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A B S T R A C T   

The Agulhas Bank on the tip of southern Africa, like other shelf seas, is a relatively productive environment 
which plays a crucial role in the biology and success of many commercially valuable fish species. Fish and their 
larvae depend on zooplankton to feed on but, despite their importance, little is known about zooplankton dis-
tribution and production on the Agulhas Bank. Here we present results from a survey conducted in March 2019 
on the East and Central Agulhas Bank, investigating mesozooplankton abundance, biovolume, taxonomic 
composition, size distribution (normalised biovolume size spectrum (NBSS) approach) and secondary produc-
tion. A clear cross-shore gradient was observed with the inner-shelf having higher abundance and biovolume of 
mesozooplankton dominated by small-size organisms, most likely mirroring higher overall productivity of the 
coastal waters, while the outer-shelf showed the opposite trend (i.e., low abundance and biovolume; shallow 
NBSS slopes). This general pattern on the outer-shelf was, however, disturbed in one location (between 24 and 
25◦E) with a distinguishable mesozooplankton community, most likely linked to the passage of a meander on the 
inshore side of the Agulhas Current. The Central Agulhas Bank was typified by high mesozooplankton biomass 
(~4 g C m-2), comparable to upwelling areas and dominated by copepods and doliolids. High copepod biomass 
was observed in this region before and was linked to a feature called the “Cold Ridge”. However, during our 
survey, no such ridge was observed. The mixed layer depth was relatively deep (>20 m) and high Chlorophyll a 
concentration was measured at depth, despite low net primary production rates. We suggest that this region is 
prone to other mechanisms such as retention due to cyclonic circulation or processes injecting nutrients in the 
upper mixed layer that require further research. Secondary production on the Agulhas Bank was in the same 
range as other shelf seas (0.03–1.55 g C m-2 d-1) and was correlated with mesozooplankton biomass. The 
comparison of primary and secondary production, measured simultaneously, suggested that mesozooplankton 
exert a significant control on net primary production, and can, in some areas, be food-limited (e.g., Central 
Agulhas Bank and inshore waters).   

1. Introduction 

Shelf seas are globally productive environments, providing 10–30% 
of global primary production despite their small size of only ~7–10% of 
the global ocean area (Bauer et al., 2013). Shelf seas have a key role in 
supplying food to sustain many fisheries around the world (Pauly et al., 
2002) and, being at the interface between estuaries and the open ocean, 
they are also nurseries for many fish species. Despite their importance, 
many continental shelf seas are still understudied, resulting in a poor 
understanding of their functioning and variability. Being able to un-
derstand and predict shelf productivity will allow improved 

management of marine resources, as well as the implementation of 
mitigation measures to allow local populations to adapt better to future 
changes (Bianchi and Skjoldal, 2008). 

Along the southern South African coast, the Agulhas Bank (also 
referred to as ‘Bank’) is known as one of the nursery grounds for endemic 
and commercially exploited fish species (Hutchings et al., 2002). While 
some species spawn on the east coast of South Africa (KwaZulu Natal 
Bight area) and use the Agulhas Bank as a nursery to grow and mature, 
other species spawn on the Agulhas Bank and use the west coast of South 
Africa as a nursery (i.e., the Benguela Upwelling System). A key food 
source for fish is zooplankton which transfer energy from primary 
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producers to higher trophic levels. Understanding the distribution and 
dynamics of zooplankton in shelf seas is thus important to understand 
fish populations. Few studies exist on zooplankton populations on the 
Agulhas Bank, and these are mostly from the 1990s and focus only on 
copepods (references within Huggett and Richardson, 2000). 

The dominant large copepod on the Agulhas Bank is Calanus agul-
hensis (Huggett and Richardson, 2000; Peterson and Hutchings, 1995), 
which can comprise up to 82% of total copepod biomass (Verheye et al., 
1994). Based on few regional studies, biomass of this copepod species 
seems highest on the central Agulhas Bank (Hutchings et al., 1995). 
Peterson and Hutchings (1995) suggested that this enhanced biomass of 
copepods was linked to a periodically occurring hydrographic feature 
named the “Cold Ridge” (or “Cool Ridge”) located off Mossel Bay. This 
Cold Ridge is identified as a doming of the isotherms along the 100 m 
isobath and associated with elevated nutrients and chlorophyll a (Chl a) 
concentrations (Probyn et al., 1994). However, a relationship between 
the Cold Ridge and copepods has still not been conclusively examined. 

Although the east and central Agulhas Bank (EAB and CAB) are small 
in area (75,120 km2), they possess spatial differences due to a complex 
oceanography with dynamic hydrographic features that influence 
plankton distribution and the functioning of the shelf ecosystem 
(reviewed by Probyn et al., 1994). Firstly, the warm oligotrophic 
Agulhas Current, one of the strongest western boundary currents in the 
world, flows along the shelf break and contrasts with the coastal envi-
ronment, which is subject to wind-driven upwelling, in terms of tem-
perature, productivity and current speed (Demarcq et al., 2008; Goschen 
et al., 2012, 2015; Goschen and Schumann, 1990; Jackson et al., 2012; 
Lutjeharms et al., 1996; Mazwane et al., this issue, Probyn et al., 1994; 
Schumann, 1999). The Agulhas Current is also the origin of meanders, 
Natal pulses and eddies, which propagate on its inshore side and can 
induce localised upwelling on the mid- and outer-shelf, especially on the 
EAB (Goschen et al., 2015; Jackson et al., 2012; Lutjeharms et al., 1989, 
2000; Malan et al., 2018). Finally, the current and associated mesoscale 
features can sweep significant amounts of planktonic biomass off the 
productive continental shelf (Keister et al., 2009; Porri et al., 2014), 
while recirculation mechanisms drive areas on the inner-shelf of the 
CAB, inducing retention of water masses (Boyd et al., 1992). 

In ecology, size as a functional trait has been extensively used, being 
easy to measure and strongly influencing metabolic rates and predator- 
prey interactions (e.g., Andersen et al., 2016; Brown et al., 2004; Gillooly 
et al., 2001; Kiørboe, 2016; Kiørboe and Hirst, 2014; Visser and Fiksen, 
2013). According to the size spectrum theory, based on predator-prey 
relationships, biomass decreases linearly with size on a log-log scale 
(Platt and Denman, 1977; Silvert and Platt, 1978). The normalised 
biomass size spectrum (NBSS) is often used to represent the size struc-
ture within an ecosystem, as reviewed by Sprules and Barth (2015). The 
parameters extracted from the NBSS are inherent properties of the 
zooplankton community and highlight community patterns which 
inform on the dynamics of the system (Basedow et al., 2010; Dai et al., 
2016; Giering et al., 2018; Marcolin et al., 2013; Noyon et al., 2020; 
Vandromme et al., 2014; Zhou et al., 2004). For instance, the slope of the 
linear regression of NBSS indicates the proportion of small organisms 
compared to large ones, with a steeper slope generally interpreted as a 
decrease in food availability for higher trophic levels (Brown et al., 
2004; Zhou, 2006). As for the fit of the linear regression, it informs on 
the stability of the environment, with a low linear fit indicating a 
perturbation to the system, often characterised by the presence of 
“domes” or “dips” in the NBSS, highlighting potential non-steady state 
conditions (e.g., García-Comas et al., 2014; Quinones et al., 2003; 
Rodriguez and Mullin, 1986; Sourisseau and Carlotti, 2006; Zhou, 
2006). 

Here, we are presenting the taxonomic composition, size structure 
and productivity of the mesozooplankton community, collected during a 
cruise in March 2019 on the Agulhas Bank. Though little is known about 
zooplankton abundance and distribution on the Agulhas Bank, we ex-
pected to observe cross-shore and longitudinal gradients. We 

hypothesised that the inner-shelf would have a different zooplankton 
community to the outer-shelf, dominated by smaller zooplankton due to 
higher net primary production (NPP) and associated higher growth 
rates, while the outer-shelf would have lower zooplankton abundance 
and biovolume due to the influence of the warm oligotrophic Agulhas 
Current. We also hypothesised the zooplankton community on the EAB 
to be different to the rest of the Bank due to the frequent upwelling 
events and the narrow shelf in this region, and, if present, high copepod 
abundance on the Cold Ridge area. 

2. Material and methods 

2.1. Study area and sampling 

The Agulhas Bank is a continental shelf of less than 200 m depth on 
the southern tip of Africa. This shelf is influenced by the Benguela up-
welling system on its western side while the eastern and central Agulhas 
Bank (EAB and CAB) are influenced by the warm Agulhas current, a 
western boundary current, which flows westward along the shelf break 
(Lutjeharms, 2006). This study focuses on the EAB and CAB which were 
defined across the programme as east and west of 24◦E, respectively, due 
to differences in water circulation (Boyd et al., 1992). 

A total of 48 stations were sampled along 10 cross-shore transects 
between 23 and 29 March, 2019 on the RV Ellen Kuzwayo (Noyon, 2019) 
(Supplementary Table 1). The station numbering starts with the transect 
number (1–12) followed by a second number (1–6, or less) going from 
inshore to offshore, respectively (Fig. 1). Due to bad weather, transects 1 
and 2 had to be shortened and were then interrupted, while transects 3 
and 4, planned off Algoa Bay, were entirely cancelled. For this specific 
cruise, we allocated transect 8, which started on the inner-shelf at 
24.03◦E, to the EAB. Each Bank was then divided into an eastern (eEAB 
and eCAB) and western (wEAB and wCAB) part (Fig. 1). To highlight any 
cross-shore differences, we delimited the inner-shelf as stations shal-
lower than ~100 m, and the outer-shelf stations are those closest to the 
shelf edge. The stations in between are categorised as mid-shelf. 

At each station, a Seabird 911+ CTD (Conductivity, Temperature, 
Depth) rosette, equipped with fluorescence and turbidity sensors, was 
deployed. The fluorescence sensor was calibrated against discrete sam-
ples of Chl a measured on a Turner-Designs Trilogy Laboratory Fluo-
rometer, with a non-acidification module following Welschmeyer 
(1994). In this study, the mixed layer depth (MLD) was determined as 
the depth of the maximum buoyancy frequency (Carvalho et al., 2017). 
There is a good agreement between the MLD calculated as the maximum 
buoyancy frequency and as the depth where the difference between the 
surface and deeper waters is 0.125 kg m-3 (Poulton et al., this issue). The 
bottom mixed layer (BML) depth was calculated using the threshold of 
0.02 kg m-3 from the bottom density value (Hopkins et al., 2021). 
Mesozooplankton samples were collected using a vertical Bongo net 
(0.25 m2 mouth area) of 200 μm mesh size equipped with a flowmeter 
(Hydrobios) and a depth sensor. The depth sensor failed at some sta-
tions, in which case the depth was estimated based on the wire out and 
the volume filtered. The nets were towed in the first 200 m of the water 
column or down to ~5–15 m above the seafloor where the bottom depth 
was shallower than 200 m and were performed during day and night. 
One net sample was preserved in buffered formaldehyde (4% final 
concentration, buffered with borax) while the other net sample was 
poured into three Eppendorf tubes (2 mL), flash frozen in liquid nitrogen 
and preserved at − 80◦C until further analyses. 

2.2. Mesozooplankton community measurements 

The formaldehyde preserved samples were used to quantitatively 
measure abundance and biovolume of mesozooplankton using a 
Hydroptic ZooScan (resolution of 2400 dpi) (Gorsky et al., 2010). All 
samples were size-fractionated using a 2 mm sieve, and both fractions 
were scanned separately. The number of individual mesozooplankton in 
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the smaller fraction often exceeded the recommended number for Zoo-
Scan processing (1000–1500 ind.) and was split (using a MOTODA 
splitter) until the recommended particle number was reached. The 
whole of the large fraction was scanned. The raw images were processed 
using ZooProcess and digitally separated when needed as recommended 
(Vandromme et al., 2012). The segmented images (‘vignettes’) were 
automatically classified into taxa using EcoTaxa’s deep-learning algo-
rithm (Picheral et al., 2017). The automated classification results were 
manually checked and corrected when needed. The volume of each 
particle (mm3) was calculated assuming an ellipsoid using the major and 
minor axes of each particle. The abundance (ind m-3) and biovolume 
(mm3 m-3) were then calculated based on the split and the volume of 
seawater filtered. Due to the differences in depth along the shelf, inte-
grated abundance and biovolume are mostly used in this work; these 
were obtained by multiplying the abundance and biovolume by the 
measured depth of the plankton net tow. Data are available (Noyon, 
2021; https://www.bodc.ac.uk/data/published_data_library/catalo 
gue/10.5285/cd9da2f5-05f6-15bb-e053-6c86abc01d68/). 

We included all zooplankton images to estimate total abundance and 
biovolume. Images were grouped into a final number of 16 categories. 
The category “Harosa” comprised many protists, such as Radiolaria, 
Foraminifera, and Phaeodaria. Harosa was removed from the nMDS as it 
had too much weight on the ordination, while most of these organisms 
were smaller than the 200 μm net mesh and likely to be underestimated. 
The group “Other copepods” comprised Harpacticoida, Corycaeidae, 
Sapphirinidae, Lubbockiidae, and copepods whose genus were not 
identifiable. The group “Other crustaceans” consisted of the taxa Cla-
docera, Cumacea, Amphipoda, and Ostracoda. Calanoid copepods were 
divided into 3 subgroups according to their size and approximate 
development stage. Size thresholds for these development stages were 
chosen based on the measurements by Huggett et al. (2009): small 
Calanoida (primarily copepodites C1 and C2) with an equivalent 
spherical diameter (ESD) of <0.45 mm; medium Calanoida (primarily 
copepodites C3 and C4) with an ESD between 0.45 and 0.80 mm; and 
large Calanoida (primarily C5 and adults) with an ESD >0.80 mm. 

Size spectra were calculated for each station based on 14 size bins 
logarithmically increasing from a volume of 0.0098 mm3 (~0.27 mm 
ESD) to 857 mm3 (~11.8 mm ESD), the minimum and maximum bin 
edges being 0.0058 mm3 (~0.22 mm ESD) and 1211 mm3 (~13.2 mm 
ESD), respectively. The normalised biovolume size spectrum (NBSS) was 
computed by plotting the log10 of the total biovolume in each bin 

divided by the volume of that bin (in m-3 on the y-axis) against the log10 
of the biovolume of the size bins (in mm3 on the x-axis) (Platt and 
Denman, 1977; Zhou and Huntley, 1997). A linear regression using the 
least square method was fitted to the NBSS data for the size bins 
comprised between 0.48 and 3.67 mm ESD (biovolume equivalent ~ 
log10(− 1.25) to log10(1.41)). Outside these limits, the biomass spectrum 
indicated drops in biovolume, likely due to bias in the sampling method, 
indicating that these extreme size bins were not properly represented. 
They were therefore not considered in the calculation of the linear 
regression. The smallest size bin was chosen as the mode of the NBSS 
(García-Comas et al., 2014) while the largest one was where a drop off 
was noticed (too few occurrences of organisms). A steep NBSS slope 
(more negative) indicates a higher proportion of small plankton 
compared to large ones, while the intercept mirrors the total biomass 
(Basedow et al., 2010; Dai et al., 2016; García-Comas et al., 2014; 
Giering et al., 2018; Noyon et al., 2020; Zhou, 2006). The linear fit was 
used as an indicator of the stability of the system with a low linear fit 
often indicating the presence of irregularity in the NBSS (e.g., domes and 
dips; Zhou, 2006). 

A size diversity index was calculated based on the Shannon diversity 
index using the probability density function of the size (Quintana et al., 
2008, 2016). The R script “SizeDiversity_2018” programmed by J. J. 
Egozcue and O. Martínez-Abella was used to compute this index (2020, 
https://limnolam.org/the-measurement-of-size-diversity/). Size di-
versity indices are often more sensitive to size changes within a com-
munity than simple linear regression as they will take into consideration 
the domes and dips that can exist in NBSS. 

2.3. Mesozooplankton production measurements 

Mesozooplankton production rates were estimated using enzyme 
activities. The activity of the aminoacyl-tRNA synthetases (AARS) is 
involved in the first step of protein synthesis and is correlated with 
zooplankton growth (Yebra et al., 2017a). Frozen samples (three repli-
cates per station) were homogenised using an ultrasonic probe (2 min 
with sample in ice and pulsed sound to avoid warming of the sample) in 
4–5 mL of ice-cold Tris buffer pH 7.8. The homogenate was then 
centrifuged for 10 min at 5000 rpm and 0◦C. The AARS activity was 
measured following the methods by Yebra and Hernández-León (2004) 
and Yebra et al. (2011), and adapted to a 96-well plate reader (Yebra 
et al., 2017a). Enzyme activity was measured at 340 nm every 10 s for 

Fig. 1. Map of the stations sampled during the March 2019 cruise on the Agulhas Bank. The stations are divided into inner-, mid- and outer-shelf (symbols) as well as 
according to their longitude: East and Central Agulhas Bank (EAB and CAB, respectively) which are split into west (w.) and east (e.) sections. The colours yellow for 
daytime, dark blue for night-time and light blue for twilight correspond to the time of the day when the Bongo net samples were collected. The grey lines represent 
the 100 and 200 m isobath, the latter corresponding to the shelf break. (PA: Port Alfred, PE: Port Elizabeth (now Gqeberha), PB: Plettenberg Bay, MB: Mossel Bay, CA: 
Cape Agulhas). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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20 min at 25◦C. The first 3 to 5 min of the reaction were discarded due to 
reaction equilibrium. The water and the pyrophosphate reagent were 
dispensed into the 96-well plate prior to the sample and kept at 25◦C for 
10 min to acclimate and ensure the assay was done at 25◦C. The protein 
concentration in each sample was determined on the same aliquot with 
the modified Lowry method (Lowry et al., 1951; ThermoScientific Kit), 
using Bovin Serum Albumin as standard. Specific AARS (spAARS) was 
calculated as per McKinnon et al. (2015) and corrected for the in situ 
temperature (mean over the whole water column) using the Arrhenius 
equation with an activation energy of 8.57 kcal mol-1 (Yebra et al., 
2005). 

To estimate zooplankton production, carbon biomass was estimated 
based on the ZooScan measurements. The dry weight (DW) and carbon 
biomass were calculated per taxonomic group categories, using allo-
metric relationships found in Garijo and Hernández-León (2015; based 
on Kiørboe, 2013; Lehette and Hernández-León, 2009, Table 1). Meso-
zooplankton production rates (ZP in g C m-2 d-1) were estimated based 
on spAARS and the carbon biomass, following the methods by Garijo 
and Hernández-León (2015). In summary, specific growth (GAARS in 
day-1) was converted from spAARS using: GAARS = − 0.0117 + 0.0038 
spAARS. Mesozooplankton community production was then calculated 
using two equations: ZPHirst = (0.636 × GAARS + 0.009) × carbon 
biomass (based on Hirst et al., 2003); and ZPGarijo = (0.946 × GAARS +

0.013) × carbon biomass (based on Garijo and Hernández-León, 2015). 
The first equation was obtained using a wide-spread dataset from 
various latitudes and slightly underestimates ZP from subtropical re-
gions when compared to estimations using the second equation which 
was only based on subtropical samples (Garijo and Hernández-León, 
2015). Because the Agulhas Bank is not a tropical environment but has 
upper ocean water temperatures >18oC, we chose to present the average 
of these two ZP estimations. The other equations in Garijo and 
Hernández-León (2015) are not presented here as they tend to under-
estimate ZP in oligotrophic environments or were similar to those used 
here. 

2.4. Data analyses 

Differences in terms of abundance and biovolume between regions 
(eEAB – wEAB – eCAB - wCAB; and inner – mid - outer-shelf) were tested 
using the non-parametric Kruskal-Wallis test (KW) and correlations were 
done using the Spearman coefficient (rs) as the data were not normally 
distributed. The Bongo nets were towed in the whole water column, 
catching similarly mesozooplankton diel vertical migrators at depth 
during the day and those closer to the surface during night-time. The 
integrated abundances and biovolumes of the night samples were not 
significantly higher than the daytime samples (KW, p > 0.05) and 
therefore diel vertical migration was not further considered as a factor in 
the data analyses. The mesozooplankton taxonomic composition was 
investigated using non-metric multidimensional scaling (nMDS; met-
aMDS function of the vegan R package). Briefly, the biovolume data 
were square root transformed, standardised with a Wisconsin double 
standardization, and the Bray-Curtis dissimilarity matrix calculated. 

More details on the R package can be found in metaMDS help package 
(Oksanen et al., 2020). The stress of the solution was 0.19, which implies 
weak links between samples but still reliable conclusions. To test if the 
taxa composition differed in the different regions, we used a Permanova 
test (adonis function in R) on the same Bray-Curtis matrix as the one used 
for the nMDS. Significant differences between groups identified by the 
Permanova test indicate differences in the population average (i.e., the 
centroid) and the population variance (i.e., the dispersion of the points). 
To test whether dispersion differed between groups, we applied the 
betadisper function and a permutest (R – vegan package). We used the 
envfit function (Vegan R package) to overlay environmental parameters 
onto the ordination as vectors. These vectors represent the maximum 
correlation between the projections of the stations onto these vectors 
and the corresponding variable. Only vectors with significant correla-
tion are shown (p < 0.05). We tested nine parameters: temperature at 
30 m, sea surface temperature (SST), MLD, BLD, integrated Chl a over 
the whole water column or 200 m when deeper, net primary production 
(NPP, from Poulton et al., this issue), mesozooplankton total integrated 
biovolume (BV) and ZP. Other environmental parameters were consid-
ered but not included due to their autocorrelation with one of the nine 
selected variables. Analyses of covariance (ANCOVA) were used to 
compare the NBSS slopes of the different zones tested. All the plots and 
data analyses were performed using Python, except when the specific R 
packages as described above were used. Significance was defined as p <
0.05. 

3. Results 

3.1. Environmental conditions on the Agulhas Bank 

In situ measured SST on the shelf varied from 17.3 to 22.4◦C with the 
cooler SST found on transect 7 (Fig. 2). The coldest temperature 
throughout the water column was observed on transects 5 and 6 (7.5◦C), 
off St Francis Bay. Overall, we noticed a deepening of the MLD from east 
(~10 m depth) to west on the Agulhas Bank (~25 m depth). 

The Chl a concentration within the MLD was on average 2.1 mg m-3 

with a maximum of 10.2 mg m-3 on transect 12 (Fig. 2). Off Port Alfred, 
the MLD was deeper inshore than offshore with a relatively high con-
centration of integrated Chl a (118 mg m-2 over the whole water col-
umn). Transect 7, which depicted a clear shoaling of the MLD, had 
relatively high Chl a concentration across the whole transect (3.1 mg m-3 

avg in MLD; Fig. 2). Transects 9 and 10 had low Chl a concentration 
(avg. 1.32 mg m-3 in MLD; Fig. 2), while the maximum values were 
measured on transects 12 with 5.21 mg m-3 on average in the MLD at 
station 12.1 and 196 mg m-2 integrated over the whole water column. 
Transects 11 and 12 were distinct from the others by a deep MLD, a deep 
Chl a maximum between 30 and 40 m and high integrated Chl a (85.1 
and 115.9 mg m-2 on average respectively). 

3.2. Mesozooplankton distribution and taxa composition 

On average (±standard error; s.e.), over the whole Bank, meso-
zooplankton integrated abundance was 154.1 (±3.6) × 103 ind m-2 and 
integrated biovolume was 56.8 (±1.1) × 103 mm3 m-2 (Table 2). Higher 
mesozooplankton abundance and biovolume were found at the inner- 
shelf stations compared to the outer-shelf (Fig. 3; see also Supplemen-
tary Fig. 1). The abundance on the inner-shelf (35.6–712.5 × 103 ind m- 

2) was statistically higher than on the outer-shelf (5.6–163.7 × 103 ind 
m-2; KWcross-shore p < 0.001) but the mid-shelf was not significantly 
different from the rest. On the CAB, the biovolumes were higher on the 
inner-shelf (33.3–172.4 × 103 mm3 m-2) compared to the outer-shelf 
(15.8–67.6 × 103 mm3 m-2; KWcross-shore p < 0.05) but no such differ-
ence was observed on the EAB with an average (±s.e.) value of 45.6 (±2) 
× 103 mm3 m-2 (KWcross-shore p = 0.40). 

In terms of carbon, average (±s.e.) estimated mesozooplankton 
biomass over the EAB and CAB was 1.04 ± 0.02 g C m-2, ranging from 

Table 1 
Relationships between body area (A) and dry weight (DW); and carbon to DW 
conversion factor used to estimate carbon biomass of the mesozooplankton. 
Based on Lehette and Hernández-León (2009); Garijo and Hernández-León 
(2015) and Kiørboe (2013).  

Taxa DW Carbon:DW conversion factor 

Copepods 43.97 × A1.52 0.48 
Chaetognaths 23.45 × A1.19 0.361 
Euphausiid-like 49.58 × A1.48 0.419 
Thaliacea & Medusaea 4.03 × A1.24 0.051 
Siphonophores 43.17 × A1.02 0.051 
Other zooplankton 43.38 × A1.54 0.435  

a Relationship in Lehette and Hernández-León (2009) only. 
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0.1 to 4.27 g C m-2 (avg. ± s.e.: 12.08 ± 0.26 mg C m-3; min – max: 
2.01–54.60 mg C m-3; Table 2). The mesozooplankton biomass revealed 
a similar trend to the biovolume (rs = 0.94, p < 0.001), with a few 

exceptions such as stations 12.3 and 12.4 which only had average 
biomass due to the high biovolume of doliolids (tunicates with high 
water content; Lehette and Hernández-León, 2009). 

Longitudinally, average (±s.e.) abundance and biovolume of meso-
zooplankton were more elevated on the wCAB compared to any other 
region (395.8 ± 33.6 × 103 ind m-2 and 131.2 ± 7.5 × 103 mm3 m-2, 
respectively: KWlong p < 0.02). The abundances within the EAB (~94 ×
103 ind m-2) were similar but the eEAB had significantly lower bio-
volume compared to the other areas (13.2 ± 1.9 × 103 mm3 m-2; KWlong 
p < 0.01). The eCAB and wEAB were significantly different from each 
other in terms of abundance (142.3 ± 7.0 and 96.6 ± 6.3 × 103 ind m-2, 
respectively; KWlong p < 0.05) but not in terms of biovolume (41.7 ± 1.5 
and 51.5 ± 2.5 × 103 mm3 m-2, respectively; KWlong p = 0.99). 

Overall, large Calanoida represented 36% of the total biovolume, 
followed by Chaetognatha (13%), Euphausiacea (11.5%) and Thaliacea 
(10.7%, Fig. 4). For Calanoida, all three size classes included repre-
sented on average 44% of the total biovolume. At some stations, the 
proportion of Calanoida was much lower, often due to the presence of 
Euphausiacea (e.g., station 7.3), Thalaciacea (e.g., station 12.3), and 
medusae (e.g., station 7.5), while some stations had a more diverse 
composition (e.g., station 6.1). The nMDS, computed on the integrated 
biovolumes of each taxa, revealed a clear inshore-offshore trend and 

Fig. 2. 3-D representation of temperature (◦C, top panel) and chlorophyll a (Chl a in mg m-3, bottom panel) over the Agulhas Bank in March 2019 from Port Alfred 
(East, right hand side) to the West (left hand side). The grey vertical lines correspond to the CTD casts and the black lines show the mixed layer depth based on the 
maximum buoyancy frequency (N2). T1 to T12 correspond to the transect numbers. 

Table 2 
Sumary table (average (avg.) ± standard error (se), minimum and maximum 
values) of zooplankton community parameters for all stations.  

All stations (n = 48) Avg. ± se Min. Max. 

Abundance (ind m-3) 2045 ± 51 57 10402 
Int. abundance (103 ind m-2) 154.1 ± 3.6 5.6 712.5 
Int. biovolume (103 mm3 m-2) 56.8 ± 1.1 4.4 249.4 
Int. dry biomass (g m-2) 2.41 ± 0.05 0.26 10.36 
Int. Carbon biomass (g C m-2) 1.04 ± 0.02 0.10 4.27 

NBSS – Slope − 0.99 − 1.42 − 0.35 
NBSS – Intercept 1.54 0.77 2.58 
NBSS - R2 0.65 0.43 0.98 
Size diversity 2.6 ± 0.01 2.0 3.0 

spAARS (nmol PPi hr-1 mg prot-1) 90.8 ± 0.6 41.3 203.4 
Int. ZP (g C m-2 d-1) 0.27 ± 0.01 0.03 1.55 
ZP (mg C m-3 d-1) 0.176 ± 0.004 0.020 1.162 

Int.: integrated, NBSS: Normalised Biovolume Size Spectrum; spAARS: specific 
aminoacyl-tRNA synthetases; ZP: Zooplankton Production. 
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differences amongst the different regions of the Bank (Fig. 5). Commu-
nities were significantly different between the outer- and inner-shelf 
(Fig. 5c and Supplementary Fig. 2; Permanova p = 0.001), while the 
composition at the stations of the mid-shelf was more variable (Permutest 
p < 0.05). The outer-shelf communities had a higher biovolume 
contribution of copepods (large Calanoida, Oncaea and other copepods) 
and medusae while the inner-shelf was more diverse with similar pro-
portions of Thalaciacea and Chaetognatha (Fig. 5a and b; Supplemen-
tary Fig. 2). 

Longitudinally, mesozooplankton communities on the wCAB were 
clearly distinguishable from the rest of the Bank (Fig. 5d), with a higher 

biovolume of Thalaciacea (<2 mm ESD) and large Calanoida (Fig. 5b). 
The communities on the wEAB and the eCAB were statistically indis-
tinguishable (Fig. 5d; Permutest and Permanova p < 0.05). The meso-
zooplankton communities on the eEAB were very variable compared to 
those in the other areas (Fig. 5d) considering that these transects 
covered a relatively short distance and small area, with clearly different 
communities at the inshore stations (1.1 and 1.2) compared to the 
offshore stations (1.3 and 2.3). The mesozooplankton composition at 
stations 1.1 and 1.2 were similar to station 6.1 and were noticeably 
different from those at the other stations by the almost total absence of 
large taxa (Figs. 4 and 5). We observed several stations with ‘unique’ 

Fig. 3. Mesozooplankton (a) integrated abundance (×103 ind m-2) and (b) integrated biovolume (mm-3 m-2) on the Agulhas Bank in March 2019. The size of the dots 
is proportional to the value of each variable represented. 

Fig. 4. Bar plot of the biovolume (top panel in ×103 mm3 m-3 and bottom panel in %) of all the taxa at all the stations sampled in March 2019 on the Agulhas Bank. 
The colours at the bottom correspond to the time of sampling with daytime in yellow, night-time in dark blue and twilight in light blue. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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mesozooplankton community compositions indicated by the large inter- 
sample distances on the nMDS. Station 7.3 (on the far-right hand-side of 
the ordination) was characterized by a high biovolume of Euphausiacea, 
leading to the low abundance and high biovolume described earlier 
(Figs. 3 and 5d). Stations 6.3, 7.4 and 7.5 were closer to station 7.3 on 
the ordination and had a high biovolume of Euphausiacea and medusae 
(Figs. 4, 5a and 5b). The mesozooplankton community at station 8.1, 
despite having the highest abundance and biovolume, appeared to be 
relatively typical of the entire shelf region (Fig. 5a). Overall, there was a 
slight trend of total biovolume being higher for the stations on the 
upper-left corner of the ordination as confirmed with the envfit function 
(p = 0.04, Fig. 5e) although some exceptions occurred, such as station 
7.3 which had a high biovolume but a different mesozooplankton 
composition to the other stations. 

Four environmental parameters were significantly related to com-
munity composition: MLD, SST, BLD and NPP (Fig. 5e). The BLD is, most 
likely, highlighting the grouping of the outer-shelf stations which had 
deeper BLD compared to the inshore stations, while the MLD and SST, 
which were slightly correlated to each other (rs = 0.32), showed a 
westward trend of increasing SST associated with a deepening of the 
MLD. Hence stations with high SST and deep MLD (in the west) 
appeared to be linked to a higher contribution of Thaliacea and large 
Calanoida, leading to higher total biovolumes (as shown by the “BV” 
vector in Fig. 5e). The NPP indicated an opposite trend to SST and MLD 
with lower NPP values on the wCAB compared to the other regions. The 
higher NPP were thus not linked to the higher total biovolumes and were 

more closely associated with the stations dominated by medusae, 
Euphausiacea and decapoda larvae. 

3.3. Size distribution 

The overall NBSS of the mesozooplankton size spectra had a slope of 
− 0.99 (p < 0.001, R2 = 0.65, n = 48; Table 2) and showed recognisable 
spatial patterns (Fig. 6). The overall NBSS slopes on the inner- (− 1.15) 
and mid-shelf (− 0.85) were significantly different from those on the 
outer-shelf (− 0.95, Ancova, p < 0.001, Fig. 7) while the inner- and mid- 
shelf were not statistically different from each other, most likely due to 
high variability of the mid-shelf stations (Ancova, p = 0.051). The 
mesozooplankton size spectra on the eEAB had a steep slope (− 1.39). As 
per the other parameters, the wEAB and the eCAB revealed similar 
slopes with intermediate values of − 0.79 and − 1.02, respectively 
(Ancova, p = 0.64) while the wCAB was characterised by the steepest 
NBSS slopes of − 1.43. The NBSS slopes on the eEAB and wCAB were 
statistically different from each other (Ancova, p < 0.001), although the 
number of samples on the eEAB is relatively small (n = 4) and caution 
should be taken when interpreting this difference of covariance. Station 
7.3 had a very low linear fit of R2 = 0.43 (Fig. 6a), partly because of a 
dome in the NBSS formed by the Euphausiacea in the large size bins 
2.7–3.7 mm ESD (not shown). The linear fit was otherwise relatively 
high at most stations with R2 > 0.8. The NBSS slopes were negatively 
correlated with abundance (rs = − 0.63, n = 48, p < 0.001) but not with 
biovolume, while the NBSS intercept was correlated with both 

Fig. 5. Ordination of the mesozooplankton samples 
based on a non-metric multidimensional scaling 
(nMDS) on integrated biovolume over the whole 
water column (or down to 200 m when deeper) of all 
the taxa (stress = 0.19). Pannels a and b represent the 
stations and the taxa, respectively, in 2D space (App: 
Appendicularia; S., M., L.Cal: Small, Medium, Large 
Calanoida; Chae: Chaetognatha; Decap: Decapoda 
larvae; Euph: Euphausiacea; Medu: Medusae; Oith: 
Oithonidae; Onc: Oncaeidae; O.Cop: Other Copepoda; 
O.Crust: Other crustacea; Siph: Siphonophorae; 
Thalia: Thaliacea). Pannels c, d and e show only the 
stations (dots) overlaid with the inner/mid/outer- 
shelf (c), the longitudinal zones (d; eEAB and wEAB: 
eastern and western East Agulhas Bank; eCAB and 
wCAB: eastern and western Central Agulhas Bank), 
and the integrated biovolume represented by the size 
of the dots (e). The significant environmental vari-
ables fitted using the envfit function are shown on 
pannel e (p < 0.05 grey dotted arrows, MLD: Mixed 
Layer Depth based on the maximum boyancy, SST: 
Sea surface temperature, BV: zooplankton total inte-
grated biovolume, BLD: Bottom mixed layer depth, 
NPP: Net Primary Production from Poulton et al., this 
issue).   
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abundance and biovolume (rs = 0.89 and 0.71, respectively, p < 0.001, 
n = 48). 

Size diversity was limited to values between 2 and 3, with the lowest 
values on the eEAB (2.12 ± 0.04) and at the inner-shelf stations (2.46 ±
0.01; Fig. 6b; KWcross-shore p < 0.05). The highest size diversity indices 
were found along transect 7, especially at the offshore stations and 
station 6.3 which were characterized by high biovolumes of Euphau-
siacea and medusae as described previously (Figs. 4 and 5). Size di-
versity was correlated to zooplankton abundances (rs = − 0.4, p < 0.01) 
and NBSS slopes (rs = 0.61, p < 0.001). 

3.4. Mesozooplankton enzyme activity and production 

Mesozooplankton spAARS activity was on average (±s.e.) 90.8 

(±0.6) nmol PPi hr-1 mg prot-1, varying from 41.3 to 203.4 nmol PPi hr-1 

mg prot-1 (Fig. 8a). The average (±s.e.) spAARS on the EAB was 
significantly higher than on the CAB (102.6 ± 1.1 and 76.9 ± 0.8 nmol 
PPi hr-1 mg prot-1, respectively), mostly due to the high values found on 
transect 6, and especially at station 6.4 (203.4 nmol PPi hr-1 mg prot-1). 
The lowest spAARS were observed on the wCAB (65.6 ± 3.3 nmol PPi hr- 

1 mg prot-1; Fig. 8a). The spAARS activity was not significantly corre-
lated with the NBSS slope (p = 0.06; n = 47; station 7.3 was removed as 
NBSS linear fit was <0.5), mesozooplankton abundance or biovolume 
(p > 0.7). 

The average (±s.e.) estimated mesozooplankton production (ZP) 
averaged 0.27 (±0.01) g C m-2 d-1 and 0.18 (±0.004) mg C m-3 d-1 on the 
Agulhas Bank in March. The integrated ZP varied greatly from 0.03 to 
1.55 g C m-2 d-1 (Fig. 8b). Integrated ZP was significantly correlated with 

Fig. 6. (a) Slopes of normalised biovolume size spectrum (NBSS, colorbar) overlaid with the linear fit of the NBSS (NBSS R2, dot size). (b) Size diversity calculated 
based on the kernel size distribution of all the organisms. 

Fig. 7. Normalised biovolume size spectrum for all 
the stations color coded according to the a priori 
zones: inner, mid and outer-shelf (left panel) and 
longitudinal zones (right panel; eEAB: eastern East 
Agulhas Bank, wEAB: western East Agulhas Bank, 
eCAB: eastern Central Agulhas Bank, wCAB: western 
Central Agulhas Bank). Average slopes are given for 
the different inner-to-outer-shelf and regional zones 
on the Agulhas Bank. (For interpretation of the ref-
erences to colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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carbon biomass (rs = 0.92, p < 0.001) and the NBSS intercept (rs = 0.63, 
p < 0.001). Hence high ZP were usually found at stations with high 
biomass (e.g., stations 7.3, 8.1, 11.1, and 12.1). The eEAB had the lowest 
integrated ZP (0.08 ± 0.01 g C m-2 d-1) while the wCAB had the highest 
values (0.40 ± 0.04 g C m-2 d-1; Fig. 8b). 

4. Discussion 

4.1. Comparison with other continental shelves 

The total mesozooplankton biomass on the Agulhas Bank during this 
cruise (average ± s.e.: 1.04 ± 0.02 g C m-2) was similar to other conti-
nental shelf seas, for example, 0.72–1.24 g C m-2 in the Yellow Sea (Sun 
et al., 2010) and 0.25–1.8 g C m-2 in the Celtic Sea (Giering et al., 2018). 
Mesozooplankton abundances found in this study (50–10401 ind m-3) 
were similar to those in the productive season in the South Brazilian 
Bight (2500–7970 ind m-3; Pereira Brandini et al., 2014). The values 
from our study are also within the range of copepod biomass measured 
during November surveys of the Agulhas Bank from 1988 to 2011 (1.05 
g C m-2 on average, J. Huggett pers. comm.; see Huggett, 2003). On 
average over the whole survey area, copepods comprised 65% (ranging 
from 5 to 97%) of the total mesozooplankton biomass in terms of carbon, 
while Verheye et al. (1994) estimated copepod relative abundance to be 
about 90%. The highest copepod biomass measured in the inner-shelf 
and on the wCAB (≥4 g C m-2; >4000 copepods m-3; >75 mg DW m-3) 
are even comparable to some upwelling systems, for example, 3.05 g C 
m-2 in the Benguela Upwelling (southern region) in summer (Huggett 
et al., 2009); >70 mg DW m-3 and 761 ind m-3 for the Chilean coastal 
upwelling (Escribano et al., 2012; Hidalgo et al., 2010, respectively); 
3–4 g C m-2 in the north-west of Spain (Valdes et al., 1990); 0.8–3.5 g C 
m-2 in north California (Mackas et al., 1991), and up to 2.4 g C m-2 in the 
north-west Pacific (Peterson and Keister, 2002). Hence, overall, the 
mesozooplankton and copepod biomass on the Agulhas Bank in autumn 

seems to be similar to other shelf systems, though the densities in some 
areas of the Agulhas Bank are more similar to productive upwelling 
conditions. 

Within the seasonal context, the values we observed in March (early 
autumn) are similar to the general distribution of copepods from 24 
surveys carried out in November (late spring – early summer) from 1988 
to 2011 (Huggett, 2003). We can thus question whether the meso-
zooplankton abundances we observed are typical and correspond to a 
peak in productivity in autumn. On the CAB, despite the high variability 
in the values reported, C. agulhensis seemed to peak from August to 
November (end of winter to spring (two-year survey); De Decker et al., 
1991) while on the west Agulhas Bank (Southern Benguela system), the 
highest zooplankton biomass was observed between February to April 
(end of summer to beginning of autumn; Verheye et al., 1994). Based on 
a 21-year climatology (remote sensing data), the highest NPP rates and 
Chl a concentrations are typically found from January to March (sum-
mer to early autumn) with a second peak of Chl a from July to September 
(end of winter to beginning of spring) (Demarcq et al., 2008; Mazwane 
et al., this issue). This seasonal cycle is, however, of weak magnitude 
with relatively high values found in winter compared to other shelf seas. 
The presence of phytoplankton the whole year round could partly 
explain why copepod egg production showed similar values in winter 
and summer (Huggett, 2003). Considering the lack of published 
zooplankton data and inter-annual variability, it is difficult to conclude 
whether mesozooplankton on the Agulhas Bank has a clear seasonality 
pattern and whether the concentrations found here in autumn corre-
spond to a peak in productivity. 

4.2. Inshore productive grounds 

The clear differences in mesozooplankton densities and communities 
found between the inner- and outer-shelf have been observed in other 
shelf seas (Li et al., 2012; Mackas and Coyle, 2005; Marcolin et al., 2013; 

Fig. 8. (a) Mesozooplantkon spAARS activity (nmol PPi hr-1 mg prot-1) equivalent of zooplankton growth. (b) Integrated mesozooplankton production (g C m-2 d-1; 
note that the colobar has been reduced to show the variability amongst the lower values of production, the maximum value is 1.5 g C m-2 d-1). Dot size is proportional 
to the variable. 
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Pereira Brandini et al., 2014; Sourisseau and Carlotti, 2006; Vandromme 
et al., 2014; Zhu et al., 2009). On the Agulhas Bank and on the shelf 
further north along the South African coast, mussel and fish larvae 
showed a similar trend (Beckley and Van Ballegooyen, 1992; Weidberg 
et al., 2015). In this study, the inshore mesozooplankton community 
composition was different from the outer-shelf due to a higher propor-
tion of small taxa (e.g., Calanoida, Oithonidae, Appendicularia) 
compared to larger mesozooplankton groups. High biomass, together 
with steep NBSS slopes, has been observed in other inshore environ-
ments (Marcolin et al., 2013; Vandromme et al., 2014) and can be 
associated with productive ecosystems dominated by herbivorous 
zooplankton organisms, usually smaller in size compared to carnivorous 
species. Alternatively, it can also be related to an increase in juvenile 
organisms due to enhanced reproduction stimulated by food availability 
(García-Comas et al., 2014; Giering et al., 2018; Mackas and Coyle, 
2005; Zhou, 2006; Zhou and Huntley, 1997). 

While NPP and integrated Chl a did not differ significantly between 
the inshore and offshore stations during the cruise (Poulton et al., this 
issue), long-term trends based on satellite data showed that the highest 
NPP are often observed in the inshore waters of the Agulhas Bank, partly 
fuelled by local coastal wind-driven upwelling (Demarcq et al., 2008, 
Mazwane et al., this issue). In situ Chl a measurements from previous 
studies have also detected inshore maxima (Probyn et al., 1994). 
Enhanced food availability for mesozooplankton could thus explain the 
higher abundance and biovolume, as well as the NBSS parameters 
measured during our survey. The mismatch between phytoplankton and 
mesozooplankton distributions during this cruise can likely be attrib-
uted to differences in the response time of these two compartments, with 
phytoplankton being able to adapt to changing environmental factors 
within a day or two. 

The accumulation of biomass at the inshore stations of the Agulhas 
Bank might also be linked to retention mechanisms due to coastal (re-) 
circulation patterns and diel or ontogenic vertical migration behaviour 
of zooplankton (Huggett and Richardson, 2000; Peterson, 1998; Weid-
berg et al., 2015). Unfortunately, the lack of current data during this 
cruise did not allow us to investigate the influence of the inshore cur-
rents although previous studies have shown that currents on the inner 
bank are relatively slow, especially on the west CAB (Boyd and Shil-
lington, 1994; Jackson et al., 2012). Along the Tsitsikamma coast, be-
tween ~23.5◦E and 24.5◦E (transects 7 and 8), where high 
mesozooplankton biomasses were observed, strong coastal wind-driven 
upwelling has been observed with eastward coastal currents (Boyd and 
Shillington, 1994; Roberts and van den Berg, 2005) which may imply 
recirculation and therefore possible accumulation of organisms here. 

4.3. Influence of the Agulhas Current 

The low abundance and shallow NBSS slopes observed at the outer- 
shelf stations are typical of a more oceanic environment, influenced by 
the warm oligotrophic Agulhas Current that flows a few nautical miles 
away, parallel to the shelf break. This interpretation agrees with other 
regions where less productive waters support less biomass and a better 
trophic transfer efficiency within the food web, as indicated by the 
shallow slopes (Marcolin et al., 2013; Vandromme et al., 2014; Zhou, 
2006). The higher proportion of large mesozooplankton compared to 
small taxa on the outer-shelf could be attributed to a greater proportion 
of large carnivores (Mackas and Coyle, 2005). Moreover, larger gelati-
nous organisms (taxa medusae) were relatively more frequent at the 
outer-shelf stations than inshore (Fig. 5 and Supplementary Fig. 4), 
further driving shallow NBSS slopes. Finally, part of the large biovolume 
on the outer-shelf was also due to the high biovolume of large Calanoida. 
Calanus agulhensis developmental stages revealed an inshore-offshore 
long-term trend with older stages further offshore and westward, 
though the reason for this is still under discussion (J. Huggett pers. 
comm.). Overall, however, it seems that the inner- and outer bank 
mesozooplankton communities differ from each other due mostly to the 

high biovolume in the small size bins of the NBSS at the inshore stations 
rather than a change within the large size bins (Supplementary Fig. 4). 

We observed the most distinct offshore communities (based on size 
diversity and community composition) on transect 7 and 6 (stations 6.3 
and 7.3–7.6) which may indicate the influence of the Agulhas Current. 
The Agulhas Current interacts extensively with the ecosystem of the 
Bank through shelf-break upwelling as well as meanders and eddies 
formed on its inshore side and propagating south-westwards (Lutje-
harms, 1981; Lutjeharms et al., 1989). Previous work has discussed how 
these meanders contribute to the uplift of nutrient enriched waters into 
the euphotic zone (Goschen et al., 2015; Jackson et al., 2012; Lutje-
harms et al., 1989, 2003; Malan et al., 2018). We hypothesise that the 
high biomass and the different taxa composition at the stations offshore 
of 7.3 are a consequence of one of these meanders. Transect 7 had high 
Chl a concentration, a well-defined doming of the isotherms with 
slightly cooler surface temperatures at stations 7.3 and 7.4 (Fig. 2; see 
also Fig. 2b in Poulton et al., this issue), a relatively high concentration 
of upper ocean nitrate (see Fig. 3c in Poulton et al., this issue) and a low 
particulate load at stations 7.3 to 7.6 (i.e., clear waters, see Fig. 5 in 
Giering et al., this issue). These elements suggest that cold, 
nutrient-enriched waters were present in the upper water column at the 
time of sampling. Remote sensing of sea level anomalies showed a 
relatively stable Agulhas Current flowing along the shelf break with 
meanders on its inshore edge (Supplementary Fig. 3a). Whether these 
meanders were intense enough to trigger upwelling of nutrient rich 
water to the surface has, however, not been proven. Having said that, an 
intrusion of low Chl a concentration filament was observed in the sur-
face waters crossing transect 6 (Modis), most likely indicating distur-
bances triggered by a meander (Supplementary Fig. 3b). Another 
indicator of disturbance is the low NBSS linear fit at station 7.3 (r2 =

0.26), often called a “dome” in the size spectrum theory (Quinones et al., 
2003; Sourisseau and Carlotti, 2006; Zhou, 2006). This dome was caused 
by a high biovolume of large Euphausiacea that might indicate an 
advection phenomenon as described here or the sudden passage of 
active swimmers. Though the latter could be linked to diel vertical 
migration as this station was sampled at night, we consider this unlikely 
as our net tows sampled the entire water column (hence catching mi-
grators regardless of their location in the water column) and we did not 
observe systematic differences between daytime and night-time samples 
(see Section 2.4). Station 6.3 is similar in composition and size diversity 
index to stations 7.4 and 7.5 (Figs. 4–6). While it is possible that this 
station was influenced by the same meander and therefore experienced 
similar ecosystem disturbances to the offshore stations on transect 7, a 
direct link is difficult to establish without an extensive analysis of the 
currents at the time of our survey. However, this is outside the scope of 
this study. 

Another explanation for the mesozooplankton composition at these 
stations is linked to the advection of waters from the east. It has been 
suggested that cold water on the Agulhas Bank can originate from water 
being upwelled east of 26◦E, often referred to as the “Port Alfred” up-
welling, which then moves westwards on the shelf (Largier and Swart, 
1987; Lutjeharms, 2006; Swart and Largier, 1987). High surface 
remotely sensed Chl a concentrations were observed in that region on 
16–17 March 2019, nine days prior to the cruise (data not shown). 
Assuming a westward current speed of approximately 0.2 m s-1 (L. 
Hancke, pers. comm.), this Chl a enriched water could have reached 
transect 7 in about 10–15 days (~180–265 km), which is when sampling 
was conducted. Hence localised upwelling or advection of waters from 
the east could explain the presence of an atypical mesozooplankton 
community at the offshore stations of transect 7. 

4.4. Longitudinal differences in mesozooplankton community 

The second noticeable trend in the mesozooplankton community on 
the Agulhas Bank was the longitudinal differences with three distinct 
zones: the far east of the Agulhas Bank (off Port Alfred), the central part 
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of the Bank (wEAB and eCAB, between 22 and 26◦E) and the far west of 
the CAB (west of 22◦E). 

The coast between Port Alfred and Algoa Bay has been identified in 
the literature as an upwelling centre stimulating production (Goschen 
et al., 2012; Goschen and Schumann, 1988; Mazwane et al., this issue). 
The hydrographic and nutrient profiles show that the upwelling was not 
active at the time of sampling. Chl a concentration was, however, 
relatively high, especially at station 1.1, while NPP was relatively low 
(Poulton et al., this issue). Giering et al. (this issue) highlighted the 
presence of large (>100 μm) Chl a rich aggregates or phytoplankton 
cells and suggested that these indicate the end of an upwelling event. 
The low mesozooplankton biovolume, as well as the size characteristic 
of the community (steep slope and low size diversity), suggest a short 
food web with low trophic transfer efficiency. Yet the high linear fit of 
the NBSS highlights a steady environment without any perturbation 
which is often observed in stable environments (e.g., no blooms) such as 
oligotrophic systems (reviewed by Sprules and Barth, 2015). Finally, the 
spAARS activity was average, suggesting that the mesozooplankton was 
not responding to a pulse of phytoplankton or that the food was un-
available to the mesozooplankton community (e.g., not the right size or 
species). The Port Alfred upwelling might be too short-lived or the 
environment too turbulent (i.e., narrow shelf strongly influenced by the 
Agulhas Current) to be able to see a mesozooplankton response at that 
location. 

The wEAB and eCAB were similar in terms of mesozooplankton taxa 
composition, integrated biovolumes and size structure, indicating that 
these regions are relatively well connected and experience similar 
drivers, of which the distance to the coast might be the dominant one. 

Finally, the wCAB (inner-shelf of transect 11 and 12) was clearly 
distinguishable from the other stations. This region was characterized by 
deeper MLD, low NPP (Fig. 5e), high integrated Chl a and deep (>30 m) 
Chl a maximum, as well as low dissolved oxygen below the upper mixed 
layer (see Giering et al., this issue). Giering et al. (this issue) proposed 
that this low dissolved oxygen could be the result of accumulated 
remineralisation caused by the presence of a retention area with low 
current speed and a cyclonic circulation (Boyd et al., 1992; Boyd and 
Shillington, 1994). Poulton et al. (this issue) also highlighted high ni-
trate to phosphate concentrations in the bottom waters of that area, a 
potential signal of sedimentary denitrification in the retention area. At 
these stations, the elevated biomass of doliolids and Calanoida copepods 
found during our survey may also have contributed to this low dissolved 
oxygen zone by additional respiration and/or production of particles (e. 
g., carcasses, sloppy feedings, faecal pellets) which are an organic rich 
habitat for bacteria and other organisms (Frischer et al., 2021; Thor 
et al., 2003). Doliolids are known for their asexual and sexual repro-
duction modes which enable them to rapidly ‘bloom’, reaching high 
concentrations in a short period of time when food conditions are 
favourable (Ishak et al., 2020; Martin et al., 2017; Paffenhöfer and 
Köster, 2005; Takahashi et al., 2015; Walters et al., 2019). Hence the 
increase in food availability (high integrated Chl a), coupled with the 
recirculation, might favour enhanced Calanoida and doliolid biomass 
and resulted in the steep NBSS slopes on the wCAB. 

On the CAB along the 100 m isobath, high copepod biomass has 
previously been reported and linked to the presence of a ‘Cold Ridge’ 
(Peterson and Hutchings, 1995). This was largely based on a few cruises, 
especially the ones from 1988 to 1989 when high concentrations of 
zooplankton were reported over the whole Bank (~2 g C m-2, assuming a 
40% of carbon to dry weight ratio). Later, with 24 cruises from 1988 to 
2011, Huggett (2003) confirmed that copepod biomasses are high along 
the 100 m isobath on the CAB, mostly driven by the large calanoid 
C. agulhensis. During our study, we did not observe a Cold Ridge, yet 
copepods were extremely abundant in this region (max = 4 g C m-2). Our 
data suggest that zooplankton biomass can be high in this region with or 
without the presence of a marked dome of cold water. We hypothesise 
that the high biomass of zooplankton observed on the wCAB was not 
linked to any specific upwelled water but rather due to a less dynamic 

environment which allows concentration and retention of biomass with 
greater remineralisation than the rest of the Bank. Other mixing mech-
anisms, such as internal tides or wind, can also be at the origin of 
increased production in this area, contributing to the diffusion of 
nutrient in the surface layer (Jackson et al., 2012; Largier and Swart, 
1987). 

4.5. Mesozooplankton production and trophic transfer efficiency on the 
Agulhas Bank 

The spAARS activity of zooplankton on the Agulhas Bank (90.8 ± 0.6 
nmol PPi hr-1 mg prot-1) was lower than measurements from Northwest 
Australia (~140 nmol PPi hr-1 mg prot-1 for size fraction >150 μm) 
while ZP estimates were similar (~0.28 g C m-2 d-1, McKinnon et al., 
2015, Table 2). Our values were also in the same range as previous es-
timates made by Peterson and Hutchings (1995) on the Agulhas Bank 
(0.04–0.4 g C m-2 d-1) and in the Alboran coastal waters (South-West 
Mediterranean Sea) (0.18 mg C m-2 d-1, Yebra et al., 2017b), which were 
much higher than previous studies of the same region (0.0006–0.06 mg 
C m-2 d-1, Yebra et al., 2017b and references within). It is worth noting 
that, due to the vertical nets used during our cruise, the biomass and 
production were integrated over the whole water column. In the 
calculation of the ZP (using the Arrhenius equation), we thus used an 
average in situ temperature (Yebra et al., 2017a). Due to the strong 
stratification on the Bank (>18◦C in surface waters, 10◦C in deep wa-
ters), these average temperatures tended to be relatively low (average of 
12.8◦C) compared to upper ocean waters (closer to 20◦C). Zooplankton 
perform diel vertical migration, so it is most likely that they spend time 
above and below the thermocline. This behaviour is well described for 
C. agulhensis, one of the dominant copepods on the Bank (Huggett and 
Richardson, 2000). If zooplankton spent more time in the upper layer, it 
is possible that the ZP estimations presented here are slightly under-
estimated (average value of ~0.45 g C m-2 d-1 when SST is used which is 
~1.5 times higher than we presented). 

Overall, spAARS did not vary much over the survey area and only 
transect 6 (and 7 and 8 to a lesser extent) showed high spAARS values, 
which, as hypothesised above, could be linked to a local upwelling or 
horizontal advection of water. Hence biomass was the main driver of the 
distribution of ZP on the Agulhas Bank, as in other studies (Garijo and 
Hernández-León, 2015 and references within). The lack of correlation 
between ZP and integrated Chl a or NPP suggests that phytoplankton 
was not the main driver of the distribution of ZP. The trophic transfer 
efficiency represented here by plotting NPP (Poulton et al., this issue) 
against ZP (Fig. 9), both measured simultaneously during the cruise, was 
variable, with a set of values sitting along the 30% and 100% efficiency, 
while other values were far above the 1:1 line. Most of the stations with 
30% efficiency were on the EAB and outer- and mid-shelf of the eCAB. 
This value agrees with previous estimations whereby copepods would 
consume 20% (C. agulhensis and small copepods only; Peterson and 
Hutchings, 1995) or 30–50% (based on a 100% phytoplankton diet; 
Verheye et al., 1994) of the daily primary production. The higher effi-
ciency values (~100%) are mainly found at stations sampled on the 
inner- and mid-shelf of the CAB where high biovolumes were found. 

Some methodological aspects need to be considered when inter-
preting these data. The mesozooplankton were not size-fractionated 
prior to measurement of their enzymatic activity, hence the ZP esti-
mates represent the whole community, including non-herbivorous spe-
cies which do not rely on photosynthetic organisms as prey. The Agulhas 
Bank had a relatively low number of diatoms (Poulton et al., this issue), 
suggesting that trophic energy was also channelled via micro-
zooplankton which was not estimated during this cruise. Despite these 
methodological considerations and considering that microzooplankton 
have an important grazing impact on phytoplankton (Armengol et al., 
2019), our data suggest that the mesozooplankton on the Agulhas Bank 
may be food-limited which is in agreement with the conclusion of 
Peterson and Hutchings (1995). This conclusion, however, contradicts 
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other studies which highlighted that trophic relationships have a 
stronger impact on ZP than hydrographic conditions (Yebra 2007b and 
references within). This discrepancy can also be due to the fact that 
cruises are only a snapshot of a system that is often far from steady-state, 
and even more so in the case of the highly dynamic Agulhas Bank. 

Four stations showed a drastic difference between ZP and NPP: sta-
tions 7.3, 7.6, 8.1 and 11.1, all of which had high biomass, high ZP and 
low NPP (Fig. 9). The two stations on transect 7 were, as discussed 
above, most likely influenced by a local upwelling or advection. At 
station 8.1, chaetognaths, large calanoids and Euphausiacea represented 
77.5% of the total carbon biomass. This station was also characterised by 
high bottom turbidity, low particle load in the MLD (Giering et al., this 
issue), a deep euphotic zone (Poulton et al., this issue) and average in-
tegrated Chl a concentration. As discussed before, this section of the 
coast is subject to wind-driven coastal upwelling, and surface remotely 
sensed Chl a concentrations were relatively high 10 days prior to the 
cruise. The high mesozooplankton biomass we observed might be in 
response to that past event. Station 11.1 had a high biomass of large 
Calanoida (64% of the total carbon), an above average ZP, but more 
striking was the very low NPP with a sub-surface Chl a maximum at 32 
m, most likely due to photo-acclimated deep phytoplankton (Poulton 
et al., this issue). The overall integrated Chl a concentration was, how-
ever, relatively high and might have contributed to sustain the high 
mesozooplankton density. The strong imbalance between carbon de-
mand (ZP) and carbon supply (NPP) is most likely due to the dynamic 
nature at these stations, the complex marine trophic relationships and 
the fact that primary and secondary producers have different time re-
sponses. Snapshot measurements, like those from short cruises, cannot 
always resolve such complex relationships. 

It is interesting to note that steep NBSS slopes, which imply a higher 
proportion of small organisms compared to large ones, were not corre-
lated to ZP or spAARS (p > 0.05, n = 47). One could have expected 
higher spAARS in a system dominated by small-sized organisms 
(including juveniles) due to their higher metabolic rates (Brown et al., 

2004). This lack of correlation may be due to the fact that the enzymatic 
assay was done on the whole mesozooplankton community and that 
somatic growth may not be as sensitive to environmental changes as 
other physiological parameters. For instance, reproduction is more 
sensitive to food availability than growth (Kiørboe, 1998). The negative 
relationship between NBSS slopes and intercepts contradicts the size 
spectrum theory whereby shallow NBSS slopes would usually lead to 
higher biomass due to better transfer efficiency between trophic levels 
(reviewed by Sprules and Barth, 2015). In the literature, however, 
positive and negative relationships between these two parameters have 
been found, meaning that steep slopes are found in both oligotrophic 
and productive ecosystems (e.g., Giering et al., 2018; Marcolin et al., 
2013; Noyon et al., 2020; San Martin et al., 2006; Vandromme et al., 
2014; Zhou et al., 2009; Zhou and Huntley, 1997). As suggested by 
Marcolin et al. (2013), it is important to take into consideration the size 
range used to compute a NBSS. For instance, Giering et al. (2018) found 
a positive correlation between the NBSS slopes and intercepts, but 
phytoplankton were included in the NBSS and the study was over three 
seasons. Over the spring productive season, however, they found a steep 
zooplankton NBSS slope which they interpreted as a response of the 
zooplankton to the spring bloom (Giering et al., 2018) which is similar to 
our interpretation on the inner bank. It is thus important to consider the 
ecosystem’s overall context at the time of sampling when interpreting 
NBSS parameters. 

4.6. Concluding remarks and implications for ecosystem productivity 

This study highlighted a clear inshore-offshore gradient with a 
higher abundance and biovolume of mesozooplankton in the inshore 
waters, together with a larger proportion of small organisms compared 
to large ones. Mesozooplankton, including large calanoids, seem to 
accumulate on the inner-shelf of the CAB, most likely due to the local 
circulation and the possible presence of a retention cell, which is partly 
fuelled by organic matter remineralisation processes, which requires 
additional focused investigation. On the EAB and CAB in autumn, the 
mesozooplankton biomass and production was, overall, in the same 
range as other continental shelf seas, and the CAB was even comparable 
to upwelling regions. This relatively high mesozooplankton biomass 
may be caused by the distinct hydrography and seasonal cycle in pri-
mary production. Compared to other shelf seas, the Agulhas Bank is 
characterised by an intense thermocline, partly caused by shelf-edge 
upwelling, advecting Indian Ocean Central Water onto the shelf (Boyd 
and Shillington, 1994; Jackson et al., 2012; Swart and Largier, 1987). 
The cold nutrient-enriched bottom water is available throughout the 
year and can fuel primary production in the sunlit layer, depending on 
the thermocline dynamics (e.g., mixing, vertical diffusion; Poulton et al., 
this issue). This may explain the weak magnitude of the primary pro-
duction seasonal cycle on the Agulhas Bank (Demarcq et al., 2008; 
Mazwane et al., this issue), which can provide a relatively constant 
source of prey for zooplankton communities. Overall, the nutrient sup-
ply processes operating on the CAB and EAB may work very differently 
from other shelf seas of similar latitudes and require further investiga-
tion, especially during the winter when stratification might still exist. It 
has also been suggested that the high biomass of copepods on the CAB 
and EAB could be a consequence of reduced predation pressure from 
fish, which are less abundant there compared to the west coast of South 
Africa (Peterson et al., 1992; Verheye et al., 1994). 
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