) water samples were collected at the same depth as the cages for inorganic nutrient determinations. The water samples were gravity-filtered through Whatman® GF/F filters (47-mm diameter, 0.7-μm pore size) in the laboratory, the filters and filtrates were immediately frozen at −20°C and the latter were analysed for dissolved inorganic nitrogen (DIN: sum of nitrate [NO3–], nitrite [NO2–] and ammonium [NH4+]), phosphorus [DIP: PO43–], and dissolved silicate [DSi: SiO2] concentrations using a SEAL AA3 AutoAnalyser (SEAL Analytical, Inc.) following Bate and Heelas (1975) and Parsons et al. (1984). Water column chlorophyll-a (Chl-a—used as proxy for phytoplankton biomass) was extracted from the GF/F filters using 10 ml of 95% ethanol (Merck® 4111) for 24 h at ∼2°C in the dark. After extraction, samples were re-filtered and Chl-a concentrations (expressed as μg Chl-a l–1) were determined at 665 nm before and after acidification of the extracts with 1N HCl (Nusch, 1980) using a Hitachi UH5300 Spectrophotometer.



Diatom Sampling, Benthic Biomass and Analyses

At each site, three replicate Plexiglass® panels were chosen at random on a weekly basis, carefully removed from the cages and placed in sterile plastic containers then filled with 250 ml of Milli-Q® Type-1 ultrapure water. The panels were then brushed (on both sites) using a sterile toothbrush to remove the epilithic material, resulting in a homogenised 250 ml sample for each week, that was preserved with 2.5 ml of 25% glutaraldehyde solution (Grade II). Before preservation, the homogenised sample was vigorously shaken and a 50 ml subsample was filtered through the Whatman® GF/F filters, processed and analysed for the estimation of benthic Chl-a biomass (expressed as mg Chl-a m–2) following the spectrophotometer method described above. However, due to a rapid colonisation by green and brown macroalgal spores, causing high Chl-a biomass on the panels at Site 1 (Cape Recife) and the presence of marine intertidal snails (Oxystele sinensis) grazing on the biofilm at Site 2 (Willow Resort), the benthic Chl-a biomass samples were discontinued after Week 3 to avoid measuring the macroalgal biomass at Site 1 and the reduced biomass caused by grazing at Site 2.

To analyse the diatom assemblages, 15 ml subsamples were pre-treated with 10% hydrochloric acid (HCl) and thereafter poured through a 200 μm mesh to remove the remaining macroalgal filaments and calcareous organisms. The subsamples were treated with concentrated nitric acid (HNO3) and potassium dichromate (K2Cr2O7) and left for 24 h on a mini-shaker (100 rpm) at room temperature. The diatom samples were rinsed repeatedly with Milli-Q® Type-1 ultrapure water. Coverslips with cleaned diatom valves were permanently mounted on glass slides using Pleurax. Thereafter, diatom counts and the subsequent species identification to lowest taxonomic level possible (either genus or species) were performed using a Zeiss AxioObserver A1 light microscope with Differential Interference Contrast (DIC) at 630× and 1000× (under oil immersion) magnification. A minimum of 400 valves per sample were counted and presented as relative abundance (RA in %). Taxonomic identifications were made using a range of literature (Giffen, 1966; Witkowski et al., 2000; Al-Handal and Wulff, 2008a,b; Lobban et al., 2012; Álvarez-Blanco and Blanco, 2014; Al-Handal et al., 2016; Park et al., 2018).



Numerical Analyses

All analyses were performed using the R statistical environment (R v4.0.3; R Core Team, 2020). Data normality were evaluated using the Shapiro–Wilk test (α < 0.05). Thereafter, depending on data distribution, the Independent t-test (parametric) and Wilcoxon test (non-parametric) were applied to assess the differences between the two sites.

In assessing diatom assemblages, the diatom dataset was reduced by only considering taxa with ≥1% relative abundance (66 species – sites combined) in statistical analyses. Diatom composition between two sites (β-diversity) was assessed, firstly by checking the multivariate homogeneity of group dispersions (variances) using the betadisper function. The permutest function (999 permutations) was used to test if the variances were homogeneous and the result was visualised as a boxplot. Thereafter, permutational multivariate ANOVA (PERMANOVA) using the adonis2 function was computed to test for compositional differences (by site) and the non-metric multidimensional scaling (nMDS) was then used to visualise the community composition differences between the sites and samples using the metaMDS function (data square-root transformed, Bray–Curtis dissimilarity, 999 permutations). The analyses functions used are from the ‘vegan’ R package (Oksanen et al., 2020).

We determined the alpha diversity (community descriptors: species richness – S, Shannon’s diversity – H′, Simpson’s dominance – D and Pielou’s evenness – J′) for each sample/week using the ‘vegan’ R package (Oksanen et al., 2020). Subsequently, the influence of measured environmental (predictor) variables on the community descriptors during the study period was assessed using the modelling approach. Prior to the analyses, collinearity among possible predictor variables was assessed using variance inflation factors (VIF), with VIFs > 5 deemed collinear (Zuur et al., 2009, 2010). Therefore, salinity, dissolved inorganic phosphorus and wind force were omitted from further analyses. Linear mixed-effects modelling (LMM) using the ‘lme4’ package (Bates et al., 2015) was then used to evaluate the influence of the predictor variables on diatom community descriptors (response variables, i.e., S, H′, D, and J′). For each response variable, the initial model included all predictor variables followed by a stepwise model selection (removal of non-significant terms). The models were fitted under restricted maximum likelihood (REML) estimation and then compared using Akaike Information Criterion (AIC), with the best fitted model resulting in low AIC score (Zuur et al., 2009, 2010). Site and sampling occasion were included in the models as random effects to account for spatial independence (autocorrelation).

Lastly, we used generalised linear modelling (GLMmv) for the multivariate abundance data using the ‘mvabund’ package (Wang et al., 2012), to analyse how the above-mentioned predictor variables affected the observed diatom taxa variations. The GLMmv were fitted to the community data using the manyglm function, jointly predicting abundance across multiple taxa with the error distributions specified as ‘negative binomial’ for count data (Wang et al., 2012). This approach is advantageous by fitting a separate GLM for each taxon, accounts for species relationships and provides a more predictive power compared to the conventional distance-based community analyses (Warton et al., 2012). Diatom taxa with ≥5% in at least one sample were grouped according to genus, to account for low abundances and allow for meaningful comparisons. The model to assess the effects of the categorical predictors (i.e., site and sample ‘sampling occasion’) was computed separately, followed by that for the continuous predictors (i.e., Temperature, DO, pH, Turbidity, DIN, and DSi), with the results presented separately. The effects (or deviance explained) of the predictor variables in the models were assessed using the anova.manyglm function (‘p.uni’ = “adjusted”; ‘nBoot’ = 1000; Wang et al., 2012). All analyses were computed at a significance level of α < 0.05.




RESULTS


Pelagic Environment

Environmental variables revealed similar conditions at Site 1 (Cape Recife) and Site 2 (Willows Resort). From this, temperature (W = 76; p < 0.05; n = 20) and nutrients in the form of DIN (W = 22; p < 0.001; n = 30) and DIP [t(28) = −3.283; p < 0.001; n = 30] were the exception, and varied significantly between the two sites (Table 1 and Supplementary Table S1). Daily averaged in situ temperature measurements (using underwater CT loggers) varied between the sites, with significantly higher values recorded at Cape Recife (W = 67; p < 0.001; n = 1940) (Supplementary Figure S1). Water column biomass (Chl-a) did not show any variation between the two sites (p > 0.05), while benthic Chl-a showed a weekly increasing trend at both sites (Supplementary Table S1, data for Week 1–3), however, the differences in benthic biomass were not significant between the two sites (p > 0.05; Table 1). The weekly variations and field conditions during the experimental period are documented in Supplementary Table S1.


TABLE 1. Summary statistics of the physicochemical, nutrients and Chl-a data presented as mean ± SD and range [min-max value] recorded during the study at Cape Recife (CR) and Willows Resort (WR).
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Spatio-Temporal Patterns of Diatom Assemblages and Drivers

Site-specific data revealed a total of 102 species (38 genera) and 75 species (34 genera) observed at Site 1 (Cape Recife) and Site 2 (Willows Resort), respectively. The dominant species observed, based on abundance and irrespective of site and sampling occasion, included Navicula sp1, Navicula sp3, Actinocyclus subtilis, Licmophora paradoxa, and Nitzschia ventricosa (Figure 2). Cocconeis (13 species) and Nitzschia (9 species) were observed as the dominant genera in this study. While certain species were shared between the two sites (e.g., Grammatophora undulata, Haslea nautica, and Navicula cf. directa), a number of species were observed at either one site or the other (e.g., Site 1 – Diploneis cabro, Mastogloia fimbriata, and Plagiotropis lepidoptera; Site 2 – Lampriscus shadboltianum and Trachyneis velata; Supplementary Figure S2). The overall diatom composition was composed of 134 species (and varieties) from 44 genera (sites data combined). From this, 66 species contributed ≥1% in relative abundance with only 24 species attaining ≥5% abundance in at least one sample (Figure 2 and Supplementary Figure S2). Forty-eight percent (48%) of the diatom composition was composed of rarely observed species such as Cocconeis testudo, Diplomenora cocconeiformis var., Donkia sp., Psammodictyon panduriforme, Lyrella lyra, Navicula perrhombus, and Paralia sulcata contributing <1% in abundance (Supplementary Table S2).


[image: image]

FIGURE 2. Diatom taxa observed with ≥5% relative abundance in at least one sample during the study period.


The multivariate homogeneity of group dispersion (variances) analyses revealed no significant differences between the two sites (p > 0.05; Supplementary Figure S3). The nMDS ordination based on diatom composition illustrated a distinct separation of the sampling sites (and weekly samples), the ordination was supported by a low stress value of 0.08 (indicating a good representation; Figure 3) and a high correlation between the observed dissimilarity and the ordination distance (non-metric fit, R2 = 0.99). The compositional dissimilarity observed between the two sites was revealed as significant (PERMANOVA, R2 = 0.24, p < 0.01). Temporal compositional differences were strikingly evident when considering the diatom assemblages from Week 1 and Week 5, at both sites (Figure 3). Further, large fluctuations in species presence and abundances, indicated by the weekly changes in the number of species observed, during the experimental period (Supplementary Figures S2, S4).
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FIGURE 3. Non-metric multidimensional scaling ordination of diatom assemblages at Cape Recife (black circles) and Willows Resort (red triangles).


The species richness (S) and Shannon diversity (H′) showed a significant variation between the two sites, whereas Simpson dominance (D) and Pielou’s evenness (J′) remained similar during this study (Table 2). Overall, the diatom community descriptors were temporally (between weeks) variable during the experimental period, with a discernible trend of higher values recorded at the Cape Recife site. Noticeably, at both sites, the minimum and maximum values for each of the community descriptors were observed at Week 1 and Week 5, respectively (Supplementary Figure S4).


TABLE 2. Average (± SE) species richness (S), Shannon diversity (H′), Simpson dominance (D) and Pielou’s evenness (J) between Cape Recife (CR) and Willows Resort (WR).
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The predictor variables in the most-parsimonious models demonstrated a varied influence on each of the community descriptors (diversity H′, dominance D and evenness J′). On the contrary, none of the predictor variables showed any significant effect on species richness (p > 0.05; Table 3), indicating possible influence of unmeasured variables (e.g., species interactions). Overall, temperature showed significantly positive relationships with H′, D (p < 0.01) and J′ (p < 0.05) while dissolved oxygen demonstrated significant negative relationships with H′ and D (Table 3). Nutrients in the form of DIN and DSi were significant (p < 0.05) predictors for H′, with DIN also showing a positive significant relationship with D (p < 0.01; Table 3). Turbid conditions were negatively associated with the descriptors with a weak significant relationship detected between turbidity and D (p < 0.05; Table 3).


TABLE 3. Summary of best-fit linear mixed-effects models (LMM) fitted separately by restricted maximum likelihood (REML) estimation to evaluate the effect of the predictor variables on each community descriptors (S, H′, D, and J′).
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The observed diatom community abundances, were best explained by the site, sampling occasion and their interaction, with a proportionate contribution to deviance explained in the overall model (25–49% D; GLM, p < 0.05; Table 4). Based on the univariate models nested within the overall model, site location was an important predictor of Cocconeis (46% D) and Haslea (72% D) occurrence and abundances (GLM, p < 0.05), explaining high deviance, including that for Climacosphenia (39% D) and Seminavis (47% D; Table 4). Unexpectedly, sampling occasion was not a significant predictor in the univariate models, however, it was important for the rare observations of Mastogloia and Tabularia genera (Figure 2) based on deviance explained (74% and 75% D, respectively; Table 4). Overall, the interaction between site and sampling occasion (Site: Sample) was significant for a number of taxa abundances across the sites (40–70% D; GLM, p < 0.05; Table 4). Some of the diverse genera, represented by up to three species (Figure 2), provided a high contribution to the overall Site: Sample interaction deviance, e.g., Achnanthes (27% D), Navicula (23% D), and Nitzschia (14% D; Table 4).


TABLE 4. Multivariate generalized linear model (GLMmv) result showing the categorical predictors’ (site, sample ‘sampling occasion’ and their interaction) effects on the diatom taxa abundance (grouped by genus).
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Considering the continuous variables, DSi was the only significant predictor of the observed multivariate diatom community (25% D; GLM, p < 0.05) in the overall model (Table 5). Despite this, the deviance explained by temperature and turbidity suggested that the warm and turbid conditions observed in this study were important for some taxa, e.g., Licmophora and Nitzschia (temperature: 37% D, 28% D, respectively), Achnanthes and Mastogloia (turbidity: 62% D, 74% D, respectively; Table 5). Dissolved oxygen (DO: ∼8 mg l–1) and pH (∼7) revealed a low deviance contribution in the overall model (<10% D), however, showed that oxygenated and alkaline conditions have considerable varying relation to some of the observed genera such as Cocconeis and Grammatophora (∼48% D; Table 5). In terms of nutrients, DIN and DSi made substantial contributions to the deviance explained in the overall model (24–30% D; Table 5). These nutrients were associated with the temporal variation of some taxa at either one site or both (Figure 2), reflected in the high deviance accounted for, e.g., DIN: >50% D for Climacosphenia, Tabularia, and DSi: >50% D for Actinocyclus and Nitzschia (Table 5).


TABLE 5. Multivariate generalized linear model (GLMmv) results showing the continuous predictors’ effects on the diatom taxa abundance (grouped by genus).
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DISCUSSION

Situated at the land-sea interface, the coastal environment is vulnerable to anthropogenic disturbances such as nutrient enrichment. Methods to ascertain the response of biological entities to such disturbances are vital to understand and manage the resultant environmental impacts. It is standard practice to select indicator species to observe changes to the ecosystem. In freshwater environments, diatoms are often ideal bioindicators. However, there is limited knowledge on benthic diatoms as potential bioindicators in coastal ecosystems (Desrosiers et al., 2013). The main objective of this study was to investigate the diatom colonisation dynamics in nearshore waters, to obtain baseline information on compositional variations, drivers thereof, and further assess the applicability of marine benthic diatoms on artificial substrata for routine monitoring in South Africa. Considering that, the coastal waters of Algoa Bay are prone to land-based nutrient loading (Lemley et al., 2019), observing a combination of biological and physico-chemistry variables allows for a comprehensive understanding of the ecological state of the environment.


Field Observations

Biofilm development was evident at both sites from day 3 following the commencement of the experimental period. However, after 7 days (first sampling), site-specific colonisation differences became apparent. At Site 1 (Cape Recife), macroalgal spores (green algal spores) colonised the substrate during Week 2, which was followed by a rapid increase in brown algal spores on one side of the panel and a combination of both green and brown spores on the other side. The presence of the green and brown macroalgae spores dramatically increased thereafter, which resulted in high macroalgal biomass on the panels by Week 3. Macroalgal (seaweed) spores are released into the water column based on their physiological response to local environmental conditions that include temperature and photo-period (Stengenga et al., 1997). Thus, the presence of macroalgal spores is likely seasonal or all-year round depending on the presence of macroalgal species in the study location. Similar to our study, Ryabushko et al. (2021) also recorded “seedlings of macrophytes” on artificial material in an experimental study along the coastal waters of the Black Sea. At Site 2 (Willows Resort), the biofilm development was interrupted by the presence and grazing activity of the marine intertidal gastropod – Oxystele sinensis. The signs of grazing were evident from Week 2, with the panels grazed at random (i.e., some of panels were grazed ∼80% on one side). Some of the ungrazed panels showed similar biofilm development patterns of increased green and brown macroalgal spores as was observed at Site 1. The grazing activity also lead to the colonisation of the panels by patches of coralline algal crusts, seen at the end of the experiment (Week 5). Surprisingly, despite the grazing pressure by O. sinensis, a considerable biomass and diversity of diatom species was still present on the grazed panels. Car et al. (2020) also observed similar consumption of the periphyton by snails on artificial substrates. Overall, the grazing pressure at Site 2 was most likely the cause of the lower number of species observed at Site 2 compared to Site 1.



Diatom Spatio-Temporal Patterns

Although the observed taxonomic composition data was highly variable, distinct spatio-temporal assemblage patterns were evident, thus supporting the hypothesis that the diatom assemblages would differ between weeks (biofilm stages). However, the results did not support to our postulation that the assemblages would be similar between the two study sites. Overall a higher number of diatom taxa was observed at Site 1 (Cape Recife) compared to Site 2 (Willows Resort). While certain taxa were shared, composition analyses revealed distinct taxonomic dissimilarity between the two sites (Figure 3). Besides the expected occurrence of benthic diatoms on the natural substratum at these sites, the shared taxa could also be attributed to dispersal within the study area via shared oceanographic processes (i.e., waves and currents). In line with our observed results, a similar study by Zidarova et al. (2020) along the coastal island waters of South Bay (Antarctica), reported a significant variation between two experimental sites based on diatom composition. Generally, there is high heterogeneity in benthic epilithic diatom communities from coastal habitats due to the environmental variability, geography and complexity of substrate surface microtexture (Cotiyane-Pondo et al., 2020). Such heterogeneity is also the result of environmental gradients such as changes in salinity and coastal climate (Virta et al., 2020). Information on spatial beta diversity is important for our understanding of ecosystem processes such as biogeochemical cycles and trophic interactions. Diverse species assemblages, including that of benthic diatom communities (Virta et al., 2021), impart various ecological roles in an ecosystem, highlighting the crucial role of biodiversity in providing multiple ecosystem functions (see Mori et al., 2018). Therefore, the spatial taxonomic variation observed in this study highlights the diatom biodiversity present at a local scale. The spatial differences in diatom composition are noteworthy and support the results from Cotiyane-Pondo et al. (2020) that showed high spatial heterogeneity along the coast of South Africa. The most commonly observed diatom genera identified (i.e., Cocconeis, Diploneis, Grammatophora, Licmophora, Navicula, Nitzschia, Psammodictyon, and Seminavis) were represented by ≥5 species each. Further, the results also revealed a large number of rare taxa (Supplementary Table S2), that contributed >40% to the overall taxa composition observed during this study. The rarely observed diatoms included taxa such as Cocconeis testudo, Rhaphoneis mirabunda, and Campylodiscus scalaris, first described by Giffen (1966, 1971) during the early taxonomic studies along the South African shore. However, the focus of this study was to understand the short-term temporal changes (succession) in diatom community structure.

Diverse diatom assemblages were observed throughout the experimental period with the weekly compositional variations yielding high diatom taxa abundances and overall, a high number of species. This highlights the temporal community dynamics not captured in the previous spatially focused investigations in this region (Cotiyane-Pondo et al., 2020, 2021). The considerable weekly fluctuations in diatom abundances were characterised by diverse genera. Newly submerged substrates are known to be quickly colonised by bacteria, followed by pioneer diatom species (Pennesi and Danovaro, 2017; Car et al., 2020), depending on the species growth form and their ability to withstand factors such as competition and grazing once attached (Round et al., 1990; Fricke et al., 2016). The colonisation of substrate and the subsequent biofilm development was driven by the presence of the microphytobenthos at the site of interest. The initial colonisation by bacteria enhances the attachment of diatoms on the substrate (Totti et al., 2007; Car et al., 2020). Benthic diatom species attachment is also facilitated by the nature of the substrate (Desrosiers et al., 2014) and the presence of suspended benthic species in the water column. In this study, the pioneer species (initial colonisers) at Week 1 were characterised by numerous genera dominated particularly by Navicula species, followed by Licmophora and Nitzschia, at both sites. The settlement of new taxa during the experimental period (Supplementary Figure S2) further contributed to the diatom community composition and diversity. Colonisation of the substrata by new species can be expected to differ depending on local biofilm dynamics and the influence of the surrounding environment (Desrosiers et al., 2014; Zidarova et al., 2020). The weekly variation in diatom composition was reflected in the community descriptors (diversity metrics), with an initially increasing, then fluctuating trend during the study period at both sites (Supplementary Figure S4). The community descriptors declined during Week 4, which was interpreted as a signal of the first stage towards biofilm maturity. However, both sites showed elevated community descriptor values during Week 5. This variation can be explained by the biofilm dynamics observed at each study site. We postulate that the increased presence of macroalgal spores at Site 1, during Week 5, allowed for the attachment of new taxa (late colonisers), particularly opportunistic taxa found in low abundances (e.g., Mastogloia fimbriata, Lyrella lyra, Psammodictyon panduriforme). Similarly, Fricke et al. (2016) noted that opportunistic species alternating in presence and abundances made an important contribution to the variable species richness and diversity found during their experimental study. Herbivory has a large impact on benthic microalgae, leading to altered abundance, diversity and community structure (Hillebrand et al., 2000; Armitage et al., 2009; Alberti et al., 2017). The grazing activity at Site 2 (this study), facilitated the increase in the presence and diversity of the genera Cocconeis (e.g., C. scutellum, C. capensis, C. convexa, C. cf. pellucida). This highlights the opportunistic nature of some taxa that colonised the panels after the grazing occurred and most importantly, the resilience of some taxa to grazing, which is attributed to their growth forms (e.g., adnate growth). The biofilm dynamics described ultimately lead to the observed fluctuations in the community descriptor values. Despite these site-specific differences, some of the observed taxa were present throughout the experimental period, either at only one site or at both. These included Actinocyclus subtilis, Climacosphenia moniligera, Grammatophora undulata, Haslea nautica, Licmophora pfannkucheae, Navicula cf. directa, and Nitzschia ventricosa.



Drivers of Variation and Implications for Monitoring

Diatom biofilm development occurs in phases to reach a mature diatom community, and this process is facilitated by numerous factors (Desrosiers et al., 2014). Despite the vital role of benthic diatoms in many ecosystem processes, the drivers of community composition, diversity etc., vary and are highly location/region dependent. Studies also investigate different biotic or abiotic factors thereby limiting direct comparison between studies. Our interrogation of the potential drivers identified that some of the local environmental variables (e.g., temperature and nutrients) were significantly correlated to the diatom assemblages observed, particularly species diversity, dominance and evenness (community descriptors). Interestingly, these variables did not have a significant effect on species richness (Table 3). Desrosiers et al. (2014) found that species richness was less informative compared to other diversity indices when studying diatom community development. In this study, sampling site (location) and sampling occasion (weekly sampling) were good predictors of the diatom taxa abundances (Table 4), indicating that the influence of the measured environmental variables on the community descriptors is superseded by the significant effect natural succession at the study location. The less pronounced effects of the environmental variables on the diatom abundances (Table 5) further supported this. However, temperature and nutrients (in particular DIN), which varied between the sites, explained some of the variation in the taxa abundances. The observed influence of these variables in this study is consistent with previous findings along the nearshore waters of a nearby coastal island (Cotiyane-Pondo et al., 2021) and to a larger extent, around the South African coastline (Cotiyane-Pondo et al., 2020). However, being snapshot studies, the limitation of the previous research is that it did not cater for temporal variability of the diatom assemblages, hence the importance of the results presented in this study. The variability induced by the physical environment (i.e., structure of the natural substratum) of each study site and the associated oceanographic conditions (i.e., wave action) dictate the fluctuations in the biogeochemical environment. In line with the recommendations by Desrosiers et al. (2013, 2014), the present study highlighted benthic diatom species abundances and assemblage structure dynamics in relation to the physico-chemistry and site characteristics under natural conditions. Further, our results also share similarity with Pennesi and Danovaro (2017), who supported the use of artificial substrata to study the influence of site-specific environmental conditions on the microphytobenthos. The use of the artificial substrata in this study proved vital in the investigation of the diatom succession, which is not easy to replicate using natural substrata. Mori et al. (2018) noted that natural systems, including intertidal natural rocky substrata, can be found in different developmental stages. The highly variable South African coastline is an ideal environment to investigate the response of nearshore benthic diatoms to environmental change. Our understanding of the local diatom assemblages’ response to potential drivers is central to the subsequent implementation of the experimental method used in this study for routine monitoring, and effective assessment of anthropogenic inputs on biological communities along the coastline. Interestingly, despite the presence of a WWTP in the vicinity of Site 1, no eutrophication of the nearshore environment was observed during the current study. Nutrient concentrations remained low (i.e., below 10 μM) as did the resultant chlorophyll-a biomass (average: <2 μg l–1; see Table 1 and Supplementary Table S1). Low concentrations in the Cape Recife site might be due to nutrient uptake and assimilation by the dense resident macroalgae beds [Plocamium corallorhiza (Turner) J.D. Hooker & Harvey], and the influence of oceanographic conditions such as current and wind-induced water column mixing. Conversely, nutrient concentrations at Site 2 were higher and this is attributed to groundwater influence along that section of the coastline (Perissinotto et al., 2014). Since there was no evident eutrophication in close proximity to our study sites, the recorded nutrient concentrations provide us with reference conditions, upon which the occurrence of elevated nutrient loading and subsequent change in dominance of certain taxa (Hillebrand et al., 2000) can be compared. This is important, because as noted by Lemley et al. (2019), changes in nutrient inputs in the coastal waters of Algoa Bay induce changes in biological communities. We acknowledge that, globally, the microphytobenthic response (i.e., sensitivity) to nutrients has been widely documented (e.g., Hillebrand and Sommer, 1997; Armitage et al., 2009; Car et al., 2020; Clark et al., 2020) and that species sensitivity to nutrient enrichment can vary within a genus (Hillebrand and Sommer, 1997) and within assemblages (Kafouris et al., 2019).

Interlinked with the response of benthic diatoms to changing conditions is species growth forms. Hillebrand et al. (2000) documented that a “trade-off” between access to nutrients and grazing resistance is associated with growth form. Adnate diatoms (e.g., Cocconeis spp.) being highly resistant to grazing compared to erect forms (e.g., Licmophora spp.), and motile diatoms (e.g., Navicula spp.) (Totti et al., 2007). It is likely that the diatom community dynamics based on growth form will produce a different community composition compared to the taxonomic composition, as shown in Totti et al. (2007). We acknowledge that investigating compositional shifts based on diatom functional groups (life forms, ecological guilds) will further offer progressive insights towards diatom-based bioassessments (Riato et al., 2017). Considering the cosmopolitan nature of many diatom taxa, this study and the addition of functional-based information might assist future studies in the selection of indicator taxa. Identification of indicator taxa or pollution resistant taxa in this region is inherently dependent on being able to distinguish between diatom assemblage variation influenced by natural conditions, to that driven by anthropogenic-induced change (e.g., nutrient pollution). In that regard, it is plausible that a follow up study in a heavily impacted site or along a pollution gradient will reveal diatom taxonomic differences and taxa abundances, further revealing pollution tolerant taxa, that will aid in the selection of indicator taxa. Kafouris et al. (2019) identified Cocconeis and Tryblionella genera as good indicators of change along a eutrophication gradient. However, these taxa might not be directly applicable/useful elsewhere due to region-specific climate differences and environmental conditions, including the natural nutrient loading. Thus, further experimental studies are required in South Africa to assess diatom species-specific ecological preferences (environmental tolerances) and sensitivity to nutrient concentrations within this region. This research, conducted across the region will in all likelihood identify species with a specific biogeographic affinity or distribution (i.e., only found in one coastal bioregion, Cotiyane-Pondo et al., 2020), which may hinder the use of specific taxa as the only indicators of change around the coastline.

Coastal ecosystems are highly variable environments, especially around the coast of South Africa, where wind induced upwelling, coastal trapped waves, meanders in the warm oligotrophic Agulhas Current, etc. all contribute to the variable biological response. Recently, Pattrick et al. (2021) showed the role of coastal and nearshore hydrographic variability on larval fish dynamics along the south coast of South Africa. Coastal hydrodynamics in the study area generate and drive the environmental heterogeneity, which leads to rapid fluctuations in species, populations and ultimately, communities, coupled with biological interactions, drives microbial community composition and distribution along nearshore environments. Concerning benthic diatoms, the current study has shown that environmental variability results in the rapid change in diatom species assemblages across space and time. Nonetheless, due to differences in individual species response dynamics to environmental change, understanding and predicting population response or sensitivity to fluctuating environments remains a challenge (Benedetti-Cecchi, 2009). To fully comprehend the influence of environmental heterogeneity of coastal environments (e.g., rocky shores) on organisms and populations, aspects such as organisms’ evolutionary and adaptation traits should be considered (Bitter et al., 2021). This would to allow for better predictability of population or community response to fluctuating environments and climate change (see Bernhardt et al., 2020; Bitter et al., 2021).

Given the dynamic nature of inter-and subtidal ecosystems, artificial substrata can be effectively used as sampling systems in bioassessment surveys around the coastline, contributing to existing national coastal long-term ecological research (LTER) programmes. Understanding microphytobenthos dynamics using traditional taxonomy is a key step in data-limited regions, prior to the implementation of diatom-based indices and advanced methodologies such as DNA metabarcoding (Kelly et al., 2020a) and isotope analysis (Dalu et al., 2020) used in freshwater systems. Although monitoring initiatives are arguably region dependent, our findings make available baseline information on short-temporal benthic diatom colonisation dynamics and offer guidance for future studies pertaining to the use of benthic diatoms as indicators of change in marine monitoring along the data-limited coastal waters of Southern Africa.




CONCLUSION

The results of this study provide the first observations of marine benthic diatoms associated with artificial substrata, and present a significant contribution to our understanding of microphytobenthos dynamics along the South African coastline. The continuous presence of macroalgal spores at Cape Recife, contrasted by the continuous grazing at Willows Resort, yielded the observed differences in biofilm dynamics in diatom abundance, species diversity, and the dominance of certain taxa. Given the high dissimilarities observed in this study, we propose that for both short and long-term monitoring, an array of equally distanced sites should be considered to fully incorporate a broad range of site conditions, along with monitoring at sites of known eutrophication. In line with monitoring of future changes, this study also presented valuable data pertaining to diatom biodiversity (i.e., taxonomic composition), and the new knowledge on the rate of compositional shifts is crucial when considering the monitoring of local and regional biodiversity trends (Hillebrand et al., 2018). Future research on the bioindication properties of benthic diatoms along the coastal environment should be complemented with other informative approaches such functional groups to better understand biofilm dynamics, and molecular techniques to extend our knowledge on the marine benthic diatoms of Southern Africa.
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The predictor proportional deviance explained (D, % in parentheses) and the test statistic (p) are shown.

Significant values are in bold (o < 0.05).
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b Benthic Chi-a was only determined up to Week 3.

Significant values are in bold (o < 0.05).

DO, dissolved oxygen; DIN, dissolved inorganic nitrogen; DIF, dissolved inorganic
phosphorus; DSi, dissolved silicate.
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The predictor proportional deviance explained (D, % in parentheses) and the test statistic (p) are indicated.

Significant values are in bold (o < 0.05).

DO, dissolved oxygen; DIN, dissolved inorganic nitrogen; DSi, dissolved silicate.
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