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Abstract
The distribution of nutrients in the Mascarene Plateau is poorly studied due to limited data collected in the region. 

This study investigated the distribution of nutrients in the water column of the Saya de Malha and eastern slope of 

the Nazareth Banks. Water samples were collected at the Saya de Malha and eastern slope of Nazareth Banks during 

the scientific expedition on board the R/V Fridtjof Nansen in May 2018 and the vertical profiles of physical parame-

ters were used to identify the different water masses. Phosphate, nitrate and silicate showed typical nutrient profiles 

along with the nutriclines. The dissolved oxygen and chlorophyll-a showed a correlation with nutrients. Most of the 

sampling stations on the Saya de Malha and Nazareth Banks showed high oxygen saturation above 92 % in the upper 

75 m. Low chlorophyll-a values were recorded at both banks indicating an oligotrophic system. The nutrient results 

also reveal an increase in the concentration towards the northern part of the region due to the South Equatorial 

Current crossing the plateau. 
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Introduction
The physical oceanography of the Southern Indian 
Ocean (SIO) remains poorly studied compared to the 
northern parts of the Indian Ocean or other ocean 
basins such as the South Atlantic (New et al., 2005). 
This is due to limited research surveys carried out in 
the SIO region, resulting in less hydrographic data 
being available (Badal et al., 2009; Stramma and Lut-
jeharms, 1997). The research surveys conducted have 
mainly been based on the currents, water masses or 
chlorophyll concentrations. Following the hydro-
graphic survey of the RSS Charles Darwin in 2002, 
the presence of large-scale flow patterns and water 
masses which may affect part of the SIO was studied 
(New et al., 2005). Little is known on the impact of flow 
on seasonal physical parameters such as temperature 
and chlorophyll concentrations (Badal et al., 2009).  
A study on the dynamics of the flows in the region of 
the Mascarene Plateau has been conducted by Schott 
and McCreary (2001) who observed the occurrence of 
an Ekman divergence due to the north-east monsoon, 
previously described by Ragoonaden et al. (1987), as a 
divergence zone in the western part of the Plateau.

The subtropical Indian Ocean gyre is dominant in the 
region (Stramma and Lutjeharms, 1997). The South 
Equatorial Current (SEC) passes directly through the 
Mascarene Plateau near 60° E where the current con-
tinues and splits into two cores, i.e. the northern and 
southern core, towards the eastern coast of Madagas-
car (New et al., 2007). The northern core passes across 
the Plateau through the channel between the Saya de 
Malha and Nazareth Banks which may be a significant 
obstacle to the flow below 200 m depth (New et al.,  
2007) while the southern core passes through the 
south of Cargados-Carajdos Bank and north of Mau-
ritius (Bhagooli and Kaullysing, 2019). However, there 
is sparse information on how the SEC crosses the Pla-
teau or the impact of the flow on the biochemistry of 
the region (New et al., 2007).

The biogeochemical cycles in the ocean are mainly 
controlled by biological processes in which nutrients 
play a major role as indicators for primary produc-
tivity. The Indian Ocean accounts for 15 – 20 % of 
the net primary productivity of the total ocean (Gar-
cia et al., 2018). The Southern Ocean usually receives 
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nutrients from the Antarctic Circumpolar Current 
where high concentrations of phosphate, nitrate and 
silicate can be found in the surface layer of the polar 
water; south of the subtropical convergence (Panassa 
et al., 2018). However, since their primary production 
could be controlled by the availability of light and 
trace metals like iron (Fe), these waters show a small 
vertical gradient in nutrient concentrations (Garcia 
et al., 2018; Panassa et al., 2018; Grand et al., 2015).  
The surface waters in most parts of the Indian Ocean 
are oligotrophic ( Jena et al., 2013; Schlüter et al., 2011) 
due to the presence of a strong upper thermocline 
which prevents the supply of nutrients from the sub-
surface to the euphotic zone (Garcia et al., 2018; Res-
plandy et al., 2009; Gupta and Desa, 2001). 

Limited studies on the nutrient distribution have 
been carried out in the southern Indian Ocean, most 
specifically on the Mascarene Plateau. The Plateau is 
considered to be the largest fishing bank (Munbodh, 
2014) and major source of frozen fish for the Mau-
ritian market, representing around 30 % of total fish 
consumption, where most fish are caught at a depth of 
0 –100 m at Saya de Malha and Nazareth Banks (Bha-
gooli and Kaullysing, 2019; Degambur and Sólmunds-
son, 2005; Ardill, 1986). Thus, studies on the nutrient 
distribution in the water column on the Mascarene 
Plateau are of great importance.

The present study aimed at determining the distribu-
tion of nutrients across the Saya de Malha and Naza-
reth Banks. It was also attempted to correlate nutrient 
distribution with dissolved oxygen and chlorophyll-a 
(chl-a) at the Saya de Malha and eastern part of the 
Nazareth Banks. 

Materials and methods
Study site 
Data for this study were collected in May 2018 during 
an expedition on board the R/V Fridtjof Nansen (2018 
EAF-Nansen programme) in the region of Saya de 
Malha and the eastern slope of the Nazareth Banks 
located in the SIO. The study area covers the region 
of Saya de Malha from 09°S to 12°S and 59°E to 62°E 
and the eastern slope of Nazareth Bank from 13°S to 
15°S and 60°E to 61°E (Fig. 1). The Mascarene Plateau 
is a submarine plateau located in the Western Indian 
Ocean around 2300 km south of the equator (Fisher 
et al., 1967; Payet, 2005); lying between Seychelles (4°S, 
56°E) and Mauritius (20°S, 57°E). The Mascarene Pla-
teau consists of chain of shallow banks (also known as 
shoals) that form a crescent-like feature from north 

to south, separated by deeper channels (Payet, 2005). 
The Saya de Malha Bank (North and South banks), 
located between 8°30’S - 12°0’S and 59°30’E - 62°30’E 
(Vortsepneva, 2008), is the largest fishing bank in 
the plateau with an area of 40,000 km2 (Betzler et al., 
2021). The seabed is jointly managed by the Repub-
lic of Mauritius and the Republic of Seychelles by a 
Commission established under the United Nations 
Convention on the Law of the Sea. The southern bank 
is the focus of this study.

The Nazareth Bank is part of the Exclusive Economic 
Zone of 2.3 million km2 (excluding the Saya de Malha 
bank) of the Republic of Mauritius and is situated south 
of the Saya de Malha Bank separated by a 100 km chan-
nel with a depth of around 1100 m (New et al., 2007). 

in situ measurement and sample collection
The vertical profiles of temperature, salinity and 
conductivity were obtained by a Seabird SBE 9 CTD 
probe. Twelve 10L-Niskin bottles attached to the CTD 
rosette were used to collect water at predefined depths 
along the hydrographical transects. The standard 
sampling depths were set at: 2000, 1700, 1500, 1200, 
1000, 750, 500, 400, 300, 200, 100, 75, 50, 25 and 5 m 
(Table 1). 

In total, 145 seawater samples at 27 CTD stations in 
Saya de Malha Bank and 21 seawater samples at 7 CTD 
stations in Nazareth Bank were collected in dupli-
cates from the Niskin bottles for the measurement of 
nutrients. Once seawater samples were collected from 
the Niskin bottles, they were filtered through a nylon 
membrane syringe filter of pore size 0.2 µm in a PE 
tube (30 mL) and immediately stored at -20 °C during 
the cruise pending measurements.

The CTD was also equipped with sensors measuring 
chl-a (Chelsea Aquatracka III) and dissolved oxygen 
(SBE 43) in the water column.

Nutrient analyses 
Nutrient analysis of seawater samples was carried out 
in the laboratory at the Mauritius Oceanography Insti-
tute. The concentration of nutrients (phosphate, PO4

3-; 
nitrate, NO3

-; nitrite, NO2
-; ammonia, NH4

+ and sili-
cate, SiO4

4-) in the water column was determined using 
standard colorimetric analysis (Grasshoff et al., 2009) 
on an automated nutrient analyser equipped with a 5 
cm absorbance reading unit (SYSTEA Easychem Plus) 
following recommended protocols supplied by the 
equipment manufacturer. Deionised water and filtered 
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seawater (low nutrient) were used for sample prepara-
tion and analyses. For reproducibility of nutrient mea-
surements between analyses, in-house standards were 
used which were regularly compared with certified ref-
erence materials for nutrients in seawater. 

Phosphate determination is based on the molybde-
num blue method described by Murphy and Riley 
(1962). In acidic medium, phosphate present in the 

samples reacts with ammonium molybdate and potas-
sium antimony tartrate to form an antimony-phos-
pho-molybdate complex which is further reduced to 
an intensely coloured molybdenum blue complex by 
ascorbic acid where it is measured at 880 nm. 

Nitrate is determined by the reduction of nitrate to 
nitrite with a cadmium reduction column incorpo-
rated in the automated nutrient analyser. Nitrite reacts 
with sulfanilamide under acidic conditions to form 
a diazonium compound which in turn couples with 
N-(1-Naphthyl)-ethylenediamine dihydrochloride to 

form a coloured azo dye complex; measured at 543nm 
(Strickland and Parsons 1968). The determination 
of ammonia employs an indophenol-blue reaction 
between ammonia, phenol and hypochlorite in an 
alkaline medium described by Grasshoff et al. (1972). 
The indophenol colorimetric reaction is modified by 
the introduction of the catalyst nitroprusside which 
accentuates the blue colour at room temperature 
where the absorbance is measured at 630 nm.

Silicate is determined by the reduction of silicate-mo-
lybdate by ascorbic acid in acidic medium based on 
the method described by Koroleff (1972). Oxalic acid 
is added before addition of ascorbic acid to prevent 
interference of phosphate in the samples.

Ammonia and nitrite concentrations were below 
detection limit. The relative error of duplicate sam-
ple measurements was on average below 2 % and the 
detection limit was < 0.2 µm for NH4

+, < 0.1 µm for 
NO2

-, < 0.05 µm for PO4
3- , < 0.08 µm for NO3

-, and  
< 0.07 µm for SiO4

4-.

Figure 1. A: Map of the Indian Ocean showing location of the study; B: Study sites at Saya de Malha and Nazareth Banks; C: Sampling sites at 

Saya de Malha Bank; D: Sampling sites at Nazareth Bank. 

Figure 1. 
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Calculations, graphical plots and  
statistical analysis 
Oxygen gas solubility was calculated as a function of 
in situ temperature, salinity and one atmospheric of 
total pressure using the equation of Garcia and Gor-
don (1992) and oxygen solubility coefficient values 
of Benson and Krause (1984). The oxygen saturation 
was calculated as percentage by dividing the concen-
tration of oxygen in the samples by the oxygen solu-
bility. Depth profiles were been built up for tempera-
ture, salinity, dissolved oxygen, nutrients and chl-a by 

calculating the average mean at each standard depth: 
5, 25, 50, 75, 100, 200, 300, 400, 500, 750, 1000, 1500, 
2000 m. The statistical analysis was carried out using 
GraphPad Prism version 8.4.3 software (San Diego, 
California, USA). For statistical analysis, the data was 
first tested for normality where non-normally dis-
tributed data were converted. The one-way ANOVA 
was used to determine any significant differences 
between the stations at Saya de Malha and Nazareth 
Banks, respectively, and two-way ANOVA was used to 
determine any significant differences with depth for 

Figure 2. Vertical profiles at the Saya de Malha Bank illustrating the changes with depth of common parameters temperature, salinity, 

dissolved oxygen, phosphate, nitrate and silicate.

Table 1. Predefined depths down the water column at different bottom-depth stations on board the RV Fridtjof Nansen.

Stations Defined depth for water sampling from sea surface

Shallow (bottom-depth < 30 m) 5, 25

Intermediate (bottom-depth < 100 m) 100, 75, 50, 25, 5

Deep stations (bottom-depth < 500 m) 500, 400, 300, 200, 100, 75, 50, 25, 5

Extra deep (bottom-depth > 1000 m) 1000, 750,500, 400, 300, 200, 100, 75, 50, 25, 5

(µm) (µm) (µm)



19A. Audit-Manna et al.  |  WIO Journal of Marine Science  Special Issue 2 / 2021 15-32

nutrients. Pearson’s correlation coefficient was used to 
determine the correlation between the nutrients with 
dissolved oxygen and chl-a.

Results 
The distribution of nutrients is usually affected by the 
physical dynamics of the ocean. The physical charac-
teristics of the study regions were briefly studied in 
order to further understand the distribution of nutri-
ents at the Saya de Malha and Nazareth Banks.

Concentration depth profile
Figures 2, 3 and 4 show the depth profiles of tempera-
ture, salinity, dissolved oxygen, phosphate, nitrate and 
silicate on the Saya de Malha and eastern slope of the 
Nazareth Banks. The bottom depths on the Saya de 
Malha plateau varied from 26 (CTD 403) to 380 m 
(CTD 432) at 24 sampling stations, and for the three 
sampling stations (CTD 392, 412 and 434) in deeper 
waters around the plateau, the bottom depths varied 

from 1068 to 2347 m. At the Nazareth Bank, the bottom 
depths ranged from 31 (CTD 437) to 242 m (CTD 441). 
The sampling depths at Saya de Malha ranged from 5 
to 300 m, and for the deeper stations ranged from 5 to 
2000 m, and 5 to 100 m for the Nazareth Bank.

On the Saya de Malha plateau, a surface tempera-
ture of 28 °C was observed in the upper 50 m which 
decreased down the water column to 12.5°C. The 
upper 25 m displayed a minimum salinity with values 
of 34.2 to 34.5 PSU which gradually increased to 35.0 
PSU. The water column showed a stable stratification 
where the pycnocline occurred at around 30 to 50 
m. The concentration of dissolved oxygen decreased 
gradually with increasing depth from 205 to 107.2 µm. 
Phosphate [PO4

2-], nitrate [NO3
-] and silicate [SiO4

4-] 
showed the typical nutrient depth profile, with low 
concentrations on the surface which increases with 
depth. [PO4

2-], [NO3
-] and [SiO4

4-] ranged from 0.26 
to 1.12 µm, 0.14 to 24.74 µm and 1.56 to 29.94 µm 

Figure 3. Vertical profiles in the deeper waters around the Saya de Malha plateau illustrating the changes with depth of temperature, salinity, 

dissolved oxygen, phosphate, nitrate and silicate.
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respectively. In general, the concentration of chl-a 
showed a decrease down the water column, ranging 
from 0.27 to 0.02 µg/l. However, an increase in chl-a 
(0.27 µg/l) was recorded at 50 m. 

At the deeper stations, the surface temperature of 28 
°C in the upper 50 m was also recorded depicting the 
presence of warm surface water, decreasing gradually 
to 2.6 °C. Salinity varied from 34.3 to 34.8 PSU, with an 
increase to 35.2 between 75 to 100 m. The pyncnocline 
at the deeper stations was observed between 50 to 150 
m. The dissolved oxygen varied from 205.2 to 146.1 
decreasing down the water column, but increased 
from 150 to 300 m, ranging from 107.9 to 190.3 µm. 
The oxygen minimum layer was found between 100 
to 150 m. Similar to the plateau, the nutrients and 
chl-a follow the same pattern, i.e., increasing in with 
depth. Moreover, an increase of chl-a (0.4 µg/l) was 
also observed at 50 m. In comparison to the plateau, 

higher concentrations of nutrients and lower concen-
tration of chl-a were observed in the deeper waters 
where the concentration of [PO4

2-], [NO3
- ], [SiO4

4-] 
and [chl-a] ranged from 0.4 to 2.3 µm, 0.4 to 42.1 µm, 
0.6 to 163.6 µm, 0.6 to 0.2 µg/l, respectively. 

On the eastern slope of Nazareth a small variation 
in temperature and salinity was found, gradually 
decreasing from 27.3 to 22.8°C and increasing from 
34.6 to 35.2 PSU, respectively. The pycnocline was 
also observed at 50 m. The oxygen concentration was 
almost homogenous at different depths in the water 
column, ranging from 205.8 to 213.8 µm. The con-
centration of [PO4

2-] was below the detection limit. 
[NO3

-] and [SiO4
4-] ranged from 0.2 to < 0.08 and 1.7 

to 2.61 µm. The chl-a concentration varied from 0.05 
to 0.17 µg/l down the depth, with an increase of 0.23 
µg/l at 75 m. Overall, the eastern slope of Nazareth 
Bank exhibited lower concentrations compared to 

Figure 4. Vertical profiles at the eastern slope of Nazareth Bank illustrating the changes with depth of temperature, salinity, dissolved oxygen, 

phosphate, nitrate and silicate.
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the Saya de Malha Bank. Tables 2A-C show the range 
of temperature, salinity, dissolved oxygen and den-
sity, [PO4

2-], [NO3
- ], [SiO4

4-] and [chl-a] concentra-
tions on the Saya de Malha plateau, deeper waters 
around Saya de Malha Bank and the eastern slope of 
the Nazareth Bank. 

T-S profile
Figure 5 shows detailed temperature-salinity (T-S) 
profiles down the water column in the deeper waters 

at the deep CTD stations around the Saya de Malha 
plateau (Table 3), on the Saya de Malha plateau and 
Nazareth Bank. 

The water mass distribution at the Saya de Malha Bank 
was characterised based on New et al., (2007) and Emery 
(2005). Four water masses were identified in the upper 
500 m. Low salinities ranging from 34.2 to 34.5 PSU 
and high temperatures ranging from 27.8 to 24.8 °C  
were observed in the surface water mass (Table 2B). 

Table 2A. Ranges of temperature, salinity, dissolved oxygen (DO), density, phosphate, nitrate, silicate and chlorophyll-a concentrations in the 

shallow water column of the Saya de Malha plateau.

Depth 
(m)

Temperature 
(°C)

Salinity 
(PSU)

DO 
(µm)

Density 
(kg/m3)

Phosphate 
(µm)

Nitrate 
(µm)

Silicate
(µm)

Chl-a
(µg/l)

5 28.0 - 28.5 34.2 - 34.5 201.5 - 208.0 21.7 - 22.0 0.1 - 0.7 0.1 - 0.4 0.1 - 2.9 0.0 - 0.1

25 28.0 - 28.5 34.2 - 34.5 201.0 - 207.3 21.7 - 22.0 0.1 - 0.8 0.1 - 1.6 0.1 - 3.4 0.0 - 0.2

50 22.7 - 28.1 34.2 - 35.2 172.5 - 223.6 21.8 - 24.2 0.1 - 1.3 0.1 - 7.4 0.1 - 7.5 0.0 - 0.5

75 20.7 - 23.7 35.1 - 35.3 131.5 - 212.5 23.8 - 24.7 0.1 - 1.5 0.1 - 7.4 1.6 - 13.1 0.2 - 0.3

100 18.4 - 21.7 35.1 - 35.4 104.6 - 176.3 24.4 - 25.4 0.3 - 2.4 0.1 - 16.4 2.3 - 18.9 0.1 - 0.2

200 13.9 35.1 107.4 26.3 1.7 8.4 38.5 0.03

300 12.5 35.0 107.2 26.5 1.1 24.7 24.9 0.02

Table 2B. Ranges of temperature, salinity, dissolved oxygen (DO), density, phosphate, nitrate, silicate and chlorophyll-a concentrations in the 

deeper water column around Saya de Malha plateau.

Depth 
(m)

Temperature 
(°C)

Salinity 
(PSU)

DO 
(µm)

Density 
(kg/m3)

Phosphate 
(µm)

Nitrate 
(µm)

Silicate
(µm)

Chl-a
(µg/l)

5 27.8 - 28.4 34.2 - 34.5 204.1 - 206.6 21.7 - 21.9 0.1 - 0.7 0.1 - 1.1 0.1 - 1.3 0.0 - 0.08

25 27.8 - 28.4 34.2 - 34.5 203.9 - 205.5 21.7 - 21.9 0.1 - 0.6 0.1 - 2.3 0.1 - 1.8 0.0 - 0.08

50 24 35.1 189.7 - 200.9 23.7 0.2 - 0.8 0.1 1.1 - 3.9 0.4

75 20.5 - 21.4 35.2 - 35.3 132.0 - 133.8 24.5 - 24.8 0.5 - 1.1 0.1 - 6.3 2.7 - 8.6 0.1 - 0.2

100 18.2 - 19.6 35.2 88.5 - 111.0 25.0 - 25.4 0.9 - 1.7 0.1 -16.9 3.3 - 15.7 0.1

150 15.3 - 16.8 35.0 - 35.2 84.3 - 131.5 25.7 - 26.0 0.6 - 1.8 0.1 - 12.5 7.4 - 16.7 0.02

200 13.4 - 15.6 35.1 - 35.4 104.5 - 187.3 26.2 - 26.4 0.4 - 1.9 0.08 - 11.6 4.2 - 26.1 0.0 - 0.02

300 11.9 35.0 - 35.1 183.4 - 197.2 26.6 - 26.7 0.8 - 1.3 0.08 - 18.6 2.4 - 13.1 0.0 - 0.01

400 9.7 - 10.3 34.8 152.7 - 192.6 26.8 0.5 - 2.0 0.08 - 20.5 4.5 - 31.6 0.0 - 0.02

500 9.1 - 9.3 34.8 119.7 - 163.1 26.9 - 27.0 0.6 - 2.3 0.3 - 22.4 10.9 - 40.5 0.02

750 6.6 - 7.4 34.7 - 34.8 87.0 - 94.7 27.2 - 27.3 1.6 - 3.0 0.7 - 31.7 19.6 - 92.1 0.02

1000 5.1 - 5.6 34.7 - 34.8 88.2 - 102.7 27.4 - 27.5 1.3 - 3.1 0.4 - 33.6 24.4 - 118.1 0.02

1500 3.5 34.8 129.2 27.7 2.9 26 148.4 0.02

2000 2.6 34.8 146.1 27.7 2.3 42.1 163.6 0.01

Table 2C. Ranges of temperature, salinity, dissolved oxygen (DO), density, phosphate, nitrate, silicate and chlorophyll-a concentrations in the water 

column of the eastern slope of Nazareth Bank.

Depth 
(m)

Temperature 
(°C)

Salinity 
(PSU)

DO 
(µm)

Density 
(kg/m3)

Phosphate 
(µm)

Nitrate 
(µm)

Silicate
(µm)

Chl-a
(µg/l)

5 27.2 - 27.3 34.5 - 34.6 202.8 - 209.1 22.3 < 0.1 < 0.08 - 0.2 1.5 - 1.8 0.0 - 0.1

25 27.2 - 27.3 34.5 - 34.6 202.4 - 208.9 22.3 < 0.1 < 0.08 0.9 - 1.7 0.0 - 0.1

50 27.1 - 27.2 34.6 207.6 - 209.3 22.3 - 22.4 < 0.1 < 0.08 1.2 - 1.9 0.07

75 25.3 - 24.4 34.9 - 35.1 210.1 - 217.5 23.2 - 23.6 < 0.1 < 0.08 1.4 - 2.1 0.2

100 23.0 - 22.6 35.2 - 35.3 204.4 - 206.8 24.1 - 24.3 < 0.1 < 0.08 - 0.1 1.9 - 3.3 0.2
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Three water masses were identified below the low salin-
ity surface water (LSW), namely the Arabian Sea Water 
(ASW) found between 50 and 75 m, the Sub Tropical 
Surface Water (STSW) found at 150 m, and the South 
Indian Central Water (SICW), found between 300 and 
400 m. The maximum temperature, salinity and den-
sity in these features occurred at around 20 °C to 23.5 
°C, 34.7 PSU to 35.3 PSU, 24 kg/m3 to 24.5 kg/m3 for 
ASW, 15 °C to 18 °C, 35.1 PSU to 35.3 PSU, 26.0 kg/m3 for 
STSW, and 8 °C to 10 °C, 34.7 to 35.2 PSU, 26.5 kg/m3 to 
27 kg/m3 for SICW, respectively.

The bottom or immediate layer (500 to 1500 m) had 
the same water mass properties as that of the Ant-
arctic Intermediate Water (AIW) characterised with 
temperatures of 2.0 to 8.0 °C, salinity between 34.6 
to 34.7 PSU and density at 27.25 kg/m3. From the T-S 
plot for the eastern part (Fig. 5c), an additional water 
mass was identified as the Indian Equatorial Water 
(IEW) with water characteristics of 8.0 °C to 23 °C, 34.6 
PSU to 35.1 PSU, 24.0 kg/m3 to 26 kg/m3 in the upper 
waters. The T-S plot on the western part had similar 
water masses as in the overall deep stations (Fig. 5d). 

Table 3. Details of water samples collected with a CTD for nutrient analysis in the study areas.

Site Station Date Time/UTC
GPS Location Bottom 

Depth (m) Nutrients CTD
Latitude (S) Longitude (E)

S
ay

a 
d

e 
M

al
h

a 
p

la
te

au

391 7-May-18 14 00 09 47.50 059 43.90 131 � �

393 8-May-18 01 17 10 07.18 059 52.08 74 � �

394 8-May-18 10 00 10 06.79 060 34.51 27 � �

395 8-May-18 16 06 10 05.43 061 16.83 29 � �

397 9-May-18 11 20 10 24.88 061 12.75 68 � �

398 9-May-18 16 09 10 24.73 060 37.93 60 � �

400 10-May-18 01 42 10 25.62 060 08.38 51 � �

402 10-May-18 16 42 10 45.39 061 02.70 128 � �

403 11-May-18 02 42 10 43.91 062 07.79 26 � �

405 11-May-18 13 43 11 05.54 061 55.17 52 � �

406 11-May-18 19 22 11 04.98 061 19.39 120 � �

409 12-May-18 01 52 11 19.98 060 36.53 195 � �

410 12-May-18 13 53 11 21.96 061 09.33 156 � �

411 12-May-18 19 52 11 23.53 061 45.57 109 � �

413 13-May-18 06 35 11 44.65 062 02.11 284 � �

414 13-May-18 12 01 11 42.35 061 22.04 248 � �

415 13-May-18 17 48 11 40.49 060 48.52 265 � �

417 14-May-18 00 06 11 55.02 060 58.00 328 � �

418 14-May-18 06 21 11 55.02 061 42.86 265 � �

420 14-May-18 17 07 12 10.55 061 10.93 207 � �

423 18-May-18 21 23 09 47.46 060 51.07 110 � �

425 20-May-18 22 52 10 03.56 062 13.40 192 � �

427 21-May-18 18 07 10 19.17 062 14.73 215 � �

432 25-May-18 06 42 11 24.53 062 00.49 380 � �

D
ee

p
 S

ta
ti

o
n

s 
ar

o
u

n
d

  

S
ay

a 
d

e 
M

al
h

a

392 7-May-18 21 20 10 07.55 059 38.10 2347 � �

396 9-May-18 00 31 10 02.80 062 32.99 2172 �

399 9-May-18 22:55 10 25.70 059 54.08 1204 �

401 10-May-18 06 10 10 46.18 059 58.42 2129 �

404 11-May-18 07 47 10 43.11 062 34.27 2125 �

408 12-May-18 04 32 11 18.66 060 20.31 2700 �

412 13-May-18 02 35 11 25.94 062 27.90 2068 � �

416 13-May-18 21 17 11 54.52 060 45.63 1309 �

434 26-May-18 18 27 12 34.55 061 00.43 1068 � �

N
az

ar
et

h
 B

an
k

435 27-May-18 04 50 13 54.97 060 51.90 43 � �

436 27-May-18 06 24 14 02.27 061 00.74 36 � �

437 27-May-18 09 22 14 10.85 060 56.47 31 � �

438 27-May-18 12 33 14 24.87 061 02.64 32 � �

439 27-May-18 14 51 14 34.82 061 07.43 56 � �

440 29-May-18 08 03 15 10.42 061 08.64 170 � �

441 29-May-18 14 02 15 19.96 061 01.83 242 � �
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As for the Saya de Malha plateau (Fig. 5e), the water 
masses identifi ed were ASW, STSW and SICW. At the 
Nazareth Bank (Fig. 5f), small variations in the water 
characteristics were observed due to insuffi  cient data 
and the shallowness of the sampling stations. As such, 
the water mass(es) could not be identifi ed.

Distribution of nutrients across Saya de Malha 
and Nazareth Banks
As mentioned above, [PO4

2-], [NO3
-  ] and [SiO4

4-] show 
a typical nutrient depth profi le which increases with 

depth. The concentration of phosphate (0.1 to 3.1µm) 
in general at the Saya de Malha and Nazareth Banks is 
lower as compared to nitrate (0.1 to 42.1 µm) and silicate 
(0.1 to 163.6 µm) as shown in Table 2. One-way ANOVA 
showed no signifi cant diff erences among the CTD sta-
tions (P > 0.05). However, at diff erent depths, strongly 
signifi cant diff erences were observed for temperature, 
density, nutrients and chl-a (p < 0.0001). The nutricline 
on the Saya de Malha plateau was at around 50 m, simi-
lar to the pycnocline, indicating the presence of a mixed 
layer at that depth. The above mixing layer is depleted 

Figure 5. T- S diagram at (a) the deeper stations around the Saya de Malha Plateau, (b) upper 500 m of the deeper stations, (c) eastern part and (d) 

western part of the deep waters around Saya de Malha, (e) Saya de Malha plateau and (f) eastern slope of Nazareth Bank. Abbreviations are: LSW 

- Low Salinity Surface Water; ASW - Arabian Sea Water; STSW - Sub Tropical Surface Water; SICW - South Indian Central Water; AIW - Antarctic 

Intermediate Water; IEW - Indian Equatorial Water. The diagonal lines on the graphs show density in kg/m3.Figure 5.
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in [PO4
2-] (0.2 µm), [NO3

- ] (0.3 µm) and [SiO4
4-] (2 µm) 

in the depth range of 34.5 to 34.8 PSU (Fig. 2).

In the deeper waters, the nutricline was observed at 
around 50 to 75 m. The concentration of [PO4

2-] and 
[NO3

- ] was higher in the deep waters as compared to 
the plateau where the concentrations were around 1.6 
µm and 10 µm. The concentration of [SiO4

4-] was the 
same as for the plateau. Within the intermediate water 
(around 800 to 1000 m), phosphate and nitrate was 
within the range for typical deep waters with values 
> 30 µm and > 2 µm (Sarmiento and Gruber, 2006). 

On the plateau, high concentrations of [PO4
2-], [NO3

- ] 
and [SiO4

4-], were observed in the STSW and SICW 
with the highest concentrations of [SiO4

4-] and [NO3
-] 

in the SICW, whereas the thermocline water was 

poor in nutrients (< 5 µm) in the same region. The 
LWS exhibited low nutrient concentrations of values 
less than 5 µm (Fig. 6). The northern part of the pla-
teau also showed a higher concentration of nutrients 
than the southern part (Fig. 7). The diff erent water 
masses are clearly seen in Figure 7. The concentra-
tions of nutrients was more pronounced from 80 to 
100 m on the northern part whereas in the south-
ern part, an increase was seen from 100 to 120 m. 
The density surfaces seem to have an eff ect on 
the nutrients where high levels of nutrients were 
observed in surfaces denser than 25 kg/m3. The west-
ern part of the plateau had higher nutrient concen-
trations than the eastern plateau. 

Due to the shallowness of the plateau, it appeared that 
the nutrients from the deeper waters are brought to 

Figure 6.

Figure 6. Profi  le of nutrients (phosphate, nitrate and silicate) at deep CTD stations 392, 412, 434 and Saya de Malha plateau with an overlay of the 

mass distribution. The diagonal lines on the graphs show density in kg/m3.
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the upper waters on the plateau where the water layers 
on the western plateau are narrower and sharper than 
the eastern plateau (Fig. 8). The waters coming from 
the eastern part had much lower nutrient concentra-
tions and a major diff erence could be seen in [NO3

- ] 
and [SiO4

4-] with values 1.2 µm and 25 µm at 300 m 
passing through the plateau to the western part show-
ing an increase to 3.0 µm and 60 µm respectively. 
This may be due to the upwelling of nutrients onto 
the plateau where the colder deep water could be seen 
to be brought to the surface as shown in Figure 8.

In the oceanic region, [SiO4
4-] increased by almost 2.5 

times towards the deepest depths (Fig. 6), being low-
est in the LWS region to highest in the AIW region 

(~150 µm – Fig. 6). Similarly, high concentrations of 
[NO3

- ] were also seen at the western station and in 
the channel between Saya de Malha and Nazareth 
Banks. However, at the eastern station, [NO3

- ] was the 
lowest compared to the other deep stations and on 
the plateau. [PO4

2-] was uniform in the deep waters 
and on the plateau. Figure 5 also displays a pattern in 
the nutrients at the deeper stations. CTD 392 (west-
ern) and CTD 412 (eastern) are located in the north-
ern part of the Saya de Malha Bank while CTD 434 
(channel) is found in the southern part of the Bank. 
The concentration of nutrients in the northern part 
at greater depths was higher than in the southern 
part. A notable increase was seen in [SiO4

4-] where a 
major diff erence in concentrations could be found at 

Figure 7.

Figure 7. Secti on plot of nutrients and density from left  (0 km) to right (150 km) on the northern and southern part of the Saya de Malha plateau. 

The northern transect comprised of CTD stations 393, 394, 395 and 425 and the southern transects of CTD stations 409, 410, 411, 432.

Northern Southern
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around 150 µm on the northern and 70 µm on the 
southern region.

At the Nazareth Bank, low concentrations of nutri-
ents were observed as compared to the Saya de Malha 
Bank (Figs. 3 and 4). 

Nutrients with dissolved oxygen and chl-a
The concentration of dissolved oxygen (DO) on the 
Saya de Malha plateau showed variation among 
the water masses and between transects (north-
ern and southern), ranging between 75 to 220 µm/l. 
The highest concentrations were associated with LSW 

Figure 8.Figure 8. Sectio n plot of nutrients and density from north (0 km) to south (300 km) on the eastern and western part of the Saya de Malha plateau. The 

eastern transect comprised of CTD stations 425, 427, 403, 405, 432 and 413 and the western transect of CTD stations 391, 393, 400, 409, 415, 417 and 420.
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and ASW in the upper 100 m and the lowest with the 
STSW (Figs. 5e and 9). High concentrations of DO was 
observed in the upper 50 m which decreased below 
the thermocline (Fig. 10e). The oxygen minimum 
layer could be observed at the deeper stations where 
the nutrient maximum is also the same at around 100 
m (Fig. 3). The DO concentration (Fig. 10a-d) exhib-
ited minor variations on the plateau and in compari-
son to the Nazareth Bank.

Correlation between DO along with oxygen satura-
tion and nutrients showed negative R values where a 
strong correlation (R = -0.7) was observed with [PO4

2-] 
and [NO3

- ] and a weak correlation with [SiO4
4-]. [SiO4

4-] 
is absorbed by diatoms; a type of phytoplankton that 
makes shell from SiO4

4- (Gupta and Desa, 2001). The 
dissolution of frustules of diatoms attributing an 
increase in the [SiO4

4- ] in the deeper waters does not 
usually involve the consumption of oxygen (Gupta 
and Desa 2001; Gupta et al., 1976). Considering the 
saturation of DO (%) on the plateau (Fig. 11a), most of 
the stations showed values higher than 92 % between Figure 9. 

Figure 9. Profi le  of DO at the SDM plateau with an overlay of the mass 

distribution. The diagonal lines on the graphs show density in kg/m3.

Figure 10.
Figure 10. Section  plot of dissolved oxygen (µm) on the (a) eastern, (b) western, (c) northern, (d) southern parts, and (e) overall dissolved oxygen 

distribution at the Saya de Malha plateau and (f) at Nazareth Bank. 

Eastern Western(a)

(c)

(e)

(b)

(d)

(f )
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5 to 75 m depth and values lower than 50 % between 
100 to 400 m. At Nazareth Bank, the values at all the 
stations were higher than 94 %. High concentration 
of nutrients was observed at low - oxygen saturated 
water between 100 to 200 m (Fig. 11a-c); near the oxy-
gen minimum layer which may be due to the decom-
position of organic matter in that region.

Low chl-a values were recorded at Saya de Malha and 
Nazareth Bank where the mean value was found to be 
0.13 µg/l and 0.09 µg/l respectively. The chl-a values 
are very low in comparison to the mean global ocean 
value of 193µg/l (Morel et al., 2010). The low chl-a in 
the region confi rms the region being oligotrophic. 
The deep chlorophyll maximum (DCM) is usually 

Figure 11.Figure 11. Section p lot of oxygen saturation (%) on the plateau of Saya de Malha Bank and its correlation with (b) phosphate, (c) nitrate, (d) silicate 

and (e) chl-a in the water column.

Figure 12.
Figure 12. Chlorophyl l-a profi le at (a) Saya de Malha plateau (b) the deep station around Saya de Malha and (c) Nazareth Bank.

(a) (b) (c)
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found between the upper water (nutrient defi cient) 
and lower water layer (light limited) where it is charac-
terised by high chl-a values, thus indicating high phy-
toplankton biomass (Latasa et al., 2017; Li et al., 2012). 
The DCM at the Saya de Malha Bank was found to be 
at 60 m and around 75 m at the Nazareth Bank where 

highest chl-a values were 0.3 to 0.35 µm and 0.23 µm 
respectively (Fig. 12). 

Chl-a showed a correlation with negative R values 
(R = 0.3) with the nutrients, indicating high concentra-
tion of chl-a present at low concentration of nutrients. 

Figure 14.

Figure 14. Relationship  between nutrients and chl-a on the Saya de Malha plateau.

Figure 13.

Figure 13. Section plo t of Chl-a concentration at the Saya de Malha (SDM) plateau in the water column and its correlation with oxygen saturation 

at the deeper stations around the SDM and stations on the SDM plateau.
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On the plateau, high chl-a values between 0.3 to 0.5 
µg/l were found at 50 m in the upper layer (Fig. 13). 
Figure 13 clearly shows photosynthetic activity in 
the DCM where the oxygen saturation was 100 % and 
above at a high chl-a concentration. 

The relationship of [PO4
2-], [NO3

-] and [SiO4
4-] with 

chl-a followed a similar trend where high chl-a values 
were observed at low nutrient concentrations (Fig. 14). 
The low nutrient values at the DCM may be attributed 
to the fact that nutrients are utilised by phytoplank-
ton for metabolic activities. Below 150 to 200 m, an 
increase in nutrient levels at low chl-a which may be 
attributed to the decomposition of organic matter, 
causes regeneration of nutrients into the water col-
umn and these sink into deeper waters. 

Discussion
Phytoplankton are the primary producers of the 
marine food web where they depend entirely on sun-
light and carbon dioxide for photosynthetic activities 
and are therefore found in the euphotic zone (Wil-
liams and Follows, 2003). Nutrients are depleted in 
the euphotic zone as they are utilised by phytoplank-
ton and cyanobacteria (Riegman, 1995), explaining a 
decrease in the level of nutrients in the upper water 
column, especially at the DCM. These nutrients are 
regenerated into the water column through respiration 
and decomposition of marine organisms, mostly in 
deeper waters (Riegman 1995; Harrison 1992; Levitus 
et al., 1993) as confirmed in the results presented here. 
Nitrite, NO3

-, is an immediate product of nitrification 
from a microbial-mediated oxidation of NH4

+ which 
is also consumed and reduced by primary producers 
and certain microorganisms for building organic mol-
ecules (Zakem et al., 2018); which explains the values of 
NH4

+ and NO3
- being below detection limits.

The survey area exhibited an oligotrophic system 
characterised by low chl-a concentration. Usually the 
lowest concentration of chl-a in the EEZ of Mauri-
tius is recorded in the months of April to June (Ram-
chandur et al., 2017) which may explain the low chl-a 
values obtained during sampling in May. The SEC is 
the most dominant current passing through the Mas-
carene Plateau (New et al., 2005; New et al., 2007).  
The Indonesian Throughflow contains fresh water 
(Talley, 2011) which flows through the Mascarene 
Plateau bringing nutrients from the eastern part of 
the Indian Ocean (Schott and McCreary, 2001) and 
diverges across the Saya de Malha and Nazareth Banks 
through the channel (CTD station 434). The southern 

Indian Ocean usually receives nutrients from Circum-
polar Deep Water (1500 to bottom) which is rich in 
nutrients (Panassa et al., 2018). 

The results showed that nutrient levels increased 
westward from the eastern part of the plateau.  
The decrease in temperature and high [SiO4

4-] levels 
in the STSW region on the plateau may be attributed 
to the shallowness of the plateau, with the nutrients 
from the AIW being brought up to the STSW and 
SICW water masses. New et al. (2005) showed that this 
is partly due to the Ekman upwelling of the density 
surfaces on the northern side of the SEC. The current 
study showed higher concentration of nutrients in 
the northern part in comparison to the southern part.  
Furthermore, the Southwest Monsoon starts to 
develop during April to May where weak winds close 
to shore occur off Somalia causing the concentra-
tions of phosphate and nitrate to increase towards 
the northern part of the Indian Ocean (Schott and 
McCreary, 2001). This might explain the low concen-
tration of nutrients on the Nazareth Bank located in 
the southern part of the Mascarene Plateau. 

In general, the Indian Ocean has higher nutrients lev-
els that the Atlantic Ocean (Levitus et al., 1993). How-
ever, the southern Indian Ocean is poor in nutrients 
unlike the northern part which may be due to the 
absence of a general equatorial upwelling mechanism 
in the Indian Ocean (Garcia et al., 2018; Gupta and 
Desa, 2001). 

Conclusion
This study is the first, to the author’s knowledge, con-
ducted in the region of Saya de Malha and Nazareth 
Banks showing the distribution of nutrients in the 
water column. In general, the nutrient levels increase 
down the water column. The Saya de Malha Bank has 
a higher concentration of nutrients than the Naza-
reth Bank. Due to the shallowness of the plateau, the 
nutrient-rich AIW water mass in the deep layer brings 
nutrients to the SICW found in the upper layer on the 
plateau through upwelling. At the DCM, low nutrient 
levels were observed with an increase in the oxygen 
saturation greater than 94 %, indicating high primary 
productivity in that region. In order to obtain a better 
understanding of the change in productivity and the 
nutrient distribution throughout the year, more infor-
mation on the water masses, seasonal variation of the 
nutrients, and other physicochemical parameters are 
required which could not be achieved in this study 
since data were collected only during one season. 
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Nevertheless, this study can be used a a baseline for 
other studies on the Mascarene Plateau.
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