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Abstract

:

Phytoplankton size classes were derived from weekly-averaged MODIS Aqua chlorophyll a data over the southwest Indian Ocean in order to assess changes in surface phytoplankton community structure within a cyclonic eddy as it propagated across the Mozambique Basin in 2013. Satellite altimetry was used to identify and track the southwesterly movement of the eddy from its origin off Madagascar in mid-June until mid-October, when it eventually merged with the Agulhas Current along the east coast of South Africa. Nano- and picophytoplankton comprised most of the community in the early phase of the eddy development in June, but nanophytoplankton then dominated in austral winter (July and August). Microphytoplankton was entrained into the eddy by horizontal advection from the southern Madagascar shelf, increasing the proportion of microphytoplankton to 23% when the chlorophyll a levels reached a peak of 0.36 mg·m−3 in the third week of July. Chlorophyll a levels declined to <0.2 mg·m−3 in austral spring (September and October) as the eddy propagated further to the southwest. Picophytoplankton dominated the community during the spring period, accounting for >50% of the population. As far as is known, this is the first study to investigate temporal changes in chlorophyll a and community structure in a cyclonic eddy propagating across an ocean basin in the southwest Indian Ocean.
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1. Introduction


Observations in the Indian Ocean have demonstrated that flow around the southern tip of Madagascar is complex [1,2,3]. Previous studies have suggested that the southern branch of the East Madagascar Current (SEMC) bifurcates, with a portion of the flow retroflecting and persisting east [4,5], and the remainder of the flow continuing west across the northern part of the Mozambique Basin (MB) and feeding into the Agulhas Current system (Figure 1), mainly in the form of mesoscale eddies [6,7,8,9,10]. In contrast, a more recent investigation has shown that the SEMC flow dissolves into a series of cyclonic and anticyclonic dipole eddy pairs (Figure 1), and that there is no retroflection or westward jet [3]. Dipole pair formation occurs with a frequency of four to six per year, with most pairs breaking up shortly after formation and interacting with other mesoscale eddies [3]. However, recently it has been shown that the number of cyclonic eddies exceeds the anticyclonic eddies generated southwest of Madagascar [9]. Analysis of water mass characteristics of these dipolar structures has shown that the cyclonic eddies consist of waters with Mozambique Channel (MC) properties, while the anticyclonic eddies are comprised of waters from the SEMC [6,11].



It has been demonstrated that eddies in the southwest Indian Ocean have a significant influence on the structure of biological communities and on ecosystem functioning. Overall, it is typical to have elevated chlorophyll in cyclonic eddies, and lower concentrations in anticyclonic eddies [12,13,14]. However, there appear to be some differences in the characteristics of cyclonic eddies sampled during different seasons in the MC and MB. Cyclonic eddies studied during austral spring and summer in the MC exhibited shallow upper mixed layers and nitracline depths, and deep euphotic zones, with distinct subsurface chlorophyll maxima (SCM) being associated with the stratified conditions in the upper layers of these eddies [15]. In contrast, a cyclonic eddy studied during austral winter in the MB had a shallower euphotic zone, a deeper upper mixed layer and uniform chlorophyll profiles [15]. Another eddy sampled in the MB toward the end of winter showed a less pronounced SCM and roughly equal euphotic zone and upper mixed layer depths, suggesting a transition from a well-mixed upper layer during winter to stratified conditions in summer [15]. These observations suggest that during summer and winter, the isopycnal uplift associated with cyclonic eddies in the MC and MB elevates the nitracline and enables the development of SCMs, whereas in winter, stronger wind-driven mixing deepens the upper mixed layer and nitracline, despite the isopycnal uplift within cyclonic eddies [15].



During 17–23 July 2013, a more detailed investigation of the MB cyclonic eddy referred to above [16], indicated that the phytoplankton community comprised mainly haptophytes and diatoms, with prasinophytes, Prochlorococcus and pelagophytes also being prominent to the east and west of the eddy, as inferred from CHEMTAX analysis of pigment data [16]. There was little difference in community structure, chlorophyll a specific absorption at 440 nm, and pigment:chlorophyll a ratios between the surface and the SCM, reflecting acclimation to fluctuating light conditions in a well-mixed upper layer. Chlorophyll c and fucoxanthin:chlorophyll a ratios were elevated over most of the eddy, while 19′-hexanoyloxyfucoxanthin ratios increased in the eastern and western sectors. An increase in diadinoxanthin:chlorophyll a ratios and a decline in the quantum efficiency of photochemistry in photosystem II under high light conditions, indicated some photoprotection and photoinhibition at the surface, even in a well-mixed environment [16].



Satellite altimetry and ocean colour data was used to track the origin and development of the MB eddy in preparation for the in situ investigation during 17–23 July 2013 [15,16]. Satellite data continued to be observed during and after the research cruise in order to follow the movement of the eddy towards the Agulhas Current ecosystem over a 4 month period. The satellite chlorophyll data was useful to track changes in surface phytoplankton biomass across the MB, both spatially and temporally. The size distribution of phytoplankton communities plays a key role in the trophic structuring of ecosystems, where communities dominated by larger-sized phytoplankton usually have higher rates of photosynthesis and are able to export organic matter through shorter food chains, while ecosystems dominated by smaller-size phytoplankton are usually characterized by more complex food webs underpinned by stronger microbial activity and recycling of organic material [17]. Thus, observations of phytoplankton size structure are crucial to improve our understanding of marine ecology, biogeochemistry, and ecosystem functioning [17]. More detailed information on the size class composition of phytoplankton in the eddy can be obtained by applying the three-component model of Brewin et al. [18] that computes the fractional contributions of micro- (>20 μm), nano- (2–20 μm) and picophytoplankton (<2 μm) to the overall chlorophyll a concentration. The Brewin et al. [18] model has been retuned using in situ pigment data for application to the southern African marine region and used to investigate the changes in seasonal and monthly climatologies of phytoplankton size fractions in various sub-regions [19]. In this study, the retuned Brewin et al. [18] model was applied to satellite chlorophyll a data for the MB in order to track the fractional variability in phytoplankton size classes in the cyclonic eddy as it propagated towards the east coast of South Africa between June and October 2013. The objectives of the study are to: (1) track the total chlorophyll a within the eddy across the Basin to assess variability in phytoplankton biomass; (2) assess changes in the proportions of micro-, nano- and picophytoplankton in relation to seasonal progression through austral winter and spring.




2. Materials and Methods


2.1. Retuning of the Model


A comprehensive description of the retuning of the Brewin et al. [18] model is presented in Lamont et al. [19], together with the final model parameters and statistical assessment of model performance, therefore only a summary is presented here. The abundance-based model was developed by Brewin et al. [18] to estimate the chlorophyll a concentrations of three phytoplankton size classes (micro- (>20 μm), nano- (2–20 μm), and picophytoplankton (<2 μm)), as a function of the total chlorophyll a concentration (C). The model is based on the exponential functions of Sathyendranath et al. [20] where the chlorophyll concentration of picophytoplankton (    C p    ) and combined nano-picophytoplankton (    C  p , n     ) are computed as:


    C p  =    C p m   [  1 − e x p  (   S p  C  )   ]    



(1)




and


    C  p , n   =    C  p , n  m   [  1 − e x p  (   S  p , n   C  )   ]    



(2)




where the parameters     S p     and     S  p , n      determine the initial slope between size-fractionated chlorophyll a and total chlorophyll a (denoted C in Equations (1) and (2)), and     C p m     and     C  p , n  m     determine the asymptotic maximum values for the two size-classes. Nanophytoplankton chlorophyll a (    C n    ) and microphytoplankton chlorophyll a (    C m    ) are computed as     C n  =  C  p , n   −  C p     and     C m  = C −  C  p , n     . The fractions of each size class (    F p    ,     F n     and     F m    ) are computed by dividing the size-fractionated chlorophyll a (    C p    ,     C n     and     C m    ) by total chlorophyll a (C). Parameterization of the global model was performed by using coefficients determined from relationships between High Performance Liquid Chromatography (HPLC)-derived pigment biomarkers and total chlorophyll a and relating specific pigments to each size class according to Uitz et al. [21]. Further refinements followed those of Brewin et al. [18] and Devred et al. [22]. The model has been applied to satellite data and extensively validated with a range of independent in situ data from various marine environments [18,23,24,25].



For application to the southwest Indian Ocean, the global model was regionally-tuned using in situ HPLC data from the southern African marine region as described by Lamont et al. [19] (also see Figure 2a–c). Only samples from the upper 20 m were used, and where the difference between chlorophyll a and total accessory pigments was <30% of the total pigment concentration. A total of 407 samples were available and included locations in the vicinity of Tanzania, the Mozambique Channel, Madagascar and South Africa, in addition to samples from the west and southwest of southern Africa. Size-fractionated chlorophyll a was computed as described by Brewin et al. [24], where total chlorophyll a concentration is calculated from the weighting of seven diagnostic pigments [21] and the chlorophyll a in each size class is then estimated. Picophytoplankton chlorophyll a (    C p    ) was estimated using zeaxanthin, total chlorophyll b, and allocating 19′-hexanoyloxyfucoxanthin to the picophytoplankton pool where total chlorophyll a concentrations were ≤0.08 mg·m−3. Nanophytoplankton chlorophyll a (    C n    ) was estimated using 19′-hexanoyloxyfucoxanthin, 19′-butanoyloxyfucoxanthin, alloxanthin, and allocating some of the fucoxanthin to the nanophytoplankton pool according to Devred et al. [22]. Microphytoplankton chlorophyll (    C m    ) was estimated using peridinin and the remaining fucoxanthin that was attributed to the micro- size class [22,24]. Diagnostic pigments derived by HPLC do not provide direct measures of size but are instead used to infer size-fractionated chlorophyll a, and although these pigments can be found in a variety of different phytoplankton taxa and size classes [17], we have attempted to minimize these concerns by applying recent refinements to the pigment-based estimation of size classes [18,22].



In situ samples were matched to daily, level 3 satellite chlorophyll a data acquired from MODIS-Aqua (v2014.0) in both time and space, using a 3 × 3 pixel window following Bailey and Werdell [26]. The average chlorophyll a of the nine pixels was used as the satellite estimate, but only match-ups of five or more pixels were included to ensure homogeneity [24,26,27]. Following these criteria, only 33 satellite match-ups out of a possible 407 became available. The satellite match-ups were used for independent validation of satellite and size-fractionated chlorophyll a, leaving 374 samples for retuning of the Brewin et al. [18] model. Model performance was assessed using appropriate statistical tests in log10 space for the chlorophyll a concentrations and in linear space for the size fractions. Equations (1) and (2) were fitted to the 374 samples using a standard, nonlinear, least-squares method with relative weighting to retrieve the model parameters presented in Table 1 and Figure 3b of Lamont et al. [19]. The in situ chlorophyll a data used for the model fit ranged from 0.03 to 30.6 mg·m−3. The new model parameters were compared to the Atlantic and global models of Brewin et al. [18,24] and found to have significantly higher initial slopes, justifying a regional tuning of the model, and indicating a greater contribution of small cells at low total chlorophyll a values. The retuned model captures the general trends in absolute chlorophyll a concentration for each size fraction and the fractional proportion of the total chlorophyll a for the southern African dataset [19].




2.2. Satellite Data Analysis


Daily maps of Merged Absolute Dynamic Topography [28] were used to assess the movement and age of the cyclonic eddy as it propagated across the MB (Figure 3). The eddy was identified and tracked by means of an eddy detection technique that combines the use of the Okubo-Weiss parameter and closed Sea Surface Height (SSH) contours, as described by Halo et al. [8]. Standard weekly-averaged (8-day) chlorophyll a data from MODIS-Aqua (v2018.0), at 4.5 km spatial resolution [29] was used to investigate the variations in weekly-average chlorophyll a, as well as the fractional contributions of micro-, nano-, and picophytoplankton between 18 June and 15 October 2013. The dominance of the various size classes is usually associated with different chlorophyll a ranges, where microphytoplankton dominate at high chlorophyll a, nanophytoplankton at intermediate chlorophyll a, and picophytoplankton at low chlorophyll a concentrations [21,30,31]. The centre of the eddy was estimated from altimetry data by using the eddy detection technique described above [8], and values of chlorophyll a and the fractional contributions were averaged in a 3 × 3 pixel window around this location.




2.3. Model Verification


To verify the applicability of the re-tuned three-component model [19] for tracking the phytoplankton size structure in the MB eddy, we made use of a transect of HPLC data collected during the passage of the eddy between the 17 and the 23 of July 2013 [16]. This data is independent of the in situ data used by Lamont et al. [19] to re-tune the three-component model. The fractions of chlorophyll a in the three size classes of phytoplankton were estimated from HPLC data following the method described in Section 2.1. (see Brewin et al. [24] and Lamont et al. [19] for further details), consistent with the manner in which Lamont et al. [19] re-tuned the model. We also made use of the in situ fractions used in Lamont et al. [19] to parameterize the model, for comparison with the in situ data from the MB eddy (Figure 2a–c). Two relatively clear-sky MODIS-Aqua images (v2018, 4.5 km spatial resolution [29]) centered on the eddy (on the 20 and 24 of July 2013) were downloaded from the NASA website (https://oceancolor.gsfc.nasa.gov) and merged (averaged) into a single image, for comparison with the in situ observations (Figure 2d–g).





3. Results


The in situ size fractions collected in the MB eddy were found to lie within the range of the data used by Lamont et al. [19] for re-tuning the three-component model, for a given chlorophyll a concentration (Figure 2a–c). The median absolute differences (MAD) between modelled size fractions using in situ total chlorophyll a as input to Equation (1) and (2) and the actual in situ size fractions were <0.18, with slightly better performance for picophytoplankton (MAD = 0.07) than for nano- and microphytoplankton (MAD = 0.08 and 0.18, respectively), giving confidence in the application of the Lamont et al. [19] model to map size structure within the eddy. When overlaying the in situ chlorophyll a and size fractions from the transect [16] onto the satellite estimates from MODIS-Aqua, the satellite data was found to nicely capture the spatial variability in the in situ data (Figure 2d–g), especially when considering the mis-match in spatial and temporal scales between the two datasets (e.g., satellite data collected on the 20th and 24th, while in situ data was collected between the 17th and 23rd July). Lower fractions of picophytoplankton, higher fractions of microphytoplankton, and higher chlorophyll a within the eddy during this period, when compared with waters surrounding the eddy, were consistent between the two datasets.



The cyclonic eddy was first detected at 26.03°S; 42.82°E on 16 June 2013, where SSH was 0.76 m and geostrophic velocity vectors showed the beginning of circular flow as the eddy split from the larger cyclonic eddy to the west (Figure 3). By 21 June, SSH had decreased to ~0.69 m and geostrophic velocity increased as the emerging eddy moved further southeast to 25.90°S; 42.10°E (Figure 4a). The eddy was clearly distinguished as a separate feature by 29 June, with geostrophic velocities of 0.5–1 m·s−1 and a minimum SSH of ~0.5 m and had moved southwest to 26.30°S; 41.60 °E (Figure 4b). The eddy continued propagating southwest and by 17–22 July, it was positioned at 27°S; 40.50°E (Figure 4c,d) and had a diameter of about 250 km, at which time it was sampled during the research cruise [15,16]. Figure 3 and Figure 4a–d depict an apparent extension of the SEMC, with generally westerly flow from 17–29 June shifting to a more southwesterly direction by 17–22 July. However, it is more likely that this westerly to southwesterly flow resulted from the particular spatial structuring and interaction of the intense mesoscale eddy field to the southwest of Madagascar (Figure 3 and Figure 4a–d). Of significance is the locality of the cyclonic eddy along the northern edge of this westerly to southwesterly flow (Figure 4a–d).



Elevated chlorophyll a was observed across the southern shelf of Madagascar (26–26.5°S; 44–47°E; Figure 4e). Some of this elevated chlorophyll a appears to be advected from the shelf along the northern edge of the SEMC flow towards the eddy (Figure 4e,f,) and then entrained around the perimeter of the eddy by the cyclonic flow during 26 June to 3 July (Figure 4f). Chlorophyll a levels had increased to 0.4–0.6 mg·m−3 within the eddy by 12–19 July, with slightly higher values along the southern perimeter (Figure 4g). Elevated chlorophyll a levels within the eddy were maintained through 20–27 July (Figure 4h).



The fractional contribution indicated that nano- and microphytoplankton contributed most to the total chlorophyll a on the southern shelf of Madagascar for the period 18 June to 27 July, while picophytoplankton contributed <20% (Figure 5). Similarly, nano- and picophytoplankton comprised the community within the cyclonic eddy over the period 18 June to 3 July but the micro- and nanophytoplankton proportions increased around the periphery of the eddy during 26 June to 3 July (Figure 5b). Micro- and nanophytoplankton continued to increase within the eddy during 12–19 July and 20–27 July (Figure 5c,d), with the highest proportion being located around the southern sector over 12–19 July (Figure 5c). The fractional contribution of picophytoplankton declined over 12–19 July and 20–27 July (Figure 5k,l) as the micro- and nanophytoplankton proportions increased.



The eddy continued to move further west during August 2013, growing in size as it matured and merged with other cyclonic features, to reach 27°S; 38°E by 24 August (Figure 6a–d). Geostrophic velocity was maintained at 0.5–1 m·s−1 and the SSH at the core declined to a minimum of 0.38 m, after smaller cyclonic eddies to the north and east merged with the eddy in question (Figure 6b,c). Patchy distribution of chlorophyll a within the eddy was observed over 28 July to 12 August and chlorophyll-rich water still seemed to be transported from the southern Madagascar shelf to the eddy (Figure 6e,f). By 13–28 August, chlorophyll a within the eddy had declined to 0.2–0.3 mg·m−3 (Figure 6g,h). Fractional analysis showed that there was still some microphytoplankton within the eddy during 28 July to 12 August, but this size fraction declined to less than 15% thereafter (Figure 7a–d). Nanophytoplankton was the dominant fraction in the eddy during August 2013 (Figure 7e–h), but the picophytoplankton contribution increased from ~35% in the first half of August to ~40% in the second half (Figure 7i–l).



Southwesterly propagation of the eddy continued through September to mid-October 2013, moving from 27°S; 37.2°E on 1 September to 28.3°S; 34.1°E by 11 October, close to the Agulhas Current system off the east coast of South Africa (Figure 8a–d). The eddy appeared to be in a declining phase over this period as it decreased in size during its movement towards southern Africa (Figure 8a–d). Chlorophyll a levels in the eddy decreased from ~0.25 mg·m−3 to 0.15 mg·m−3 over this period, being similar to the surrounding waters in the western sector of the MB (Figure 8e–h). The microphytoplankton fraction in the eddy was very low (Figure 9a–d), with nanophytoplankton declining (Figure 9e,f) and the picophytoplankton contribution increasing throughout September (Figure 9i,j). In October, the nanophytoplankton contribution declined further (Figure 9g,h) and picophytoplankton was then the dominant fraction within the eddy (Figure 9k,l).



Figure 10 shows more detail of the temporal changes in the eddy as it propagated across the MB. The SSH was 0.76 m at the centre when the eddy was formed on 17 June 2013 and decreased steadily to 0.47 m by 22 July. Between 22 July and 5 August, a small increase to 0.53 m was observed (Figure 10a), after which SSH declined sharply to a minimum of 0.38 m on 15 August. This was followed by a steady increase to 0.55 m on 8–11 September. A further decrease in SSH to 0.46 m on 23–26 September occurred, and then SSH increased again to 0.6 m by 11 October and remained stable until the last day (18 October) the eddy was detected (Figure 10a). The mean 8-day chlorophyll a levels at the centre of the eddy were 0.21–0.22 mg·m−3 for 18–21 June and 26 June to 3 July, but increased to a maximum of 0.36 mg·m−3 by 20–27 July 2013 (Figure 10a). Chlorophyll a then decreased steadily to 0.24 mg·m−3 (21–28 August), followed by a slight increase to 0.26 mg·m−3 (29 August to 5 September), before it continued to decline, reaching 0.14 mg·m−3 by 8–15 October (Figure 10a). The size fractionation indicated that pico- and nanophytoplankton comprised most of the community in the centre of the eddy in June 2013, with the nano- fraction becoming dominant through July and August, and the picophytoplankton then dominating in September and October (Figure 10b). The microphytoplankton contribution was low overall and reached a maximum proportion of 23% over 20–27 July when the maximum chlorophyll a level was observed in the eddy (Figure 10b).




4. Discussion


Interest in the SEMC and eddies propagating across the Mozambique Basin (MB) stems from their role in transporting warm, salty Indian Ocean waters poleward into the Agulhas Current system, and their role in the shedding of rings into the Atlantic Ocean at the Agulhas Retroflection [3,32]. The formation, development and decline of the eddy over four months from mid-June until mid-October 2013 displayed interesting changes during its propagation across the MB. The SSH at the centre decreased steadily from its origin on 16 June until 21 July, after which it increased to 0.52 m on 31 July (Figure 10a). This increase was due to the influence of approaching smaller cyclonic eddies to the north and east of the MB eddy (Figure 4c,d and Figure 6a) that eventually merged with the MB eddy (Figure 6b). The lowest SSH was observed on 15 and 16 August (Figure 10a) when the eddy reached its most intense state and had the largest diameter and surface area (Figure 6c). The increase in SSH thereafter (Figure 10a) indicated the decline of the eddy as its area decreased with the drift of the eddy further to the west (Figure 6d and Figure 8a,b).



SSH reached another peak on 8–11 September (Figure 10a) and this was due to the influence of another small cyclonic eddy that drifted south from the Mozambique Channel (MC) to merge into the MB eddy (Figure 8a,b). The decrease in SSH during September reflected the intensification of the MB eddy after merging with the smaller cyclonic eddy from the Channel (Figure 8a,b), while the increase in SSH in October (Figure 10a), as well as the decrease in size (Figure 8c,d) indicated the dissipation of the MB eddy as it interacted with the Agulhas Current system along the east coast of South Africa (Figure 8d). These findings are in agreement with previous investigations which have shown that the characteristics of eddies within the region are well described by altimetry data [8,9,33], and the properties of the MB eddy, as well as the interactions with surrounding eddies, are similar to those defined in existing literature [3,6,7,8,9,10,11]. Our observations also agree with a more recent study that demonstrated the dissipation of eddies upon reaching the Agulhas Current due to eddy-current interactions [34].



The dynamics associated with mesoscale eddies have a significant influence on biological communities [12,13,14]. An in situ investigation of the MB eddy one month after its formation showed a uniform distribution of chlorophyll a in the upper 100 m [16], as a result of the well mixed nature of the water column under strong wind conditions [15,16]. CHEMTAX analysis of pigment data, which estimates the fractional contribution of phytoplankton functional groups to the total chlorophyll a according to an input matrix of pigment ratios, indicated a phytoplankton community comprising mainly haptophytes (nanophytoplankton) and diatoms (microphytoplankton), with diatoms being more prominent in the centre of the eddy, while greater proportions of prokaryotes (picophytoplankton) were found outside the eddy [16]. This was consistent with the application of the diagnostic pigment analysis for size structure [19,24] conducted here on the same samples (Figure 2). In contrast to the in situ data, the satellite data (Figure 2) coinciding with the research cruise indicated slightly lower contributions by microphytoplankton and slightly higher proportions of nanophytoplankton in the eddy (Figure 2f,g).



These discrepancies likely result from three reasons: (1) slight deviations from the Lamont et al. [19] parameterization in the relationships between micro- (higher) and nanophytoplankton (lower) size fractions for a given chlorophyll a concentration (Figure 2a,b); (2) slightly lower satellite chlorophyll a concentrations used as input to the three-component model than in situ data in the eddy (Figure 2d–g); (3) differences in sampling resolution (both spatial and temporal) between the in situ data and the satellite data, with the in situ data capturing much higher frequency variations, while the coarser satellite data likely smooths much of these fluctuations. Nevertheless, the overall good correspondence between the in situ and the satellite observations of size classes in the MB eddy, and the fact that the majority of the samples from the in situ study lie within the uncertainty of the satellite model estimates (Figure 2), suggests that remote sensing of phytoplankton size classes is not only useful for investigations over larger spatial and temporal scales [18,19,22,23,24], but can also be effectively applied to studies of phytoplankton community structure in smaller ocean features such as eddies. A similar study of phytoplankton size classes in an eddy in the South China Sea by Lin et al. [25] also demonstrated the utility of satellite-derived phytoplankton size structure in furthering the understanding of the biological impacts of mesoscale eddies.



In the MC to the north, in situ investigations revealed that cyclonic eddies had distinct subsurface chlorophyll maxima (SCMs) associated with shallow upper mixed layers and nitracline depths and deep euphotic zones during austral spring and summer [15], where prokaryotes (picophytoplankton) generally dominated at the surface and flagellates (nanophytoplankton) at the SCM [13,14]. The MB eddy was different in that it was sampled during austral winter, had a shallower euphotic zone, a deeper upper mixed layer and a uniform chlorophyll distribution throughout the euphotic zone [15,16]. Nano- and picophytoplankton comprised the community at the surface in the MB eddy during its early development during austral winter in June 2013 (Figure 5 and Figure 10). As the eddy became more intense during July 2013, there was an increase in the microphytoplankton and a corresponding decline in the picophytoplankton proportion (Figure 5 and Figure 10). It is not unusual for microphytoplankton in the form of diatoms to be prominent in deep sea eddies, as Brown et al. [35] and Rii et al. [36] have also observed diatom prominence in the centre of a Hawaiian cyclonic eddy. Similar to the MB eddy (Figure 5 and Figure 10), which was approximately one month old at the time of sampling [15,16], the Hawaiian eddy was also ~one month old, and in a mature phase of its life cycle [35,36,37]. In contrast to the MB eddy (Figure 5 and Figure 10), where phytoplankton was uniformly distributed throughout a deep upper mixed layer [15,16], the Hawaiian eddy had upper mixed layer populations dominated by picophytoplankton and a distinct SCM primarily comprised of large chain-forming diatoms [35,36]. Nencioli et al. [37] postulated that nutrient input into the eddy continued during its mature phase as a result of significant subsurface horizontal exchange of waters, thus promoting and sustaining diatom growth in the lower euphotic zone [35,36].



Conventional upwelling of nutrients into the euphotic zone did not appear to operate in the MB eddy, as the central doming did not penetrate into the upper 100 m and the upper mixed layer and nitracline depths were much deeper than the euphotic zone, suggesting limited vertical nutrient supply into the euphotic zone from below [15,16]. The microphytoplankton population in the eddy did not appear to be seeded and stimulated by internal upwelling processes. Instead, this population originated on the southern Madagascar shelf and was transported along the northern boundary of the enhanced westerly to southwesterly flow (Figure 5a,b) resulting from the eddy interactions to the southwest of Madagascar (Figure 3 and Figure 4a–d). Interactions between the cyclonic eddy and the southwesterly flow resulted in the microphytoplankton being entrained into the outer boundary of the eddy (Figure 4a,b,e,f, and Figure 5a,b) and then distributed throughout the upper water column within the eddy, probably due to a combination of eddy dynamics and strong wind-induced vertical mixing [15,16]. Due to its formation and development near the southern Madagascar shelf, the MB eddy was uniquely located to be seeded with microphytoplankton communities from the shelf by horizontal advection and subsequent vertical mixing, as opposed to the stimulation of the phytoplankton community by vertical upwelling fluxes.



This is in agreement with previous observations in this region which have demonstrated the advection of high chlorophyll waters from the shelf and subsequent entrainment into cyclonic eddies [38]. Similarly, remote sensing of phytoplankton has been used in the eastern Gulf of Alaska near northern Canada to illustrate highly productive coastal waters being advected offshore into the peripheries of anticyclonic eddies that form close to the Queen Charlotte Islands in boreal winter [39,40]. The seaward transport of phytoplankton can be swift and drifter measurements have revealed speeds of 0.25 m·s−1 along the outer portions of these eddies [41]. At such speeds, entrained coastal waters can be carried 100 km offshore in six days, which is within a few lifetimes of phytoplankton such as diatoms [39]. In the MC and MB, similar rapid drifter translation speeds have been observed in the frontal regions between mesoscale features, with highly variable transit durations from 15 to 113 days between Madagascar and Mozambique, off the southern African east coast [42]. The geostrophic velocity of the southwesterly flow between southern Madagascar and the cyclonic eddy was 0.5–1 m·s−1 (Figure 3 and Figure 4b,c), and it is estimated that phytoplankton from the southern Madagascar shelf could be transported between 300 km and 700 km within 7–8 days. It is likely that these velocities are underestimated since the altimetry data is gridded resulting in some features not being fully resolved, and ground tracks are not always perpendicular to the flow [43] and it has been shown that altimeter-derived geostrophic velocities were 30% weaker than in situ current measurements in the MC [44]. Nevertheless, such translation speeds mean that the micro- and nanophytoplankton advected from the Madagascar shelf would still be viable when entrained into the cyclonic eddy (Figure 4e,f), and could be sustained (Figure 4g,h) by a combination of access to nutrients through strong vertical mixing within the eddy [15,16], and by persistent advection from the shelf and entrainment into the eddy, as suggested by Figure 4g,h and Figure 5c,d.



Chlorophyll a levels reached a peak during 20–27 July when the proportions of micro- and nanophytoplankton were maximum and picophytoplankton was at a minimum (Figure 4h and Figure 10). Phytoplankton biomass then declined as indicated by the steady decrease in chlorophyll a (Figure 6e–h, Figure 8e–h and Figure 10a), while the community structure changed, with declining proportions of micro- and nanophytoplankton and an increasing contribution of picophytoplankton (Figure 7, Figure 9, and Figure 10b). There was a slight increase in chlorophyll a, micro- and nanophytoplankton during 29 August to 5 September (Figure 9a,e, and Figure 10), and this may have been due to a contribution of biomass by the cyclonic eddy that drifted south from the MC to merge with the MB eddy (Figure 8a), as discussed above. In September and October, there was a substantial decrease in phytoplankton biomass (Figure 10) as the eddy drifted further to the southwest (Figure 8). A marked shift in community structure occurred during this time, where picophytoplankton became dominant as the contributions of micro- and nanophytoplankton decreased. In contrast to the current study, Lin et al. [25] observed that picophytoplankton was dominant throughout the life cycle of a cyclonic eddy in the South China Sea, where micro- and nanophytoplankton only reached maximum proportions of 24% and 30%, respectively. It must be noted that the Lin et al. study makes no mention of the translation of the eddy over large distances [25], as was observed in the current study (Figure 4, Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9). Their study [25] also does not note any interactions between the eddy and other surrounding mesoscale features, or shelf regions, as demonstrated above (Figure 4, Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9).



The focus of this investigation has been on the temporal changes in the MB eddy as it propagated southwestwards, but the phytoplankton community needs to be viewed in the overall context of the MB. Apart from the inclusion of microphytoplankton from the Madagascar shelf during July 2013 (Figure 4 and Figure 5), the population within the eddy was largely similar to the surrounding waters (Figure 6, Figure 7, and Figure 9). Nanophytoplankton was mostly dominant both within the eddy (Figure 10) and across the MB during July and August, apart from some patchy zones where the pico- fraction was prominent (Figure 5 and Figure 7). These are winter months in the southern Hemisphere, and Lamont et al. [19] has previously demonstrated that the nano- fraction usually dominates in the southern MC and throughout the MB during this season. The population began to change in September during early spring as picophytoplankton became more prominent in the eastern sector of the MB, and by October, the pico- fraction was more dominant across the MB (Figure 9). Similarly, it has previously been shown that picophytoplankton are dominant during summer months in this region, while mixed communities of pico- and nanophytoplankton prevail during autumn and spring [19].



Thus, besides the input of microphytoplankton from the Madagascar shelf in July 2013 (Figure 4 and Figure 5), and the small short-term increase in the micro- and nanophytoplankton proportions after merging with another eddy at the end of August (Figure 8a and Figure 10), temporal changes in community structure observed during the eddy’s ~four-month lifetime resembled previously described seasonal variations in size structure in the region [19]. Previous investigations in the open ocean of the Pacific and Atlantic have indicated that cyclonic eddies can increase their phytoplankton biomass and photosynthetic activity early in their development but upwelling at the centre usually results in an increase in biomass and a change in photophysiology at the SCM, but not in the water column above the SCM [45]. Consequently, such biological responses at depth cannot be accurately determined by remote sensing, but only by in situ measurements. However, as demonstrated in the current study, among others [18,19,20,22,23,24,25], ocean colour measurements are still useful for investigating variations in surface phytoplankton populations over a range of spatial and temporal scales. Although it was clearly demonstrated that phytoplankton biomass was uniformly distributed throughout the upper mixed layer of the eddy in July 2013 [15,16] and that satellite observations during this time (Figure 4 and Figure 5) were in good agreement with in situ measurements [15,16] (also see Figure 2), it is possible that the vertical distribution of phytoplankton changed such that SCMs developed during the translation of the cyclonic eddy across the MB. Such a change would signify a seasonal transition from well mixed upper layers in winter to more stratified conditions in summer and would be in accordance with the findings of Lamont et al. [15], who demonstrated that cyclonic eddies sampled during spring and summer had distinct SCMs while the opposite was true for those sampled in winter.




5. Conclusions


The application of the three-component model of Brewin et al. [18] to satellite ocean colour data has proven to be useful for tracking the surface phytoplankton community within a cyclonic eddy as it propagated across the MB over a four-month period from mid-June to mid-October 2013. This is the first study to investigate the temporal changes in community structure within an eddy that moves across an ocean basin in the southwest Indian Ocean, and useful quantitative information was obtained on the variability of chlorophyll a levels and the proportions of micro-, nano-, and picophytoplankton. Although the community within the eddy was generally similar to the population in the surrounding waters of the MB, in the early stage of development, the eddy was seeded with microphytoplankton from the southern Madagascar shelf by horizontal advection and subsequent entrainment, rather than by vertical uplift of nutrient-rich waters into the euphotic zone as is common in cyclonic eddies. This was due to the particular location of the eddy close to the Madagascar shelf, as well as the spatial structuring of surrounding mesoscale features which served to enhance southwestward flow around the southern tip of Madagascar and export of waters from the shelf.



Overall, the community within the propagating eddy and across the MB was dominated by nanophytoplankton during the austral winter months of July and August, but this changed to picophytoplankton dominance in austral spring during September and October. This suggested that, besides the injection of shelf waters and phytoplankton communities during the interaction of the eddy with the southern Madagascar shelf in July 2013, the most prominent changes in surface phytoplankton communities over the four-month lifetime of the eddy were associated with the seasonal variations from winter to spring and summer. Apart from the satellite observations, there are no phytoplankton measurements within the eddy subsequent to the research cruise in July 2013 [15,16] and thus it is not possible to verify using in situ data if such changes indeed took place. Furthermore, additional research in the form of more well-designed in situ studies, together with more detailed and directed analysis of satellite observations and model output, are required to determine if the pattern of variability described in the current study was unique to the MB eddy, or whether it is typical of all long-lived cyclonic eddies within the region.
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Figure 1. Main oceanographic features in the Mozambique Channel and Mozambique Basin. The southern branch of the East Madagascar Current (SEMC), the Agulhas Current, Mozambique Channel eddies, as well as dipoles stemming from the SEMC are indicated. Anticlockwise (clockwise) circulation features indicate anticyclonic (cyclonic) eddies. Black contours indicate the 1000 m, 2000 m, 3000 m, 4000 m, and 5000 m bathymetric contours. 
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Figure 2. Verification of the use of the three-component model for studying phytoplankton size structure within the MB eddy. (a–c) show the fractions of micro-, nano-, and picophytoplankton, respectively, as a function of chlorophyll a for in situ measurements collected during the passage of the MB eddy with the three-component model overlain. For comparison, the data from the Lamont et al. [19] (L18) study is also shown, and the grey shading represents uncertainty in the fractions based on the validation in the L18 study (see their Figure 3). MAD is the median absolute difference between the model and the in situ size fractions from the MB eddy. (d–g) show the in situ chlorophyll a and size fractions overlain onto MODIS-Aqua estimates from 20 and 24 July 2013, merged (averaged) into a single image. The in situ samples are coloured on the same scale as the satellite images. 
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Figure 3. Sea Surface Height (colour contours) and geostrophic velocity (black arrows) over the Mozambique Basin on 17 June 2013. The black box highlights the location of the cyclonic eddy. 
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Figure 4. (a–d) Daily Sea Surface Height (colour contours) and geostrophic velocity (black arrows) on selected days for 21 June to 22 July 2013; and (e–h) 8-day MODIS Aqua chlorophyll a composites for 18 June to 27 July 2013, over the Mozambique Basin. Black boxes highlight the location of the cyclonic eddy and black dots indicate the centre of the eddy. White areas indicate missing data due to cloud cover. 
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Figure 5. Fractional contribution of (a–d) micro-, (e–h) nano-, and (i–l) picophytoplankton to MODIS Aqua chlorophyll a for 18 June to 27 July 2013 over the Mozambique Basin. Black boxes highlight the location of the cyclonic eddy and black dots indicate the centre of the eddy. White areas indicate missing data due to cloud cover. 
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Figure 6. (a–d) Daily Sea Surface Height (colour contours) and geostrophic velocity (black arrows) on selected days for 31 July to 24 August 2013; and (e–h) 8-day MODIS Aqua chlorophyll a composites for 28 July to 28 August 2013, over the Mozambique Basin. Black boxes highlight the location of the cyclonic eddy and black dots indicate the centre of the eddy. White areas indicate missing data due to cloud cover. 
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Figure 7. Fractional contribution of (a–d) micro-, (e–h) nano-, and (i–l) picophytoplankton to MODIS Aqua chlorophyll a for 28 July to 28 August 2013 over the Mozambique Basin. Black boxes highlight the location of the cyclonic eddy and black dots indicate the centre of the eddy. White areas indicate missing data due to cloud cover. 
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Figure 8. (a–d) Daily Sea Surface Height (colour contours) and geostrophic velocity (black arrows) on selected days for 1 September to 11 October 2013; and (e–h) 8-day MODIS Aqua chlorophyll a composites for 29 August to 15 October 2013, over the Mozambique Basin. Black boxes highlight the location of the cyclonic eddy and black dots indicate the centre of the eddy. White areas indicate missing data due to cloud cover. 
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Figure 9. Fractional contribution of (a–d) micro-, (e–h) nano-, and (i–l) picophytoplankton to MODIS Aqua chlorophyll a for 29 August to 15 October 2013 over the Mozambique Basin. Black boxes highlight the location of the cyclonic eddy and black dots indicate the centre of the eddy. White areas indicate missing data due to cloud cover. 
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Figure 10. Temporal variation in (a) daily Sea Surface Height (SSH) (black line) and 8-day MODIS Aqua chlorophyll a (green line and dots), and (b) the fractional contribution of micro-, nano-, and picophytoplankton at the centre of the cyclonic eddy as it propagated across the Mozambique Basin. Vertical bars indicate the standard deviation of chlorophyll a and the fractional contributions of micro- (green dots and line), nano- (blue dots and line), and picophytoplankton (red dots and line) for the 3 × 3 pixel window at the centre of the eddy. 
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